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Abstract

This study describes the results of climate change impact assessment on building energy use in
Toronto, Canada. Accordingly, three future weather data sets are generated and applied to the
energy simulation of 16 building prototypes. Both statistical and dynamical downscaling
techniques are used to generate the future weather files. The results indicate an average decrease
for the future in the range of 18-33% in heating EUI, and an average increase of 16-126% in
cooling EUI, depending on the baseline climate and building type. In addition, the GHG emissions
for each building model are presented. It is concluded that the application of future weather files
for building performance simulation leads to a better quantification of building energy demand in
the future than a historical weather file. Furthermore, the results demonstrate the need to modify
and adapt existing building modelling regulations and to plan future buildings according to the

future climate.
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Chapter 1: Introduction

As the world continues to urbanize, the urban population forces cities to become larger and more
complex than before, leading to an increasing demand in housing, transportation, energy systems
and other infrastructure. While rapid urbanization, due to population growth as well as
improvements in the quality of life, has prompted economic and social development, it has also
led to significantly increased energy demands and greenhouse gas (GHG) emissions. GHG
emissions are one of the leading causes of climate change, producing adverse environmental

effects such as global warming, changing weather patterns and extreme weather events.

In recent years, the building sector, a large energy-consuming system, has received
increasing attention for sustainable development and decarbonization policies (Berardi, 2017).
According to the International Energy Agency (2018), in 2017, building construction and
operations accounted for 36% of global final energy use and 39% of energy-related emissions
(Figure 1). In fact, the buildings and construction sector had the largest share of energy use and

emission compared to other sectors.

Non-residential
8% Emissions

Residential (direct)
Transport o

Transport 23%

28%

Residential (indirect)
4 1 TT

Residentia

= s Non-residential (direct)
22% :

3%

Non-residential (indirect)
8%

Construction industry

6% Constructionindustry, 11%

Figure 1. Global share of buildings and construction final energy and emissions in 2017 (IEA, 2018).

The global energy consumption from 2010 to 2017 saw an increase of approximately 5%

due to increase in floor area, growth in building sector activity, as well as an increase in energy

service demand, outpacing the reduction in energy intensity that was largely due to higher energy



efficiency standards (IEA, 2018). During the same period, electricity use in buildings has had the
largest growth globally compared to other fuel types. Natural gas use has also seen a large increase,
with nearly 5% growth since 2010 (IEA, 2018). Nevertheless, the 15% increase seen in the building
electricity use has not been the result of a clean transition, given the large share of fossil fuel used
for global electricity production. Figure 2 shows the global building energy use by fuel type and
change for the period of 2010-2017.

Final energy (EJ) Change since 2010 Fuel type
125 20% = Coal
m Oil
100 I I 15% W Biomass (traditional)
1 Commercial heat
. o Renewables
[El |- 0% Natural gas
m Electricity
50 5% - /:/E": Change in growth
. Floor area
25 0% —mE = Population
=o=Energy
2010201 201220132014 2015 2016 2017 2010 2011 2012 2013 2014 2015 2016 2017~ Emissions

Figure 2. Global share of building energy use by fuel type and change, 2010-2017 (IEA, 2018).

According to the IEA (2018), building energy use has been dominated by the growth in
space cooling and electrical appliance energy demand since 2010. Space cooling energy use has
increased globally by more than 20%, whereas the energy use for space heating has decreased by
approximately 4% (Figure 3). In fact, the reduction in space heating, which primarily uses fossil
fuels, is putting increasing pressure on the use of electricity in buildings for space conditioning.
Figure 3 displays the global building energy end-use and changes in energy use intensity for 2010-
2017.



Final energy (EJ) Change in energy intensity since 2010

Appliances and other

6%  mCooking
0% Lighting
- 1 Water heating

m Space cooling

W Space heating

2010

Figure 3. Global building energy use and change in intensity by end use, 2010-2017 (IEA, 2018).

The current trends of energy consumption, that primarily depend on the use of fossil fuels,
have also raised concerns regarding the high levels of GHG emissions. Building sector emission
is responsible for 28% of the global energy related CO» emissions. Besides, if the energy related
emissions from building construction are included, the total building related emissions accounts
for 39% of the total global energy emissions (IEA, 2018). The global energy-related CO, emissions
from the building sector more than doubled between 1970 and 2010 and are also projected to
increase by another twofold by 2050 (Berardi, 2017). According to IEA (2018), the emissions
associated with the power generating for the consumption of electricity in buildings account for

the largest share of global energy related emissions for the building sector.

In Canada, the residential building was responsible for 17.1%, whereas the commercial and
institutional building accounted for 11.2% of all energy used in 2015. The GHG emissions for
residential, commercial and institutional buildings accounted for 22.6% of all secondary energy

use-related GHGs emitted in Canada (NRCan, 2019).

In Ontario, the building sector is ranked third after the transportation and industry sectors
for the total energy consumption and is accountable for 22% of the total GHG emissions—
equivalent to 37 Mt CO2 (The Government of Ontario, 2016). Figure 4 illustrates a categorical
classification of energy consumption by end-use for both residential, commercial and institutional

buildings in Ontario. In residential buildings, space and water heating in addition to space cooling



account for 85% of energy consumption. Moreover, in commercial and institutional buildings,
space and water heating alone are responsible for more than 60% of energy end use. Other energy
end uses, such as lighting, consumer electronics, appliances, make up the remainder. It is evident
that the majority of energy use in Ontario building sector is for heating and cooling purposes. A
significant portion (90%) of GHG emissions from the Ontario building sector are from energy use,

mainly associated with natural gas used for space heating (The Government of Ontario, 2018).

@ Space Heating @ Water Heating @ Space Heating @ Water Heating
Appliances @ Lighting Auxiliary Equipment @ Auxiliary Motors
@ Space Cooling @ Lighting @ Space Cooling

@ Street Lighting

11%

Residential Buildings
Institutional Buildings

Commercial and

Figure 4. Classification of energy consumption by end-use (PJ) for both residential and commercial
buildings in Ontario (NRCan, 2015).

1.1 Background

Apart from being a major factor in affecting the climate, it is expected that climate change
will have significant impact on buildings performance as well as the occupants’ comfort and
productivity inside the building. In its most recent report, the Intergovernmental Panel on Climate
Change (IPCC) has predicted that the global mean surface temperature will increase, in relation to
the 1986-2005 period, by a range of 2.6°C to 4.6°C by the end of the 21 century (IPCC, 2014).
This temperature increase affect the buildings’ indoor environment, leading to increase in heating,
ventilation, and air conditioning (HVAC) system energy demand, which are the primary controls

for the indoor thermal comfort and air quality.



In general, decarbonizing the building sector requires the reduction in energy demand or
transition to low carbon fuels; and improvement in building envelope as well as operating systems
to reduce heating and cooling energy demands. Significant progress has been made in Ontario with
the phase-out of coal for electricity generation as well as implementation of appliance standards,
but improvements to the building envelope and operating systems represents the largest
opportunity to reduce buildings energy consumption in the future. The building envelope provides
a barrier that protects the indoor environment from the external climate conditions and can have
substantial impact on building heating and cooling energy demands and indoor comfort. For
example, building envelope influences the heating, cooling, and lighting energy consumption in
buildings through conduction, solar energy transmittance via windows, and material shading.
Glazing systems allow for the use of daylight in addition to the direct solar energy gain. Moreover,
the geometrical configurations of a building such as its shape, window-to-floor ratio, and window-
to-wall ratio can impact building energy loads. As a result, HVAC systems and lighting loads are
directly influenced by the building envelope. In the literature, several studies have assessed the
benefits of thermal insulation and envelope improvements on reducing energy consumption in
buildings (Omrany et al, 2016; Wang et al., 2017). Globally, building envelope measures such as
improved windows and insulation have helped to offset some of the increases in building energy

consumption due to population and floor area increases (IEA, 2018).

Building energy models provide useful tools in simulating building energy demand.
Models can assess different scenarios with various design and operation systems to determine the
most appropriate design with the greatest overall performance for energy and emission mitigation.
Furthermore, in building energy retrofits, energy simulations can also evaluate which
refurbishment strategy is best for a particular building and climate. Current building simulation
practices use weather files that have been based on historical records. However, given the scale of
climate change and its impact on building heating and cooling demands, simulations using
historical weather files fail to forecast the trends of building energy demand. In Canada, the same
issues arise from the use of the Canadian Weather Year for Energy Calculation (CWEC) weather
file, which is derived from historical weather data sets. For instance, the Ontario Building Code
(OBC) modelling guidelines do not mention a requirement for weather file. Moreover, the Toronto
Green Standard (TGS) Version 3 modelling guidelines state “projects shall use a Toronto CWEC
weather file” (The City of Toronto, 2019). In fact, the absolute performance targets under the TGS

5



are based on Toronto’s CWEC weather file representing 1958-1989 climate which does not reflect
future climate change. Aside from building code compliance, engineers use weather data for
equipment sizing and selecting HVAC systems which is a major source of energy consumption

and emission in the building sector.

For a Canadian climate, global climate change warming may result in increases in building
heat gain, impacting the occupants’ indoor comfort. As policy direction for the building sector
moves toward GHG emission reduction, building regulations such as highly insulated and airtight
building envelopes may cause indoor overheating if not designed properly and according to the
future climate (Government of Canada, 2016). Therefore, this not only lessens the occupant’s well-
being and comfort but also can lead to significant increases in building energy consumption due
to the increase use of cooling systems. Therefore, without a comprehensive and insightful
understanding of building energy heating and cooling energy demand in the future, it would be
rather arbitrary for the local governments to regulate building codes. Besides, because of climate
change, building equipment and HVAC systems must be designed and selected to perform
efficiently in both the current and future climate, to prevent building energy use increase and

reduce GHG emissions.

1.2 Objectives

As a response to the issues outlined above, this research proposes the use of future weather

files in building energy simulation. The objective of this thesis is to

1. Develop future weather files that can be used to understand the impact of climate change
on building performance in the future, as well as to allow for designers to consider future
performance during the design process; and

2. Use the generated future weather files to examine the future performance of 16 building
prototypes that are in compliance with the ASHRAE (American Society of Heating,
Refrigerating and Air-Conditioning Engineers) 90.1-2013 standards, allowing for the

better understanding of the effects of climate change on various building typology.

This is achieved by using climate forecasting models that assess how the climate conditions may

change in the future. The aim is to add projected changes in climate models to the existing weather

6



files, providing a tool for the assessment of building energy demand within a climate change
perspective. The future weather files are generated using statistical downscaling to project climate
change information produced by General Circulation Models (GCMs), and dynamical
downscaling for higher resolution Regional Climate Model (RCM) coupled with Global Climate
Models (GCMs).

The building simulation of the 16 building prototypes provides information on the long-
term impacts of climate change on approximately two-thirds of the commercial building stock
energy performance. In addition, the GHG emissions associated with heating and cooling for each
building models as well as occupant’s indoor thermal comfort for the future climate are presented
and discussed. Ultimately, the forecasted changes in building heating and cooling energy use due
to climate change can be used to develop appropriate policy measures by local governments and
stakeholders to response to concerns regarding future energy production and consumption in the

building sector. The results will offer a reference point for various building types in Toronto.



1.3 Thesis Structure

To accurately estimate the annual energy demand of a proposed building design, the use of
a building simulation technique along with weather data is often necessary. Using weather data as

input to building simulation is the central theme of this thesis. In this regard,

Chapter 2 begins with an overview of typical weather data sets and weather variables used for
building energy simulation. After that, previous studies on the impacts of climate change on
building energy use are presented, showing the limited research on future building energy demand
in Canada. In the end, a summary of the existing literature on future weather file generation for

use in building simulation is provided that includes the techniques upon which the work is built.

Chapter 3 presents the methodology used in this research. Initially, this chapter focuses on the
generation of future weather file by statistical downscaling technique using two future weather
generator tools, CCWorldWeatherGen and WeatherShift™ tools. Furthermore, to improve the
resolution of the climate simulation outputs, the dynamical downscaling technique is used to
generated future weather files based on a regional climate model (RCM). Following the weather
file generation, building simulation is performed using the ASHRAE building prototypes to assess

the impacts of climate change on future building energy use.

Chapter 4 summarizes and discusses the characteristics of the future weather files as well as the
results of heating and cooling energy use in different building types. Subsequently, occupants’
indoor thermal comfort is assessed according to the future climate and the GHG emissions

associated with each building model for the future climate is presented.

Chapter 5 outlines the conclusion of the study linking the results and the research objectives. This
chapter demonstrates the contributions of this thesis and the suggestions for future work. The
appendices include additional results related to generated future weather files and the building

simulations.



Chapter 2: Literature Review

The application of building performance simulation presents the opportunity to quantitatively
predict the impacts of climate change on building energy demand in the future. To that end,
initially, an introductory overview of typical weather data sets, weather variables, and baseline
years used for generating a weather file in building energy simulation is presented. This literature
review then examines and discusses previous research about the impacts of climate change on
building energy use, allowing for the understanding of the gap in research. Furthermore, by
reviewing previous methods, through progressive simplification of downscaling methods, this
study investigates the generation of a typical future weather data set. The goal is to produce hourly
time scale climate projections at higher spatial resolution with respect to limited resources while

maintaining a high accuracy.

2.1 Typical Weather Data Sets

Building energy simulations involve hourly step calculations. Files for typical weather
conditions consist of 8760 hourly values of various selected meteorological parameters such as
ambient temperature, solar radiation, relative humidity and wind velocity that are used to
determine the average building energy use and emissions. A typical weather file used for building
simulation is created from historical data that usually consists of a 10-plus year weather data.
Several methods for averaging or creating weather data have been used in the past in order to
determine environmental conditions for engineering applications. As an output of those methods,
different types of weather years were defined, such as Test Reference Year (TRY), Typical
Meteorological Year (TMY), and Design Summer Year (DSY). Multiple studies have presented
extensive literature reviews on the creation of weather file for a given location. Bilbao et al. (2004)
used several different methods for generation of TRY from long-term hourly meteorological data
and evaluated them by comparing the performance of different solar systems. According to their
findings, Bilbao et al. suggested a methodology for TRY generation in the Mediterranean area. In
Estonian, Kalamees and Kurnitsky (2006) created TRY for heating and cooling energy
calculations. In South Korea, Lee et al. (2010) generated TRY from 20 years of meteorological
data according to ISO15927 standards for seven major cities. Zang et al. (2012) proposed a



modified method for generation of TMY for 35 cities in China from recorded weather data.
Furthermore, Chan et al. (2006) reviewed different approaches for deriving a TMY, and generated
TMY for Hong Kong using 25 years of recorded weather data. Liu and Coley (2015) created and

analyzed the application of DSY for UK dwellings to assess indoor thermal comfort.

2.1.1 Typical Meteorological Year (TMY)

The most common sets of weather data used for assessing building energy use and carbon
emission for buildings in North America is the typical meteorological year (TMY). TMY is a
composite year that is generated by assigning ranking criteria to individual months of every year
for a 30-year weather data, which are then compiled to create a 12-month typical weather year
(Herrera et al., 2017). In the literature, TMY has been developed using various weightings applied
to different meteorological parameters, prioritizing the selection of the most “typical” single
months from a historical 30-year weather data to form a complete typical year (Hall et al., 1978;
Bahadori et al., 1986; Pissimanis et al., 1988; Festa et al., 1993; Marion et al., 1995; Lam et al.,
1996; Petrakis et al., 1998; Janjai et al., 2009). The most agreed upon method in creating TMY
data is the Sandia method developed using the Filkenstein—Schafer (FS) statistic (Pusat et al.,
2015). The Sandia method generates TMY by selecting a set of meteorological and solar radiation
data for one year. The TMY data, however, do not relate to any actual year of recorded weather
data, but rather represent a multi-year comparison of month-by-month, selecting the twelve most
typical months to generate a composite year. The meteorological parameters used for TMY
consisted of dry-bulb temperature (mean, maximum and minimum), global solar radiation,
relative humidity, and wind speed (mean and maximum) (Hall et al., 1978). Later updates, in the
early 1990s, introduced a newer TMY, the TMY2 data. The TMY?2 derived from measurements
during 1961-1990 (Marion and Urban, 1995) that had more complex solar models as well as
adjustment in weighting criteria. Meanwhile, the most recent TMY, the TMY 3 data, covers 1,020
sites across the US using data from 1976-2005 or 1991-2005 (Wilcox and Marion, 2008). TMY3
is created using procedures similar to those of TMY with few changes in the weighting criteria.
Minor changes were made to the algorithm from TMY2 to TMY 3, but according to Wilcox and

Marion (2008), the overall effects on produced data sets were small.
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2.1.2 Canadian Weather Year for Energy Calculation (CWEC) Weather File

In a Canadian context, two sets of typical weather files are available for use. The first is
the Canadian Weather Year for Energy Calculation (CWEC) weather files which is developed
using statistical criteria from the Canadian Weather Energy and Engineering Datasets (CWEEDS)
(Government of Canada, 2018). The CWEC files include data from 1959 through 1989 and are
available for 75 locations in Canada. The CWEC files are created by selecting the twelve most
typical months from CWEEDS data to generate a composite year, similar to the method used by
Sandia Laboratories for the development of TMY (Government of Canada, 2018). According to
the Meteorological Service of Canada (2008), the ‘typical’ months are selected by statistically
comparing individual monthly with long-term monthly means for daily total global radiation, dry
bulb temperature (mean, minimum and maximum), dew point temperature (mean, minimum and
maximum), and wind speed (mean and maximum). Daily mean dry bulb temperature and daily
total radiation are given higher prioritization in the selection process for typical months compared
to other meteorological parameters. Siurna et al. (1984) provide a complete description of the
procedure and weighting criteria used for the creation of CWEC files. The CWEC files have been
most commonly used for building energy simulation in Canada and are available for download
from EnergyPlus’s weather sources!. In 2016, an updated version of CWEEDS including 492
Canadian locations for the period between 1998 and 2014 (CWEC2016) was released by the
Government of Canada? (2018). These CWEC files are not an actual year of recorded weather
data, but rather a selection of the twelve most typical months from that 30—or 15-year timeframe

(Table 1).

Table 1. The Canadian Weather Year for Energy Calculation weather file breakdown for the period of
1959-1989 (CWEC file) as well as 1998-2014 (CWEC2016 file).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

CWEC 1969 1965 1964 1964 1963 1970 1981 1989 1978 1969 1983 1961
CWEC2016 1999 2004 2006 2009 2006 2001 2013 2011 2003 2010 2000 2003

! Available to download from EnergyPlus: https://energyplus.net/weather

2 Available for download from Government of Canada Website. Engineering Climate Datasets:
http://climate.weather.gc.ca/prods_servs/engineering_e.html
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The second type of weather files available for Canada is the CN2014 files that have been
developed by White Box Technologies for 224 Canadian cities. CN2014 files are based on more
recent recorded weather data from 2000 to 2014 and use similar procedure as TMY files. The
Integrated Surface Data datasets from the National Centers for Environmental Information is used
to create these typical weather files (White Box Technologies, 2015). The CN2014 files have not

yet achieved widespread use among the building industry and require meticulous assessment.
2.1.3 Weather File Baseline Climate

For building performance simulation, it is important to be aware of the weather file’s
baseline climate. A baseline period for TMY defines the recorded climate for which climate
change information is combined to create a climate scenario used to generate the historical
weather file. For instance, as previously stated, CWEC files are assembled by combining parts of
historical data that usually span over 30-year intervals. However, the most recent baseline TMY
data for Canada has potential to be from recent measurements (e.g., CWEEDS2016 or CN2014)

which only spans for a 15-year period.

Briggs et al. (2003) developed a climate zone classification system for use by the
Department of Energy (DOE) and the ASHRAE. Climate zones are defined by temperature,
moisture, wind and sun which are combined to create the climate zone maps. There are eight major
temperature-oriented climate zones in North America and the classifications are determined by
degree days (Figure 5). The degree-day measurement is the difference in temperature between the
average outdoor temperature over a 24-hour period and a given base temperature for a building
space (Briggs et al., 2003). A case study by RWDI for the city of Toronto illustrated that warming
trends seen over the period of 1959-89 compared to the 2000-14 are lower, and thus the heating
degree days (HDDs) for the period of 2000-14 are considerably lower when compared with 1959-
1989 (Williams and Harmer, 2017). This suggests for the use of most recent TMY (CWEEDS2016
or CN2014) for building energy simulation studies as it is irrelevant to assess building’s energy
performance relative to historical weather data that show cooler climate. On the other hand, it is
argued that a longer range, a 30-year period, of historical weather data provides a better basis for
selection of statistically typical months (Williams and Harmer, 2017). As a result, selecting a
longer baseline period that spans 30 years compared to a 15-year period can potentially give a

more reliable climate scenario and ensure a statistically significant result.
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Figure 5. DOE climate zone classification including Canada and the warming trends seen in Toronto in
terms of heating degree days (base 18°C).

The CWEC file that spans a 30-year period of historical weather data provides a better
representation of the historical climate, whereas, the more recent CWEC file (e.g. CWEC2016)
characterizes the more current warming trends. Furthermore, not only the baseline climate is
important in representing the climate conditions of the historical period, but it also have significant
impact on future weather file generation as they are used as a benchmark for superimposing the

changes in the future climate conditions.

2.2 Climate Change and Building Energy Use

A large number of studies have presented extensive literature reviews on the impact of
climate change on building energy use. In this section, the broader trends projected in the literature
have been incorporated. In the United States, Xu et al. (2012) examined the impacts of climate
change on building heating and cooling energy patterns in California. The results showed that
cooling electricity usage will increase by approximately 25%; but the aggregated energy demand
of all buildings including both heating and cooling will only increase slightly. Wang and Chen
(2014) also predicted a net increase in source energy use in heating and cooling by the 2080 for

hot humid, warm humid, and mixed humid climate zones and net decrease in cold and very cold
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climate zones in the U.S. based on the HadCM3 (Hadley Climate Model 3) weather projection.
Shen (2017) showed that climate change has great impacts on residential and office building
energy use during the year 2040-2069 for four U.S. cities. In addition, Huang and Gurney (2016)
examined the impact of climate change on building energy consumption for 2 residential and 15
commercial building types at 925 U.S. locations. Overall, Huang and Gurney (2016) determined
that national annual energy consumption will increase slightly for residential buildings, but for
commercial buildings the increase will be larger (up to 8%) by the 2090s. It was also concluded
that large variations are found within and between building types at different climate zones. In
UK, Jenkins et al. (2008) determined that warmer 2030 climate will increase the annual cooling
energy uses by 2-4 kWh/m? for office environments. In addition, the southern offices, in particular,
were found more susceptible to temperature increase and thus had higher cooling energy demands.
In Australia, Wang et al. (2011) analyzed the heating and cooling energy requirements and the
corresponding emissions of residential houses under different future climatic conditions. Wang et
al. (2011) determined that the carbon emission of residential houses was projected to be higher on
average. In United Arab Emirates, Radhi (2009) evaluated the potential impact of climate change
on residential buildings. This research concluded that the global warming is likely to increase the
energy used for cooling buildings by 23.5%, based on a 5.9°C warming. Furthermore, the CO»
emissions were estimated to increase at around 5.4% over the next few decades (Radhi, 2009).
Chan (2011) developed future hourly weather files for studying the impact of climate change on
building energy performance in Hong Kong. This research found substantial increase in air
conditioning energy use in the future, ranging 2.6-14.3% for office buildings and 3.7-24% for
residential building (Chan, 2011). Table 2 outlines and summarizes the global climate change
impact studies on building energy performance. It is mostly agreed upon that the cold climates will
see a decrease, with various magnitude, in heating needs, and warm climates will see an increase

in cooling loads.
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In recent years, there has been several researches conducted on evaluating impacts of
climate change on buildings in Canada. For instance, Sehizadeh (2016) examined the impact of
future climate on the durability of wall assemblies retrofit to residential buildings in Eastern
Canada, concluding that upgrading wall assemblies to residential building would increase the frost
damage risk of bricks. However, according to Sehizadeh (2016), the frost damage risk of bricks
decreases under 2080 climatic conditions. The future weather files used in that study were
generated using GCM, HadCM3, with the IPCC’s A2 emission scenario (Sehizadeh, 2016). Robert
and Kummert (2012) developed hourly future climate data to evaluate the performance of a zero-
energy building under future climate conditions. They concluded that climate-sensitive buildings
such as net zero energy buildings should always be designed using multi-year simulations based
on weather data that take climate change into account. For the City of Toronto, the Toronto's Future
Weather and Climate Driver Study (2012) commissioned by the Toronto Environment Office
simulated potential future weather data to support the City's climate change policies. The study
was undertaken by SENES Consultants, now ARCADIS, using a fine-resolution Weather Research
Forecast (WRF) model to make projections of future climate in Toronto. The result of the study
was a simulation of the hourly weather details on a 1x1 km output grid across the Greater Toronto

Area (GTA) for the years 2041 to 2049.

Although there are several studies that assess the impacts of climate change on buildings,
in Canada, there is lack of climate change impact studies regarding building heating and cooling
energy use in the future. As a result, this study aims to provide not only future weather files based
on a more reliable forecast of the local boundary conditions, then previously seen in other research
studies in Canada; but also, for the first time, offer an insight on the impacts of climate change on
building energy use for 16 ASHRAE prototype building models. This is important as it will
provide a reference point for heating and cooling energy use for various building types in Toronto
according to the future climate. The following sections discuss relevant literature on projecting
future weather data from climate models necessary for development of future weather files used

in building energy simulation.
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2.3 Future Climate Conditions

Forecasting future climate conditions is the basic principle for all climate change impact
studies. General circulation models (GCMs) were presented to provide quantitative estimates of
future changes in the climate based on different emission scenario possibilities as put forward by
IPCC. GCMs are mathematical representation of some of the major climate system components,
their interactions, and feedbacks. They take into account the energy transfer mechanisms between
a three-dimensional turbulent and radiation-active atmosphere and spatially heterogeneous land,
ocean, and cryosphere surfaces (Eames et al., 2016). GCMs are composed of horizontal and
vertical areas that divide the Earth’s surface into earth plus the ocean and the atmosphere to three-

dimensional grid of cells (Figure 6).

Schematic for Global
Atmospheric Model

Horizontal Grid (Latitude-Longitude)

[ Vertical Grid (Height or Pressure) }

Figure 6. The global circulation model structure (Trzaska and Schnarr, 2014).

However, the outputs of GCMs have a relatively low level of spatial (100-500 km) and temporal
resolution (daily or monthly) for direct use in building simulation (Trzaska and Schnarr, 2014).
In fact, most building-related research is undertaken by means of building simulation tools that
require hourly resolution weather data.

GCM adjustments are made possible by a process of “downscaling”, which refers to the
generation of climate change information at finer spatial and temporal resolutions than those
provided by the GCMs (Trzaska and Schnarr, 2014). Spatial downscaling is a method used to

derive high-resolution spatial information from coarse-resolution GCM output (e.g. 500 km to
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2.5-50 km). Temporal downscaling is used to drive fine-scale temporal information from coarse-
scale temporal GCM output (e.g. monthly weather data to hourly) (Trzaska and Schnarr, 2014).
The downscaling process adds information to the coarse GCM output, so that the information is
more realistic at a finer scale, capturing sub-grid scale contrasts.

As of now, two main forms of downscaling technique exist. Figure 7 shows the
relationship between these two techniques and climate models in order to obtain a higher
resolution information at spatial and temporal scales.

Observed

Climate Statistical
— Downscaling

Downscaled
storyline by  ——» —— > Climate

Socio-economic| S P ; SN o
| Emission { Global circulation | Climate

| scenarios \ model (GCM) projections St
| ! h / : Projection

g L__} Dynamical 4‘,A

Regional Climate Downscaling
Model

IPCC

Figure 7. Flow chart illustrating the two downscaling techniques used to prepare high-resolution weather
data suitable for generating future weather file for building performance simulation (Trzaska and Schnarr,
2014).

The first technique is the statistical downscaling which establishes an empirical
relationship between large-scale circulation variables and local climate variables. Once a
relationship has been determined, future atmospheric variables that GCMs project are used to
predict future local climate variables (Guan, 2009). This approach relies on the critical assumption
that the present relationship between large-scale circulation and local climate remains valid under

different forcing conditions of possible future climates (Zorita and von Storch, 1999).

The second downscaling technique is the dynamical downscaling, where the output from
a GCM is used to drive a regional model in higher spatial resolution. This method relies on the
use of a regional climate model (RCM) which is fundamentally similar to a GCM but provides a
finer resolution. RCMs take the large-scale atmospheric information supplied by GCM output at
the lateral boundaries and incorporate more complex topography, the land-sea contrast, surface
heterogeneities, and detailed descriptions of physical processes (Trzaska and Schnarr, 2014). This
method generates realistic climate information at a spatial resolution of approximately 2.5-50

kilometers. It is worth mentioning that since the RCM is integrated in a GCM, the overall quality
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of dynamically downscaled RCM output is tied to the accuracy of the large scale forcing of the
GCM and its biases. This technique is significant for use in building simulation as the assessment
of building energy demand tends to focus on impacts of climate change at the local level. Thus,
depending on the availability and accuracy of RCM, the weather files generated using dynamical
downscaling, on top of weather files generated using statistical downscaling, provide a more

reliable forecast of the local boundary conditions for building performance simulation.

At times, the combination of both downscaling techniques is used in order to obtain a more
accurate finer-scale and hourly data from GCMs. For instance, dynamical-statistical downscaling
involves the use of an RCM to downscale GCM output before statistical equations are used to
further downscale RCM output to a finer resolution. Dynamical downscaling improves specific
aspects of regional climate modelling and provides better predictors for further statistical
downscaling to higher-resolution output (Guyennon et al., 2013). Statistical-dynamical
downscaling is a somewhat more complex approach that statistically prefilters GCM outputs into

a few characteristic states that are further used in RCM simulations (Fuentes amd Heimann, 2000).

2.4 Development of Future Weather File

Guan (2009) and Herrera et al. (2017) present a complete review of the method used to
generate future weather data for the impact study of climate change on building energy
performance. The first category relies on historical weather data which includes the extrapolating

statistical method, imposed offset method, and the stochastic weather model.

The extrapolating statistical method generates future weather conditions based on the
projection of the historical weather data trends into the future. This method predicts building
energy consumption based on the degree-day method. The degree-day is a single-measure steady
state method used to predict building energy consumption, according to the variation between the
indoor and outdoor temperature (Christenson et al., 2006; Wang and Chen, 2014, Cox et al.,
2015). This method provides simple and fast measurements but since solar radiation, humidity,
or building thermal mass are not considered, degree-day analysis can lead to large deviations in

building energy simulation, making its application limited.
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The imposed offset method predicts future climate information from complex climate
models in addition to the recorded typical weather data sets. This method has been the most widely
used in the literature for generating future weather files in buildings performance simulation.
Imposed offset method includes the morphing technique described by Belcher et al. (2005) that
requires one of three operations: “shifting" (addition), “stretching” (multiplication), or a
combination of the two (shifting and stretching). The morphing technique is applied to the climate
variables in the present-day recorded weather data, producing new weather data that illustrate the
average projected climate change in the future (Belcher et al., 2005). Shifting is used for variables
for which an absolute change of mean is provided. Stretching is applied for those variables which
a fractional change of mean or variance is given. The combination of both shifting and stretching
is used when both the mean and variance of a climate variable requires to be changed. Crawley
(2008) applied this technique to create weather files that represent the future climate for about 25
locations worldwide, illustrating a range of predicted climate change and heat island scenarios for
building simulation. Moreover, Chan (2011) examined the application of morphing for Hong
Kong's subtropical climate. In Canada, Robert and Kummert (2011) reported on the use of
morphing methodology on the creation of weather files for the city of Montréal, assessing energy
performance of a zero-energy building. In the UK, Jentsch et al. (2013) described a method of
morphing output from the Hadley Climate Model 3 (HadCM3) and created a tool by which future
weather data for use in building simulation can be generated for any location worldwide.
However, there are a few criticisms regarding the use of morphing technique for generating
weather files. According to de Dear (2006), spatial and temporal inaccuracies can be created in
climate projections when achieving finer local scale and hourly time step data sets by using the

historical recoded climate variation for projecting a future weather change on top of the GCMs.

The stochastic weather model was developed by Van Paassen et al. (2002), and Adelard
et al. (2000) to generate future weather data based on generating an artificial meteorological
database. Some weather generators use algorithms that produce a long time-series of weather
variables with statistical properties comparable to recorded historical records. For instance, the
Meteonorm software can extrapolate hourly data from statistical data for any location in the world,
using stochastic and physical processes (Remund et al., 2018). Meteonorm combines its climate
database, spatial interpolation tool and stochastic weather generator, with global radiation data

obtained from the Global Energy Balance Archive (GEBA) (Remund and Kunz, 1997). Thus,
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Meteonorm can be used to generate future weather data accounting for climate change if historical
monthly averages that are normally used as inputs are replaced with results from a GCM.
Meteonorm has been extensively used for generating TMY's (Ebrahimpour and Maerefat, 2010).
An advantage of this method is that all the relationships between different weather variables are
accounted for in the same way as for baseline data (de Dear, 2006). Despite that, Guan (2009)

argues that the stochastic weather model is too complex and computationally intensive.

The second category relies on the use of numerical climate models as an alternative to the
historical weather data approach. GCMs are used to generate local future weather files by means
of dynamical downscaling or RCM. This has become a commonly used approach to improve the
resolution of the climate simulation outputs. As research has shown, compared to the GCMs, the
RCMs have the advantage of generating physically consistent data sets for different variables and
have a better representation of the landscape and meso-scale processes, providing a more reliable
forecast of the local boundary conditions of the future climate (Moazami et al., 2019). The
different approaches most commonly used in the literature, to project and generate future weather

data for the impact study of climate change on buildings, are illustrated in Figure 8.
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Figure 8. The relationship between different methods used to project and generate future weather data
(Guan, 2009).
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Based on the concerns raised above, of those considered from the first category, the
imposed offset method is the most practical method for developing future weather as the
extrapolating statistical method only considers degree-day measure and the stochastic weather
model requires high computing power (Guan, 2009). Therefore, the future weather data sets
developed in this research were generated by statistical downscaling technique using two future
weather generator tools, CCWorldWeatherGen and WeatherShift™, which adhere to the imposed
offset method for generating future weather files. And for the second category, the dynamical
downscaling technique using the HRM3-the Hadley Regional Model 3 coupled with the
HadCM3- the Hadley Climate Model 3 was used.
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Chapter 3: Methods

It is recognized that since climate conditions have significant influence on the thermal performance
of buildings, the design of the building envelope and the HVAC system must incorporate climate
projections. Following preliminary research, it was concluded that historical weather data regularly
used for building simulation do not consider changes in the future climate. Therefore, in order to
properly quantify the dynamic energy processes of a building, the use of future weather data in
building energy simulation is essential. In addition, it was determined that in Canada, future
weather file availability and accessibility is limited, leading to the absence of climate change

impact studies in the building sector.

The methods for this thesis are divided into two streams: one focusing on the creation of
future weather file, and one on the impact study of climate change on building energy performance.
They are both required to achieve the overall objective of this thesis which is to quantify the future
trends of building energy use for the city of Toronto. In order to generate future weather files, the
methods proposed in the present research could be characterised as being both statistical and
dynamical downscaling techniques. In the following, the methodology used for generating the

future weather files as well as the building performance simulations are presented.

3.1 Data Selection

In order to generate future weather data sets, initially, typical weather data sets developed
for Canada are required. Given the limitations of historically recorded weather data and the
availability of long-term hourly time resolution for every location, two Canadian Weather Year
for Energy Calculation (CWEC) files generated by Environment and Climate Change Canada were
selected for this research (Government of Canada, 2018). The availability of the CWEC files is
highly dependent on the weather stations. Thus, for weather station selection, this study assessed
Billy Bishop Airport weather station located at 43.617° N, 79.383° W, Toronto City Centre
weather station located at 43.667° N, 79.400° W and Toronto Pearson International Airport
weather station located at 43.677° N, 79.631° W. Ultimately, the Toronto Pearson International
Airport weather station was selected due to the recorded historical weather data availability and

historical weather file compatibility with building performance simulation. On one hand, a CWEC
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file that spans a 30-year period of historical weather data (1959-1989) was available for this
weather station, providing a better representation of the historical climate. Alternatively, a more
recent CWEC file, which spans from 1998-2014 that was made recently available by Environment
and Climate Change Canada was selected to characterize the most current warming trends. Billy
Bishop Airport and the Toronto City Centre weather stations did not have a historical weather file

for the years 1959 to 1989.

3.2 Preparing Future Weather Data for Building Performance Simulation

The future weather data sets developed in this research were generated by statistical downscaling
technique using two future weather generator tools, CCWorldWeatherGen and WeatherShift™, as
well as a dynamical downscaling technique using one regional climate model, the HRM3-the

Hadley Regional Model 3 (Figure 9).
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Figure 9. Flowchart of various methods used in the present research for preparing high-resolution weather
data suitable for generating future weather file for building performance simulation.

3.2.1 CCWorldWeatherGen Tool

The Climate Change World Weather Generator tool (University of Southampton, 2009)
allows for fast projection of future climate change to an existing weather file and is freely available
for use (Wang and Chen, 2014; Ciscar and Dowling, 2014). With the application of statistical
downscaling method as well as a time series adjustment technique (morphing), the
CCWorldWeatherGen tool can generate a future weather file for each inputted Typical
Meteorological Year (TMY) file. This Microsoft Excel based tool was developed by Jentsch et al.
(2013), who applied the morphing method using HadCM3 forced with IPCC A2 emission scenario
to generate EnergyPlus Weather (EPW) file. According to Moazami et al. (2017), after six GCMs
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under AR3 and 23 GCMs under AR4 were reviewed, it was concluded that the most suitable GCM
for applying the morphing technique was the HadCM3 for A2 emission scenario. The A2
emissions scenario put forward by the IPCC represents a ‘business as usual’ case with continuously
increasing global population and regionally oriented economic growth that is more fragmented
and slower than in other storylines (Nakicenovic et al., 2000). This research considered the A2 as
the most appropriate emission scenario for climate projection due to the ongoing climate change
trends, CO2 emission scenario characterized by rapid economic growth and emphasis on fossil
fuel. The HadCM3, A2 scenario, simulates changes in monthly values of climate condition relative
to the 1961-1990 baseline years. The CCWorldWeatherGen tool superimpose these changes of the

future climate on the meteorological parameters stored in the original TMY file.

This tool allows for the generation of future weather files within three timeframes of 2011-
2040, 2041- 2070, and 2071-2100. In order to generate a future weather file, first, a TMY file was
uploaded to the CCWorldWeatherGen. The HadCM3, A2 scenario, and a future projection
timeframe were then selected, respectively. At the end, the morphing procedure was initiated to
generate a future weather file. For instance, in this work, the original TMY files used were the
CWEC files for Toronto, obtained from Toronto Pearson International Airport weather station. As
a result, applying CCWorldWeatherGen tool to each of the CWEC files will superimpose the
changes in 1961-1990 baseline on to the data from 1959-1989 and 1998-2014. In the case of
CWEC file for the period of 1998-2014, as higher temperature values are observed compared to
the 1961-1990 baseline climate, an overestimation of results in the morphed data set is expected.
Table 3 demonstrates the differences between the two weather generator tools that apply statistical

downscaling for future weather file development.

Table 3. Difference between WeatherShift™ and CCWorldWeatherGen tools in simulating
future weather files (Moazami et al., 2017).
CCWorldWeatherGen tool ~ WeatherShift™

Projected time period 2011-2040, 2041- 2070, 2026-2045, 2056-2075,
2071-2100 2081-2100

IPCC Report AR3, AR4 AR5

GCMs HadCM3 14 Models

IPCC emission scenario A2 RCP4.5, RCP8.5

Downscaling period Morphing Morphing

Baseline climate 1961-1990 1976-2005
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As buildings tend to exist for decades, the need for building maintenance and repairs varies
depending on many factors. Some of these factors include the building design, quality of
construction, environmental conditions as well as the level of care given by the owners or facility
management. For this research, it was assumed that the useful life of a building is approximately
50 years, as they go through different stages of their life cycles. Therefore, the future weather files
generated using CCWorldWeatherGen tool for the period of 2041- 2070 were chosen for the

purpose of this study as it was the most appropriate timeframe.

3.2.2 WeatherShift™ Tool

The second tool used for the projection of changes in the future climate to an existing
weather file is WeatherShift™. This tool was acquired from Arup and Argos Analytics for the
purpose of this research and uses 14 GCMs (out of approximately 40 models) available under ARS
for its climate change projection (Dickinson and Brannon). With the application of statistical
downscaling method as well as a time series adjustment technique, the WeatherShift™ tool can
generate a future weather file for each inputted TMY files. This tool allows for the generation of
future weather files for three timeframes of 2026-2045, 2056-2075, 2081-2100 relative to the
baseline climate 1976-2005 (Table 3).

Similar to the CCWorldWeatherGen tool, first, a TMY file was uploaded to the
WeatherShift™ tool for generating a future weather file. Next, in WeatherShift™, the appropriate
emission scenarios (RCP8.5 or RCP4.5 of the IPCC’s ARY), as well as future projection timeframe
were selected. Like A2 emission scenario the RCP8.5 illustrates high CO> emission levels,
characterized by rapid economic and population growth as well as the use of fossil fuels for energy
production. The WeatherShift™ tool was then initiated to simulate and superimpose the changing
climate of the future, creating a future weather file by applying the morphing technique to its 14
GCMs. Moreover, the WeatherShift™ offers a cumulative distribution function (CDF) for each of
the variables, allowing the users to assign a likelihood to the projections (Dickinson and Brannon).
CDF has been previously applied to the UKCPO09 probabilistic projections (Jenkins et al. 2008).
In this study, the 50" (median) percentile along with the RCP 8.5 emission scenario were selected
for generating future weather data sets based on the two CWEC files for Toronto. It is worth noting
that an underestimation of values in the future weather data is expected when the original CWEC

file for the period of 1959-1989 is used. This is predominantly because of the lower temperature
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values in this CWEC file compared to the 1976-2005 baseline climate used in WeatherShift™. On
the other hand, an overestimation in the future weather data set is expected when the original
CWEC file for the period of 1998-2014 is used. Finally, the future weather files generated by
WeatherShift™ for the period of 2056- 2075 was selected as the useful life of a building was

assumed to be approximately 50 years.

3.2.3 Weather File Generation from Hadley Regional Model 3

The present work used a dynamically downscaled RCM output developed under the North
American Regional Climate Change Assessment Program (NARCCAP) to generate a future
weather file by projecting climate change information based on the RCM (NARCCAP, 2010).
NARCCAP is an international program focused on using RCMs driven by GCMs to generate high-
resolution climate change simulations (NARCCAP, 2010). The program includes two main
phases. In phase 1, six RCMs use boundary conditions from the National Centers of Environmental
Prediction-Department of Energy (NCEP-DOE) Reanalysis II (R2) for a 25-year period (1980-
2004). In Phase 2, boundary conditions from four atmosphere-ocean general circulation models
(AOGCMs) were used for 30 years of current climate (1971-2000) and future climate (2041-2070).
The output data obtained from the AOGCMs simulated using the Special Report on Emission
Scenarios (SRES) A2 emissions scenario were utilized for driving the RCMs. As a result,
NARCCAP ran six regional climate models (RCMs) driven by four AOGCMs, resulting in 12
GCM-RCM pairings are summarized in Table 4.
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Table 4. GCM-RCM combination simulated in NARCCAP (NARCCAP, 2010).

Atmosphere-ocean general Regional climate models GCM-RCM pairing
circulation models (AOGCMs) (RCMs)
Community Climate System The Canadian Regional Climate ~CCSM3-CRCM
Model (CCSM) Model (CRCM) CCSM3-MM5
CCSM3-WRF
Third Generation Coupled The NCAR Mesoscale Model
Global Climate Model (MMS) CGCM3-CRCM
(CGCM3) CGCM3-HRM3
The Met Office Hadley Centre’s CGCM3-WRF
The Hadley Centre Coupled Regional Climate Model 3
Model version 3 (HadCM3) (HRM3) HadCM3-MM5
HadCM3-HRM3
The Geophysical Fluid The Regional Cimate Model, HadCM3-RSM
Dynamics Laboratory GCM version 3 (RCM3)
(GFDL) GFDL-HRM3
The Weather Research and GFDL-RCM3
Forecasting Model (WRF) GFDL-RSM

The Scripps Experimental
Climate Prediction Center
(ECPC) Regional Spectral
Model (RSM)

To generate a future weather file, this research used the output data from the combination
of HadCM3 downscaled by HRM3 and forced by SRES A2 emission scenario. The reason for
selection of this GCM-RCM combination was due to the fact the CCWorldWeatherGen tool
(Section 3.2.1) uses the same GCM (HadCM3) for generating a statistically downscaled future
weather file. This allows for a direct comparison of the statistical and dynamical downscaling
techniques, as the climate models used are the same. Moreover, the HRM3 compared to other
RCMs made available under NARCCAP exhibits a notable warming bias in all seasons and
particularly in the winter, especially for central and northern Canada. Therefore, having
acknowledged this warming bias, this study decided to choose this model to generate a future
weather file for projecting the most warming as result of climate change. This is also consistent
with the [IPCC’s emission scenarios selected throughout this work which lays on the higher end of
factors such as economic development, technological development, energy use, population

change, and land-use change.
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3.2.3.1 Data Extraction

The RCM output for various climate variables at 3-hour resolution are available in Network
Common Data Form (NetCDF) format from NARCCAP archives®. Initially, modelled data for the
HadCM3-HRM3 in NetCDF format was downloaded for five variables including surface air
temperature, surface pressure, surface specific humidity, zonal surface wind speed, and meridional
surface wind speed. These variables were selected due to their significance in projecting climate
conditions in building energy performance. Figure 10 displays the surface temperature projection

from HRM3 for the 2041-2070 period.

3 Data available to download from ESG NARCCAP data catalog in NetCDF format.
https://www.earthsystemgrid.org/project/NARCCAP.html
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Figure 10. The surface air temperature projection for the 2041-2070 period extracted from the HRM3
(NARCCAP, 2010).

This research study chose to exclude cloud cover and solar radiation data. The limitations
to include these parameters in generating a weather file arise from the output data from the
NARCCAP for cloud cover and solar radiation of the future climate. The EPW files use both total
cloud fraction and opaque cloud fraction as input. While total cloud fraction is the only variable

available under NARCCAP, and both variables are directly related, modifying one variable
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without changing the other would be inconsistent. Similarly, the solar radiation in EPW file is
divided into global horizontal radiation, direct normal radiation, diffuse horizontal variables. Even
though it is possible to apply the effect of climate change to the incoming solar radiation, dividing
these changes to the direct and diffuse variables would be arbitrary. For that reason, this study
chose to leave cloud cover and solar radiation of the future weather file at their original weather

file values.

The weather data that are used in building performance simulations are matrices that

include:

1. Time: Its unit is in hour. The weather data downloaded from NARCCAP have been

collected in 3 hours time resolution which require changing time-step to hourly data.

2. Air temperature: Its unit is degree Celsius. NARCCAP data is provided in Kelvin
which requires conversion to Celsius. The air temperature values in Celsius are rounded

to one decimal place.

3. Relative humidity: Its unit is percent. Relative humidity is not directly available from

the HRM3 output data and needs to be calculated.

4. Atmospheric pressure: Its unit is Pascal. The atmospheric pressure is provided directly

by the HRM3 output.

5. Extraterrestrial horizontal radiation, extraterrvestrial direct normal radiation,
horizontal infrared radiation intensity, global horizontal radiation, direct normal
radiation, and diffuse horizontal radiation. Their units are Wh/m?. As stated, these
matrices are not directly available from HRM3 output and due to limited information
available and cannot be calculated. These matrices for the future weather file are placed

at their original weather file values.

6. Wind direction: Its unit is degrees. The wind direction is not directly available from

HRM3 and needs to be calculated for building performance simulation.
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7. Wind speed: Its unit is in m/sec. The wind speed output from HRM3 is given as the

zonal surface wind speed and meridional surface wind speed which needs to be changed

for building performance simulation.

Total sky cover and opaque sky cover. Their units are in tenths of coverage—amount of
sky dome in tenths covered by clouds. These matrices are not directly available from

HRM3 output and due to limited information available and cannot be calculated.

It should be noted that OpenStudio, which uses the EnergyPlus dynamic simulation engine for

simulations, is not capable of using other variables present in a TMY weather file, such as: global

horizontal; direct normal illuminance; diffuse horizontal illuminance; zenith luminance;

precipitation; aerosol depth; snow depth; and days since last snow fall. Therefore, the values for

these variables can be set as 999999, representing missing values, and will not affect the final

results of the simulation.

Extraction, correction and conversion of HRM3 data from NARCCAP to the appropriate

input data for building performance simulation was done by Microsoft Excel and coding in Python.

This was done in four phases:

1.

Extracting the five variables downloaded in a NetCDF format corresponding to the grid
point closest to the latitude and longitude of the weather station for that GTA location
using Python (Appendix A);

Correction of HRM3 output for periods of 1970-2000 and 2041-2070 due to HRM3
simulation assumption that each month is 30 days. In this case, the HRM3 output for
each of the five variable overlooks the 31% day of January, March, May, July, August,
October and December. In addition, the HRM3 models 30 days for February, adding
two extra days and ignoring the leap years. Accordingly, special attention was given to
data organization in adding an extra day or eliminating the additional day/days from
February in the HRM3 data;

The HRM3 output for the five climate variables at 3-hour resolution require changing
time-step to hourly data for building performance simulation. Linear interpolation was
applied to 3-hourly data, generating hourly weather data for the periods of 1970-2000
and 2041-2070 (Appendix B). Linear interpolation was selected due to its simplicity in
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calculating the missing hourly weather data. A comparison of other interpolation
methods (e.g., Cubic spline and Polynomial) is illustrated in Appendix C;

4. The proper parameters used for building performance simulation such as relative
humidity, dew-point temperature, wind speed, and wind direction that are not directly
available from the HRM3 output data were calculated. The following procedures were
used to find relative humidity, dew-point temperature as well as wind speed and
direction from values made available by HRM3 variables. All equations used in this

section, unless otherwise noted, is from Straube and Burnett (2005).

A. Relative Humidity () is the ratio of partial water vapor pressure (Py) to the saturation vapor

pressure (Pysa) at the same mixture temperature and pressure.

@ i
= Eq. 3.1
Pv,sat q
Saturation vapor pressure (Pysat) is calculated using:
6790.5
Pv‘sat — 1000 e (5258— T —-5.028 lnT) (k’ Pa) Eq. 3'2

Mixing Ratio, W (also known as, moisture content or humidity ratio) is ratio of the mass of water

vapor (Mwater vapor) t0 the mass of dry air (mary air).

P,
= 0.622 ( ) (kg/kg, Pa) Eq. 33

P
W = 0.622 <—)
Pair + Pv

Where, 0.622 is the ratio of gas constants for dry air to that for water vapor.
By rearranging equation 3.3,

PTotal

~0.622 Eq.3.3
- t1

F,

Solving for equations 3.2 and 3.3 partial water vapor pressure (Py) and the saturation vapor
pressure (Pysa) were calculated. As a result, relative humidity was then calculated from equation

3.1.
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B. Dew-point temperatures (tq) were calculated using the following equation, having calculated

the partial water vapor pressure (Py) from equation 3.3.

4030
ty; = — 235 (°C. Pa) Eq. 3.4

18.689 — In (135

C. Wind speeds were calculated using the square root of the sum of the squares, given the zonal

surface wind speed (u), and meridional surface wind speed (v).

Wind Speed = \/u? + v? Eq.3.5

It is worth noting that the speed data provided by HRM3 consists of two elements of the speed
vector. The zonal surface wind speed (u) has a vector in the horizontal direction that is a West-
East/East-west direction. The meridional surface wind (v), on the other hand, has a vector in the

vertical direction that is from South-North/North-South direction.

D. Wind directions were calculated using the arctangent of the angle between two velocity
elements (u and v). However, when u is zero, the arctan function is unable to calculate wind
direction values. In addition, for each calculation based on the sign of u and v there is a need for
adjustment for which quadrant the elements fall-in. As a result, using Microsoft Excel, atan2
function resolves the issues associated with the arctan. The Microsoft Excel function created and

used for the calculation of wind directions is as follow:
Wind Direction = DEGREES(ATAN2(Meridional Surface Wind "v", Zonal Wind Speed "u")

In order to adjust the wind direction to the proper angel for weather data, 360 degrees is added to

the results.

3.2.3.2 Evaluation of Model Performance

There are three main uncertainties associated with the future climate projection: natural
variability of the climate, future GHG emissions and aerosols, and the climate systems response
to the changes in emission levels. However, in recent years, the increase in the application of

regional climate models at higher resolution has introduced additional uncertainties. As a result,
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the present study used the back-casting technique to evaluate the ability of HRM3 to reproduce

accurate climate data.

The dry bulb variables from HRM3 output for the period of 1971-2000 at 3-hour resolution
were compared with the actual observed weather data from the GTA weather stations of the same
period. To compare the model data with observed weather station data, the HRM3 output were
converted from Greenwich Mean Time (GMT) time zone to the local time zone (GMT-5). Next,
the mean absolute deviation (MAD), the mean-square error (MSE), the root-mean-square error
(RMSE), and the mean absolute percentage error (MAPE) was calculated for the period of 1971-
2000 (Appendix D). The results show that the model performance evaluation for the HRM3 data
for Toronto were in compliance with the NARCCAP assessment of HRM3 climate model (Mearns
etal., 2012). According to Mearns et al., (2012), the root-mean-square error (RMSEs) for seasonal
temperature of the HRM3 was in the range of 3-6 which was similar to RMSEs calculated for the
extracted temperature values for the city of Toronto. It is worth noting that the biases and RMSEs
present in HRM3 are within the range found in many other regional climate models (Mearns et

al., 2012).

3.2.3.3 Calculation of projected climate change

To quantify the magnitude of climate change for each weather variable from the coupled
HadCM3-HRM3 model, two main approaches were used. Initially, the difference between the
2041-2070 values and 1971-2000 values were calculated for the interpolated hourly values. In
other words, the 1971-2000 values for all variables are subtracted from 2041-2070 values. The
difference between these two data were averaged over the 30-year period for each individual month
and added to each of the original CWEC files to produce a future typical meteorological year.
Here, the morphing technique similar to that used by Belcher et al. (2005), was used to “shift” the
climatic variables in the present-day recorded weather data (CWEC files) to produce new weather
data that illustrate the average projected climate change in the future. Every variable was “shifted”
by (AXm), simply adding the projected change to the original CWEC value (Xo), as shown in

equation 3.6.

X=Xo+ AXyy, Eq. 3.6

37



In the second approach, the hourly averages of every single month for the 2041-2070 period were
calculated for all variables (e.g., dry bulb, dew point, relative humidity, pressure, wind speed and
direction). For instance, the 12" hour of all Januarys from 2041-2070 were averaged, giving a
single value for that hour of January. This was done for each hour of every month for the 30-year
period for the entire data set. In that case, the results were an averaged 30-year data set which
created a 12-month weather data. The values of each variable calculated using this approach for
all 12 months were then directly used to replace the values of dry bulb, dew point, relative
humidity, pressure, wind speed and direction original CWEC weather files. This allows for the
selection of different periods (5, 10, 20 years) for calculating of all monthly variable averages.
However, using this technique, the natural daily/hourly variability of the climate typically present

for each variable is lost.

As previously discussed, after months of communications and meeting with ARCADIS
Consultants and the city of Toronto, the author of this study was unable to obtain the hourly
weather climate projections on a 1x1 km output grid across the Greater Toronto Area (GTA) for

the years 2041 to 2049.

3.3 Building Performance Simulation

For the purpose of the present research, building performance simulations using the
OpenStudio 2.8.0 was carried out for the future climate of Toronto. The OpenStudio package
contains the EnergyPlus program which is used as a dynamic simulation engine for generating
simulation data. The OpenStudio software allows the user to work with pre-designed reference
building models developed by the United States Department of Energy (DOE) (Field et al., 2010).
These models are in compliance with ASHRAE 90.1-2013 standards and consist of 16 buildings
with various dimensions and operations. The description for the 16 building prototype can be found
in Appendix E. Figure 11 displays the rendering of the building models used in the OpenStudio
software. Simulting 16 different buildings allow for the better understanding of which building
types will be most affects by climate change. The results will also offer a reference point for
various building types in Toronto as well as provide a much higher value on the importance of

using future weather file for building energy simulation.
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Figure 11. Prototype building models from the ASHRAE 90.1-2013 standards.

These building models are a relatively realistic representation of buildings and typical construction
practices. They represent approximately 80% of the commercial building stock in the United States
(DOE, 2018). In addition, as part of as representative of key building types within the scope of
ASHRAE 90.1 and the commercial building energy codes, two residential prototype buildings
(high-rise and mid-rise apartments) are also included in the pre-designed reference building
models developed by the DOE. These building models provide a reference point to assess the
impact of climate change on energy demand of different types of buildings according to Toronto’s

climate condition.

The technical descriptions for each of the building envelope components for the selected

prototype building models are presented in Table 5. For the 16 prototype building models the roof
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U-factor is between 0.18 (W/ (m? K)) for typical insulation entirely above deck (IEAD) roofs and
0.15 (W/ (m? K)) for attic roofs* with wood joist. Wall U-factor varies from 0.31 to 0.51 (W/ (m?
K)) depending on wall type.

ASHRAE 90.1-2013 defines the U-factor (transmittance) as:

“the heat transmission in unit time through unit area of a material construction and the boundary
air films, induced by unit temperature difference between the environments on each side”

(ASHRAE, 2013),
and further defines the solar heat gain coefficient (SHGC) as:

“the ratio of the solar gain entering the space through fenestration area to the incident solar

radiation” (ASHRAE, 2013).

The objective of this research is to assess the impacts of climate change on future buildings
energy use under the assumption that no technological advancement takes place in buildings.
Excluding technological advancement provides the opportunity to better understand how existing
buildings will react to climate change, eliminating the uncertainties regarding improvements in the
building characteristics that influence cooling, heating, and equipment electricity use. The results
could then provide the opportunity to study what types of technological advancement would be

feasible in the future.

4 The small office as well as the fast food and sit-down restaurants have attics.
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Table 5. Building envelope components of pre-designed reference building models.

U-factor (W/(m?K)) Solar Heat Gain
Coefficient (SHGC)
Building Typology
Roof External Glazing Glazing
Wall
Window Skylight Window Skylight
Apartment  High-rise  0.18 0.31 2.65 0.43
Mid-rise 0.18 0.31 2.65 0.43
Hotel Large 0.18 0.45 2.65 0.43
0.51
Small 0.18 0.31 2.65 0.43
2.85 0.29
Office Large 0.18 0.51 2.65 0.43
Medium 0.18 0.31 2.65 0.43
Small 0.15 0.29 2.65 0.43
Health Hospital 0.18 0.45 2.65 0.43
0.51
Outpatient  0.18 0.31 2.65 0.43
Restaurant  Fast food  0.15 0.29 2.65 0.43
Sit-down  0.15 0.31 2.65 0.43
Retail Stand-alone 0.18 0.51 2.65 2.96 0.43 0.34
Strip-mall ~ 0.18 0.31 2.65 0.43
School Primary 0.18 0.31 2.65 0.43
Secondary  0.18 0.31 2.65 2.96 0.43 0.34
Warehouse 0.21 0.28 2.65 2.96 0.43 0.34
0.53 0.47
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3.3.1 Summary of Inputs and Assumptions

Initially, the pre-designed reference building models were imported to OpenStudio from
the building component library. The shape, total area, floor height, and HVAC system type for
each building were determined from the 1999 and 2003 Commercial Buildings Energy
Consumption Survey (CBECS) dataset (EIA 2002, 2005) as well as previous studies of the existing
building stock (as cited in Field et al., 2010) (see Appendix E). Similar to the weather files, the
prototype building models change across various locations. As a result, the design and construction
of the buildings are modified according to the location as well as applicable codes and practices.
The 16 prototype building models used in this study were selected to be in compliance with
ASHRAE 90.1-2013 standards and climate zone 5A that is defined as Cool — Humid, similar to
the city of Toronto. Moreover, the HVAC sizing calculations to meet peak cooling and heating
loads in OpenStudio are based on the “Design Days” weather data. As a result, to allow for climate
change impact assessment, the design day used for autosizing HVAC equipment was kept the same
for all building types. Using one identical design day for all buildings enables true quantification
of building energy demand, highlighting the variation between historical and future weather files.
The design day climate data summary for sizing HVAC equipment is based on the 1959-1989
weather file and is presented in Table 6. For cooling systems, dry-bulb at maximum wet-bulb
(DB=>MWB) design day is used for chillers and air conditioners sizing calculation. Dewpoint at
maximum dry-bulb (DP=>MDB) is useful for humidity control application, such as desiccant
cooling systems, cooling-based dehumidification, and fresh air ventilation systems. Enthalpy at
maximum dry-bulb (ENTH=>MDB) is applied in cooling load calculation caused by infiltration
and ventilation into buildings. The wet-bulb at maximum dry-bulb (WB=>MDB) design day is
useful in cooling towers and evaporative coolers. For heating systems, dry-bulb (DB) is used for
general heating applications. The dewpoint at mean coincident dry bulb (DP=>MCDB) purpose is
to size equipment for humification use. Wind speed at mean coincident dry bulb (WS=>MCDB) is
used for assessing peak loads and accounting for infiltration. Further information on materials
comprising the envelope of the 16 building models as well as detailed internal loads and schedules

can be found in Appendix F.
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Table 6. The design day climate data for building simulation performance.

Maximum Daily
Dry Bulb

Temperature

(°O) Range (A°C)

Humidity
Value

Humidity
Type

Wind
Speed
(m/s)

Wind
Direction
(Degrees)

TORONTO
PEARSON INTL
AP ANN CLG
4% CONDNS
DB=>MWB

TORONTO
PEARSON INTL
AP ANN CLG
4% CONDNS
DP=>MDB

TORONTO
PEARSON INTL
AP ANN CLG
4% CONDNS
ENTH=>MDB

TORONTO
PEARSON INTL
AP ANN CLG
4% CONDNS
WB=>MDB

TORONTO
PEARSON INTL
AP ANN HTG
99.6% CONDNS
DB

TORONTO
PEARSON INTL
AP ANN HTG
WIND 99.6%
CONDNS
WS=>MCDB

TORONTO
PEARSON INTL
AP ANN
HUM N 99.6%
CONDNS
DP=>MCDB

31.40 9.90

26.70 9.90

29.20 9.90

29.10 9.90

-18.10 0.00

-4.70 0.00

-17.60 0.00

22.40

22.10

71900.00

23.70

-18.10

-4.70

-23.30

Wetbulb
°O)

Dewpoint

C)

Enthalpy
(J/kg)

Wetbulb
°C)

Drybulb
Q®)

Wetbulb
0

Dewpoint

C)

5.80

5.80

5.80

5.80

4.80

14.20

4.80

270.00

270.00

270.00

270.00

0.00

0.00

0.00
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Finally, the outdoor climate data which have been introduced as the weather files at the
beginning of this chapter are applied to the 16 prototype building models to simulate the building
performance under future climate conditions. Both the current and future weather files generated
in this study were used as input for the building performance simulation. A total of eight weather
files (two historical and six future) were used. To investigate the impacts of climate change on
building energy demand, each of the building models were simulated using the eight weather files,
which resulted in a total of 128 simulations. The structure of the simulation runs is illustrated in

Figure 12.

High-rise apartment  ——
Mid-rise apartment o O— Historical Weather File
Hospital g —
b
Large hotel = 2041-2070
3 o = — Baseline Climate CWEC
Bmalkhate] X CCWorldWeatherGen o A2
Large Office tool . 2041-2070
Medium Office Baseline Climate CWEC2016
Small Office 2056-2075
Outpatient Healthcare Baseline Climate CWEC
Fast food restaurant _: ‘J — 2056.2075
- — " = —— WeatherShift too)]l ——————C RCP 8.5— < S
Sitdowprstuint & L Baseline Climate CWEC2016
Standalone retail a
Strip mall retail 2 - 20'?1"2070 SRS
Pri 5] < g Baseline Climate CWEC
nmary sc. 2]
< % Oo———— HRM3 O A2 —=
Secondary school < L 2041-2070
Warehouse Baseline Climate CWEC2016

Figure 12. Configuration of simulation runs of 16 building prototype models used in this study under the
historical and future weather files.

An overabundance of information is available within the OpenStudio output. Since the present
research is mostly focused on the projection of climate change and their impacts on building energy
demand, the emphasis will be on changes in heating and cooling energy consumption as well as
thermal comfort. Chapter 4 presents the results of the weather file generation as well the impacts

of climate change on building performance.
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3.4 Limitations

This work faced several limitations both in future weather file generation as well as
building performance simulation. Initially, this study found that the CWEC and CN2014 weather
files have zero extraterrestrial horizontal radiation for multiple hours during the day, while for the
same hours there were values present for global horizontal radiation. It is hypothesized that these
issues result from solar values given based on “solar time convention” rather than “local standard
time convention”. The only weather file exempt from this issue was CWEC2016. The CWEC files
have been most commonly used for building energy simulation in Canada. As a result, it is
recommended that the users check the quality of the input weather files used for building energy
simulation specially in the case CWEC file for the city of Toronto. Secondly, this study was limited
to the Toronto Pearson International Airport weather file due to the limitation in availability of
historically recorded weather data as well as their compatibility with building performance

simulation for other locations in Toronto.

Regarding climate models, North America lacks not only in the number of models
accessible but also in spatial and temporal resolution for which these models can forecast future
climate scenarios. Subsequently, this makes it much harder to focus on impacts of climate change
at the local level where finer spatial resolution presents a more reliable representation of the
regional boundary conditions. In addition, due to the limitations of output data availability from
the NARCCAP regional model for cloud cover and solar radiation, the cloud cover and solar
radiation of the future weather file were left at their original weather file values. It is also worth
noting that the accurate representation of climate change is challenging, and the method described
in this chapter regarding the evaluation of NARCCAP model performance does not entirely makes
up for the quality of HRM3 and its sources of uncertainties. For instance, several uncertainties
arise from the projected regional climate change itself that include uncertainty in GCM projection,
downscaling a GCM using different RCMs, emissions scenario and aerosol radiative forcing, or
different initial conditions that presented to the climate model. Therefore, making it impossible to

accurately project future climate conditions using a single model or method.

This research was unable to perform the building performance simulation using EnergyPlus
directly, as the prototype building models developed by the United States DOE produced “severe

errors” when simulated. These issues are believed to be due to the lack of update for the DOE
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building prototypes, making it imposible for EnergyPlus to autosize operating systems that are not
feasible with the current ASHRAE standards. Alternatively, the OpenStudio software which
contained the EnergyPlus program was used as a dynamic simulation engine for building
performance simulation. The findings of this paper also determined that the 16 prototype building
models available from OpenStudio library require upgrades in order to function properly with the
newer versions of software. More specially, in the case of autosizing the HVAC systems based on
the given design days, some of the functions were unavailable for the building models. Besides,
as the results showed (see Section 4.2.4), for the hospital and large hotel building model simulation

output indicated several problems for different zones.
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Chapter 4: Results and Discussion

This chapter is divided to two main parts. The first part illustrates the results of future weather file
generation. It begins with the presentation of each weather file and the distribution of values for
the hourly dry-bulb temperature. The second part consists of providing the simulation results on
the impact study of climate change on building energy demand. The simulation output for each of
the 16 prototype building models is presented, allowing for quantification of building heating and

cooling energy use and GHG emission in the future.

4.1 Weather Files Characteristics

The EPW weather files contain hourly values for several weather variables that are directly
used in building performance simulation. The six future weather files generated in this study as
well as the two historical weather files contain weather variables such as dry-bulb temperature,
dew-point temperature, solar radiation, wind speed and direction. These variables contain
information on the effects of climate change. Figure 13 displays the hourly dry-bulb temperatures

for the two historical weather files with different baseline climate.

*l |\ ,' ’

l'

| ‘v’k |]|‘ fl‘

Dry Bulb Temperature °C

|
| nHJ _
i

20

2% . 2 . . . L L L . . s
Jan Feb Mar Apr May Jun Jul Aug Sep Cet MNov Dec

Figure 13. The hourly dry-bulb temperature for CWEC (blue) and CWEC2016 (red) historical weather
files. The values are from 1959-1989 and 1998-2014 baseline climate.
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The dry-bulb temperatures of the two historical weather files indicate higher temperature values
for the CWEC2016 (1998-2014 years) compared to the more historical CWEC (1959-1989 years).
Moreover, according to the weather data summary in Appendix G, the average monthly values for
the 12 months, except for January and November, is higher in CWEC2016 compared to CWEC

weather file.

Heating and cooling degree days are commonly used indicators of energy demands for
heating and cooling in buildings (CIBSE, 2006). In this thesis, HDDs reflect the number of degrees
that a day’s average temperature is below 18.3°C. Table 7 shows the historically recorded annual
HDDs for the CWEC and CWEC2016 weather files and their future projections. A clear warming
trend is seen between the CWEC and CWEC2016 time period, and besides, the HDDs in the
historically recoded data range are significantly lower in comparison to the future weather files
data. The pattern seen here indicates that HDDs are decreasing and CDDs are increasing as a result
of climate change. The resulting heating degree days are compatible with RWDI’s assumption that
Toronto’s Climate Zone has seen a shift from Climate Zone 6 to Climate Zone 5 since the 1990s
(Williams and Harmer, 2017). Furthermore, as an example, the climate change projections for
HRM3 show an additional shift toward Climate Zone 4 in the future (Figure 14). The results
demonstrate the need to modify and adapt building code guidelines as well as existing building
modelling regulations such as those seen in TGS Version 3 to plan future buildings according to

the future climate.

Table 7. Heating degree day (HDD), base 18.3°C, for Toronto
weather files.
Weather Files HDD
CWEC (1959-1989) 4,179
CCWorldWeatherGen tool 3,427
(1959-1989)

WeatherShift tool 3,157
(1959-1989)
HRM3 (1959-1989) 3,509

CWEC2016 (1998-2014) 3,695
CCWorldWeatherGen tool 3,033
(1998-2014)

WeatherShift tool 2,769
(1998-2014)
HRM3 (1998-2014) 3,122
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5500

5000

4500

4000

3500 Climate Zone 5 and 4

Climate Zone 4

2500

1
1
1
1
1
1
1
1
1
i
3000 ]
1
1
1
1
1
1
1
1
1
1
1
1
1

2016
2018
2020
2025
2030
2035
20540
2045
2050
2055
2060
2065

\ 1
AN CWEC (1959-1989) L \CWEC2016 (1998-2014), \ HRM3 )
N e e e e e e e e e e e e e e = - M __ -,

Figure 14. Climate change projections for HRM3 show an additional shift toward Climate Zone 4 in the
future, in terms of HDDs (Base 18°C).

Figures 15 displays the boxplot for the annual outdoor dry-bulb temperatures based on the
future weather files generated using statistical and dynamical downscaling techniques according
to the two historical baseline climates. They display the distribution of data based on the minimum,
first quartile (25" percentile), median, third quartile (75" percentile), and maximum temperature
values of each weather file. For the sake of harmonization, all graphs use yellow for historical
weather files (both CWEC and CWEC2016), red for CCWorldWeatherGen tool’s future weather
files, blue for WeatherShift tool’s future weather files, and green for the future weather files
generated dynamically using HRM3. The future weather files project an average temperature
increase of 3.7-4.5°C for the 2050s. These projections are slightly higher than the IPCC global

mean surface temperature increase for the same period.
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Figure 15. The boxplots present the outdoor dry-bulb temperature values for the historical weather file of
CWEC (solid color) and CWEC2016 (hollow color), in addition to the three future weather files

generated.

4.1.1 CCWorldWeatherGen Tool’s Future Weather Files

The future weather file generated using CCWorldWeatherGen tool based on the CWEC
baseline climate has a maximum dry-bulb value of 36.9°C and minimum dry-bulb value of -15.5°C
(Figure 15). Relative to the initial conditions of the 1959-1989 baseline, the maximum temperature

increased from 32.5°C to 36.9°C and the minimum temperature increased from -19.4°C to -15.5°C.

Furthermore, for CWEC2014 baseline climate, the maximum temperature of the future
weather file generated using CCWorldWeatherGen tool is 38.4°C and the minimum temperature
is -19.2°C. Relative to the initial conditions of the 1998-2014 baseline, the maximum and

minimum temperatures have increased by 4.1°C and 4.4°C respectively.

4.1.2 WeatherShift Tool’s Future Weather Files

Regarding WeatherShift tool, Figure 15 presents a maximum dry-bulb value of 37.1°C and
a minimum dry-bulb value of -14.4°C for the future weather file generated using CWEC baseline
climate. The maximum temperature is shown to increase by 4.6°C and minimum temperature by

5.0°C relative to the historical 1959-1989 baseline.
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On the other hand, for the 1998-2014 baseline climate, the maximum and minimum values
generated by the WeatherShift tool are 38.2°C and -18.9°C. The maximum temperature for the
future weather file increased by 3.9°C, from 34.3°C to 38.2°C. The minimum temperature

increased by 4.7°C, from -23.6°C to -18.9°C.

4.1.3 HRM3 Future Weather Files

The future weather file generated using dynamical downscaling display temperatures with
a maximum dry-bulb value of 37°C and minimum dry-bulb value of -18.1°C. Compared to the
1959-1989 baseline climate, the maximum temperatures have increased by 4.5°C and the

minimum temperatures by 0.9°C in the future.

The maximum and minimum dry-bulb temperature generated by HRM3 for the 1998-2014
baseline climate are 37.5°C and -21.6°C. Comparing the 1998-2014 baseline climate to the future
weather file shows an increase of 3.2°C for the maximum temperature as well as a decrease of 2°C

for the minimum temperature in the future.

Table 8 was generated for each weather file to present the number of hours that the dry
bulb temperatures were above 30°C and below -10°C. Weather files consist of 8760 hourly values
for a typical year. Thus, the calculated percentages offer a measure for the number of hours extreme
temperatures are present in each weather file. As illustrated, for both baseline years, the number
of hours that the temperature is above 30°C significantly increases, whereas the number of hours

that the temperature is below -10°C reduces in the future.

Table 8. The calculated annual hours that the dry bulb temperatures were above 30°C
and below -10°C for the weather files.

Weather Files >30°C % <-10°C %
CWEC (1960-1989) 29 hrs 0.33 469 hrs 5.40
CCWorldWeatherGen tool

(1960-1989) 210 hrs  2.40 190 hrs 2.17
WeatherShift tool

(1960-1989) 263 hrs  3.00 126 hrs 1.44
HRM3 (1960-1989) 179 hrs  2.05 315 hrs 3.60
CWEC2016 (1998-2014) 93 hrs 1.06 308 hrs 3.52
CCWorldWeatherGen tool

(1998-2014) 351 hrs  4.01 142 hrs 1.62
WeatherShift tool

(1998-2014) 426 hrs  4.86 100 hrs 1.14
HRM3 (1998-2014) 311 hrs  3.56 200 hrs 2.29
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4.1.4 Summary

Boxplots of the outdoor dry-bulb air temperature shows continuous increase in the average
temperatures for the future and the impacts of climate change are clearly seen in the future weather
files. The projections for the future are significantly higher in the weather files generated by the
WeatherShift tool. Besides, for all future weather file projections, increases in maximum and
minimum temperatures based on the 1998-2014 baseline is higher in comparison to the 1959-1989
period. This is because in statistical downscaling the baseline climate is used to superimpose the
changing climate of the future to create the future weather file. Thus, higher temperature values
observed for 1998-2014 baseline years directly influence future weather file generation, resulting
in higher temperature values for the future. The general trend for increasing solar irradiance and
decrease in relative humidity values are expected in the future (Appendix G). However, the
changes in wind speed and direction for the future is rather complex and simple trends cannot be
obtained from the results for these variables. Overall, the changes in solar irradiance, and relative
humidity, as well as wind speed and direction in the future weather file compared with the baseline
climate weather file are small in proportion. Previous studies have found the cross-correlations
between these weather variables, illustrating that with an increase of solar irradiance, the air

temperature would generally increase while relative humidity would decrease (Guan et al., 2007).

4.2 Analysis of Building Simulation Results

This section presents the simulation results of the 16 prototype building models. However,
due to large number of simulation-runs, presenting all output results for each individual building
model will be tedious. As a result, from the two baseline years used to generate future weather
files, this thesis presents and discusses the simulation results of the CWEC historical weather file
and the future weather files that use the 1959-1989 baseline. That is, the results for each individual
building model simulated using the CWEC2016 weather file and its future weather files, using the
1998-2014 baseline, are provided in Appendix H. In fact, as pointed out in section 3.1, the CWEC
weather file provides a better representation of the historical climate and has been recommended
by the World Meteorological Organization (as cited in Shen, 2017). Additionally, CWEC is the
weather file most frequently used in building performance simulation for buildings in Toronto and

TGS Version 3 performance targets are established based on the 1959-1989 climate. The only
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distinction between the results of two baseline climates and their future weather files are due to
higher temperature values observed for 1998-2014 baseline years, compared to the 1959-1989.
Subsequently, higher temperatures of the future projections affect building total energy use, energy
use intensity (EUI), heating and cooling loads, as well as thermal comfort levels. The results of
the simulation-runs for the 1998-2014 baseline and their future climate projections (available in
Appendix H) are used to evaluate and discuss the impacts of using different baseline climate in

building energy simulation.

When comparing different buildings, it is essential to account for differences in floor area;
therefore, the energy use intensity (EUI) is used and defined as the annual sum of the total energy
used divided by the floor area. We begin by presenting heating and cooling EUI to assess the
impacts of climate change on building energy performance. This is followed by total energy use
to quantify the future trends of buildings energy demand as well as the GHG emissions associated
with the cooling and heating EUI for each building type. Finally, to evaluate indoor thermal
comfort, the last section discusses the number of hours that each building’s heating and cooling

setpoints were not met during occupied hours.

4.2.1 Heating and Cooling Energy Use Intensity

The impacts of future weather files on heating and cooling energy use per total building
area, in relation to the 1959-1989 and 1998-2014 baseline cliamtes, are illustrated in Figure 16. As
per the simulation results, rises in cooling EUI and decrease in heating EUI are found in all 16
prototype building models for both baseline climate due to temperature rise brought by the climate
change. The magnitude of changes in heating and cooling EUI is highly dependent on baseline
climate and building types. The results are consistent with IEA’s report that building energy use
have been dominated by the growth in space cooling and reduction in space heating since 2010

(IEA, 2018).
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Figure 16. The scatterplots showing the distribution of values for the annual heating energy (positive
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values) and cooling energy (negative values) under historical and future weather data sets for all 16

prototype buildings. Values for the 1959-1989 baseline climate are presented in solid color markers and

the 1998-2014 baseline climate in hollow color markers.
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As per the results presented in Figure 16, the large office building prototype model show
lower heating EUI when compared to the medium office. This is in fact due to the extremely high
internal load’s of the electrical equipment present in the large office for its data center (484.38
W/m? and 215.28 W/m?), which results in the generation of heat and thus a reduction in heating
EUI of the large office building prototype when compared to the medium office. Furthermore, the
extremely high heating EUI for the fast food restaurant, sit-down restaurant, standalone retail, strip
mall retail and warehouse building prototypes could be explained by their type of HVAC system.
For these building prototypes, the HVAC system is designed with a constant air volume (CAV),
without reheating, providing constant volume of air to all parts of the building when the system is
in operation. As an example, Figure 17 illustrates the HVAC system provided for the kitchen zone
of the fast food restaurant by the DOE. As can be seen in Figure 17, the cooling coil is located
before the heating gas coil and significant amount of energy is wasted when the heating and cooling
coils operate at the same time, resulting in much higher EUI seen for these buildings prototypes.
As a result, due to fan energy savings potential, variable air volume (VAV) systems are more

common and other building prototype models use this system and have higher efficiency.

| Supply Equipment
L Demand Equipment

—— Drag From Lixary —

Figure 17. The fast food restaurant's kitchen HVAC system.
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Table 9 summarizes the average percentage decrease and increase in heating and cooling

more recent CWEC2016 baseline climate.

EUI illustrated by Figure 16. For the 1959-1989 baseline climate, the results indicate an average
decrease in the range of 18-33% in heating EUI, and an average increase of 16-126% in cooling
EUI, depending on the building type. When the two baseline climates are compared, heating EUI
reduction was less and cooling EUI increase was more in CWEC weather file due to the historical
recorded temperature values observed for the 1959-1989 period. In other words, as CWEC baseline
climate is used to superimpose the changing climate of the future to create the future weather files,
lower recorded temperature values directly influence future weather file generation, resulting in
lower temperature values in the future. As a result, the future projections based on the 1959-1989

baseline shows smaller decrease in heating and greater increases in cooling when compared to the

Table 9. The average percentage decrease and increase in heating and cooling EUI for different
building types in the future compared to the two-baseline climate.

CWEC CWEC2016

1959-1989 Baseline 1998-2014 Baseline
Building Typology Heating Cooling Heating Cooling
High-rise Apartment -27% 44% -29% 42%
Mid-rise Apartment 27% 36% -30% 34%
Hospital 21% 16% -22% 15%
Large Hotel -18% 46% -19% 39%
Small Hotel -24% 35% -25% 34%
Large Office -23% 44% -24% 36%
Medium Office -24% 64% -26% 52%
Small Office -33% 41% -33% 39%
Outpatient HealthCare -18% 37% -18% 32%
Fast Food Restaurant -23% 126% -24% 115%
Sit-down Restaurant -22% 116% -24% 105%
Standalone Retail -26% 68% -28% 61%
Strip Mall Retail -22% 87% -24% 78%
Primary School -21% 48% -21% 44%
Secondary School -20% 44% -21% 41%
Warehouse -22% 110% -23% 109%
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Heating and cooling energy use for all 16 prototype buildings is found to be extremely
susceptible to the effects of climate change. As Table 9 indicates, for the 1959-1989 baseline
climate, the large hotel and outpatient healthcare building models experienced an average
reduction of 18% in heating EUI for the future, the lowest among all building types. On the other
hand, the largest reduction in heating EUI was for the small office building model, with an average
of reduction of 33% in the future. These findings correspond to Xu et al. (2012) conclusion that
the heating load of large buildings is not as sensitive to changes in climate conditions as small
buildings due to envelope heat loss/gain making up a larger portion of small buildings heating and

cooling load than that of large buildings.

Regarding cooling EUI, the hospital building model had the smallest increase in cooling
EUI with 16%, whereas the fast food restaurant building model had the largest increase by 126%.
For hospital building model the change in heating and cooling energy use is comparatively smaller
because of larger internal load such as interior equipment and lighting that remain constant
regardless of outdoor climate conditions. Moreover, the hospital model has a large ratio of zones
to floor area and a small window-to-wall ratio (16%) compared to other building models. As
previously discussed, due to larger thermal inertia, the hospital building model experiences smaller

changes in heating and cooling energy use in the future.

In the case of fast food and sit-down restaurants the large heating and cooling EUI values
could be due to high ventilation rates in these buildings compared to others. Furthermore, the
restaurant building models have uninsulated attics and all their zones are exposed to the outdoor
conditions (Figure 11). Similarly, in the retail building models, all zones are directly exposed to
the outdoors and high rate of air change is present. A comparison of high-rise and mid-rise
apartment building models also shows that the decrease in heating and increase in cooling energy
use are comparable, and the difference is associated with the higher internal load of the high-rise
apartment compared to the mid-rise building. In fact, this is true in the case of large and small hotel
building models, as well as primary and secondary school buildings. Finally, according to Figure
16, the cooling EUI of the warehouse building model is significantly low when compared to other
building types, illustrating the fact that the climate conditions might not be the dominant force

driving the energy use of this building model. Overall, building models with higher insulation
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level, larger zone ratio, smaller window-to-wall ratio, and lower outdoor air supply are less

affected by the outdoor conditions and thus climate change.

As per the results, impacts of climate change on shifting heating and cooling EUI is present
for all buildings but significantly varies in magnitude for each building type. Furthermore, the rise
in cooling demand in hot months of July and August suggest that the summer peak load electricity
will place enormous pressure on the electricity grid (Appendix H). From the results of the analysis,
it is evident that mitigations measures related to HVAC operations such as changes to the room
temperature setpoints, HVAC system’s operation hours will be required in the future. Apart from
HVAC systems, other methods including addition of thermal mass, improvements in windows,
glazing and envelope insulation are recommended to help tackle some of the climate change

challenges in the building sector.

4.2.2 Total Energy Use

Buildings require substantial amounts of energy to operate. Table 10 presents the results
for the total energy use for each 16 prototype building models. This provides a reference point to
quantify the future trends of energy demand for various building types in Toronto. The categorical
classification of energy consumption by end-use for all 16 prototype building models are
compatible with the energy use in residential, commercial and institutional buildings in Ontario
(Figure 4). Most of the energy use is for heating purposes. Of the reported building types, the
highest total energy use is associated with the hospital building model for the 1959-1989 baseline
climate, while the small office building model shows the lowest energy use for the same period.
This is primarily due to the size, internal loads and schedules of these two buildings. In addition,
according to our simulation results, the total energy use for all building models except for the large
office and secondary school is decreased in the future. It is believed that the increase in electricity
energy use for cooling, fans, heat rejection, dehumidification and heat recovery is the primary
reasons for the overall increase in energy use of these two building types. Other building energy
end uses tend to stay the same in the future, as changes in the climate conditions do not have

significant impact on their performance.
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Table 10. The total energy use of the 16 prototype building models, 1959-1989 baseline climate.

Building Typology Total Energy Use (kWh)
CWEC CCWorldWeatherGen WeatherShift HRM3
(1959-1989) tool tool
Apartment  High-rise 1,421,750 1,400,469 1,388,278 1,398,317
Mid-rise 508,561 491,336 486,772 494,761
Hotel Large 4,036,147 3,968,414 3,960,117 3,994,819
Small 1,023,375 1,009,250 1,003,014 1,012,539
Office Large 1,0048,736  1,0153,253 1,0177,119 1,0178,625
Medium 606,886 594,747 589,681 598,267
Small 50,267 49,275 48,806 49,522
Health Hospital 7,317,031 7,255,317 7,238,814 7,280,389
Outpatient 1,393,403 1,385,914 1,380,864 1,390,378
Restaurant ~ Fast food 415,406 394,525 385,325 397,761
Sit-down 831,208 793,056 776,111 798,853
Retail Stand-alone 376,339 368,297 364,039 370,794
Strip-mall 498,319 464,325 451,286 471,458
School Primary 1,126,297 1,114,758 1,110,869 1,120,311
Secondary 3,563,414 3,578,864 3,566,953 3,574,331
Warehouse 393,975 343,383 336,372 359,578

The increase in cooling energy use is not proportionate to the heating reduction in terms of
kWh energy use and therefore accounts for total energy use reduction of the site seen for in
majority of the prototype building models. In other words, the decrease in heating energy use,
outweighing the cooling energy needs in the future. Furthermore, for a Canadian climate, the more
heating energy a building consumes in the winter, the greater potential it has in magnitude of
decrease in energy use in the future. Therefore, making buildings in cold Canadian climate capable

of saving more energy in the future climate.

4.2.3 Climate Change Implications on Greenhouse Gas Emissions

The energy use breakdown for the 16 prototype building models available in Appendix H
illustrates that heating uses primarily natural gas while cooling is generated entirely from

electricity. Using total energy use data from Table 10 and the emission factors for electricity (36
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Total Energy Use Emissions
(Kg of CO, per equivalent kWh/m?)
w
(=]

grams of CO» per equivalent kWh) and natural gas (179.95 grams of CO; per equivalent kWh),
the total GHG emissions associated with each building model was calculated (The city of Toronto,
2018). According to the city of Toronto’s Annual Energy Consumption and Greenhouse gas
Emission Report (2017), the electricity emission factor value is from the United Nations National
Inventory Report, as reported by Environment Canada, and the natural gas emission factor’s value
have remained steady over the years as the natural gas is directly burned at the site (Table 11).
Table 11. Electricity and natural gas emission factors for the city of Toronto, 2017 (The city of Toronto,

2018).
Grams of CO; per equivalent kWh

2017 2016 2015 2014 2013
Electricity 36.00 36.00 40.00 41.00 77.00
Natural Gas 179.95 179.95 179.95 179.95 179.92

Figure 18 details the total energy use emissions for the 16 prototype building models. It is
evident that the building sector is accountable for a large share of energy consumption and the
corresponding GHG emissions. However, it is worth noting that emission factor for electricity
could vary substantially between provinces or cities. For instance, in Ontario, the baseload
electricity is provided primarily with clean sources of energy such as wind, nuclear and hydro, and

the peak load energy demand is fulfilled in large with natural gas.
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Figure 18. The total energy use emissions for the 16 prototype building models, 1959-1989 baseline climate.
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The Canadian federal government introduced a carbon pricing system of $20 per tonne of
CO21in 2019. The carbon price will increase by $10 per year until eventually rises to $50 per tonne
in 2022. It is expected that carbon pricing will provide a cost-effective measure for reducing GHG
emissions by providing incentives for industries to innovate and find ways to lower their emissions.
Under the assumption that the emission factors remain the same, the $50 carbon price would
translate into substantial costs in the future. Table 12 shows an estimate for the average cost of

COz emissions for heating and cooling energy use in buildings.

Table 12. The average cost of CO, emissions for the heating and cooling energy use in various building
types under the Canadian carbon pricing system.

Building Typology Average Cost ($20 per tonne)  Average Cost ($50 per tonne)
High-rise Apartment $691.04 $1,727.60
Mid-rise Apartment $297.54 $743.85
Hospital $2,322.80 $5,807.00
Large Hotel $3,197.34 $7,993.34
Small Hotel $212.96 $532.40
Large Office $3,269.14 $8,172.84
Medium Office $320.27 $800.68
Small Office $9.04 $22.59
Outpatient HealthCare $530.74 $1,326.86
Fast Food Restaurant $367.98 $919.96
Sit-down Restaurant $692.09 $1,730.22
Standalone Retail $235.22 $588.05
Strip Mall Retail $651.66 $1,629.15
Primary School $766.99 $1,917.47
Secondary School $2,510.88 $6,277.21
Warehouse $660.44 $1,651.09

Figure 19 was developed to better understand the impacts of climate change on buildings
emission simply in terms of heating and cooling energy use. The results indicate that the decline
in future GHG emission is closely correlated with an increase in global temperatures and the

reduction in building heating energy which primarily uses natural gas.
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Heating and Cooling Energy Use Emissions
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Figure 19. Heating and cooling energy use emissions for the 16 prototype building models, 1959-1989
baseline climate.

Although the fast food and sit-down restaurants have smaller floor area compared to other
building models, they surpass all other buildings in GHG emissions. This is because of the large
heating requirements in these buildings which is supplied by natural gas. And as previously noted
(see section 4.2.1), the large heating requirement in these two buildings is primarily due to their
type of HVAC systems. Overall, as per the GHG emission results, the electrification of heating
could be a solution for further reduction in emissions and savings in carbon pricing costs.
Moreover, with a grid that increasingly run on clean sources of energy, cooling emissions could

foreseeably be eliminated altogether.

4.2.4 Indoor Comfort

One of the most commonly used metrics in measuring occupants’ indoor thermal comfort
are air temperature, relative humidity, and air circulation. Sometimes air temperature for a
conditioned space, mostly controlled by HVAC systems, cannot be maintained within thermal
comfort range for cooling or heating. The number of hours in a year that the operational
temperature requirement was not met by the HVAC systems, serving different zones, are shown
in Table 13. In this study, the scheduled temperature setpoints were set at 21°C to 24°C, and the
default tolerance was +0.2°C, allowing for flexibility in accepting OpenStudio outputs. As it was
predicted and indicated by Table 13, the unmet load hours are increased for cooling and decreased
for heating in the future. In other words, the increase in outdoor temperature due to climate change
has direct negative impacts on the HVAC systems, resulting in failure of maintaining the indoor

temperatures within the thermal comfort range. These projections are in-line with the global mean
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surface temperature increase predicted, as well as the HDDs reduction and CDDs increase. With
the goal of meeting the ASHRAE standards, which requires the unmet load for the chosen setpoint
temperature to be less than 300 hours, the results of this study indicate that buildings such as hotels,
offices, hospitals, outpatient healthcare and secondary schools will require larger HVAC systems

to improve indoor thermal comfort in the future.

The only building models that the unmet load hours decreased for both cooling and heating
are the hospital and large hotel building. Having analyzed the output results of the hospital
simulation-run, it is believed that the reason for significantly high values for unmet heating hours
are due to the kitchen zone. And for unmet cooling hours, the problem is believed to be in several
zones. This is also true with respect to the 1998-2014 baseline and its future weather files.
Regarding the large hotel, this work was unable to determine the reasons for reduction in the unmet
load hours for cooling and heating. Finding a solution for these issues are beyond the scope of this
research, however, it is suggested future work should be undertaken to eliminate any problems that
currently might exist in the DOE’s 16 prototype building models. Furthermore, as previously
noted, the heating EUI for the fast food restaurant, sit-down restaurant, standalone retail, strip mall
retail and warehouse building prototypes are enormously high and concerning compared to other
building prototype models. In future studies special care must be taken when using these prototype
models and it is highly recommended that for a more accurate simulation results a VAV system

should be used.
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Table 13. Unmet load hours for 16 prototype building models during occupied cooling and heating hours.

Building Typology Hours
CWEC CCWorldWeatherGen  WeatherShift HRM3
tool tool
Apartment  High-rise Cooling 0 41.5 52.75 10.25
Heating  2.25 1 1.75 2
Mid-rise Cooling  0.00 56.75 61.75 5.50
Heating  0.00 0.00 0.00 0.00
Hotel Large Cooling  2067.17  1986.83 1876.67 1922.17
Heating  25.83 21.50 23.83 24.83
Small Cooling  1494.25  1658.00 1645.75 1645.50
Heating  200.50 173.00 161.25 187.00
Office Large Cooling  850.67 891.17 898.17 840.67
Heating  262.83 187.17 173.50 208.50
Medium Cooling  77.83 180.50 190.83 114.67
Heating  575.00 471.33 437.67 501.00
Small Cooling  5.67 32.83 35.67 17.17
Heating  38.00 25.17 22.83 30.83
Health Hospital Cooling  563.50 388.17 329.50 424.67
Heating  1068.17  841.50 847.17 935.17
Outpatient ~ Cooling  140.50 299.83 332.67 242.33
Heating  2260.50 2084.17 2095.17 2144.67
Restaurant Fast food Cooling  0.33 0.33 1.50 0.33
Heating  11.83 8.00 8.00 10.00
Sit-down Cooling  0.00 5.83 15.67 5.17
Heating  0.00 0.00 0.00 0.00
Retail Stand-alone  Cooling  0.33 2.50 2.33 1.67
Heating  0.00 0.00 0.00 0.00
Strip-mall Cooling  4.33 10.83 15.67 7.50
Heating  38.33 33.67 35.00 36.33
School Primary Cooling  3.50 67.50 81.83 48.83
Heating  0.00 0.00 0.00 0.00
Secondary Cooling  266.33 328.17 274.83 262.83
Heating  0.17 0.17 0.17 0.17
Warehouse Cooling  11.33 22.00 21.83 16.00
Heating  154.50 139.83 141.83 143.17
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Chapter 5: Conclusions

This study described the results of climate change impact assessment on the energy performance
of 16 ASHRAE prototype building models for a Canadian climate. Several general conclusions

based on the results are presented in the following sections.

5.1 Future Weather Files

Future weather data was generated using statistical and dynamical downscaling techniques.
In statistical downscaling, morphing method described in Belcher et al. (2005) was used to
generated hourly weather information during the year of 2041- 2070 using HadCM3 model output
through the application of the CCWorldWeatherGen tool. In addition, WeatherShift tool was used
to generated future weather files for the 2056-2075 period. This tool also simulates and
superimposes the changes in the future climate conditions, creating a future weather file by
applying the morphing technique to 14 GCMs. In dynamical downscaling, RCM output developed
under NARCCAP was used to generate a future weather file for the 2041-2070 period by
projecting climate change information based on the coupled HadCM3-HRM3. In the morphing
method, a baseline climate is needed for superimposing the changes in the future climate
conditions. The baseline climate is a present-day weather data averaged over a period of 15 to 30
years. Given the limitations of historically recorded weather data and the availability of long-term
hourly time resolution for every location, two CWEC files generated by Environment and Climate
Change Canada were selected for this study. Furthermore, considering the ongoing climate change
trends, CO2 emission scenario characterized by rapid economic growth and emphasis on fossil fuel
was selected for all climate projections. The generated future weather files project an average

temperature increase of 3.7-4.5°C for the years 2040 to 2070.

Overall, the findings establish the importance of considering future weather file for
building performance simulation. In statistical downscaling, it is evident that different baseline
climate can project diverse future climate conditions. Therefore, it is important to consider
appropriate historical data periods for generating future weather file. Moreover, in dynamical
downscaling, as assessment of building energy performance tends to focus on impacts of climate
change at the local level, and thus finer spatial resolution generated by RCM present a more

reliable representation of the regional boundary conditions. As per the future weather file results,
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this study concludes that the use of multiple GCMs rather than just a single model for future
weather file generation creates statistically significant results. And, the use of RCM provides a
more reliable representation of the regional boundary conditions than those of GCM. Therefore, a
combination of multiple GCM, as seen in WeatherShift tool, alongside RCM, such as HRM3,

provides the most accurate climate prediction for the future.

The application of future weather files enables for climate change impact studies on
building performance in the future, as well as allows for designers to consider future performance
during the design process. Moreover, the results of temperature increase produce changes in
heating and cooling degree days which affect building heating and cooling energy use. The impacts
of climate change were also seen in prolonged cooling seasons while diminishing the duration of
heating season. The resulting future HDDs illustrates a shift in Climate Zone classification for the
city of Toronto, demonstrating the need to modify and adapt building code guidelines and building

modelling regulations.

5.2 Building Energy Simulation

In order to quantify and better assess the impacts of climate change on building heating
and cooling energy use, building simulation was carried out for 16 prototype building models
under future weather data sets. These models were in compliance with ASHRAE 90.1-2013
standards. The simulation results showed a drop in annual heating EUI and increase in cooling
EUI in all building models for all baseline years. However, the impacts of climate change varied
significantly among different types of buildings. For example, the largest heating EUI reduction
was for the small office building model, whereas the largest cooling EUI increase was in fast food
restaurant building model. On the other hand, the smallest heating EUI reduction was seen in the
large hotel and outpatient healthcare and the smallest cooling EUI increase was modelled for the
hospital building. It was concluded that, buildings with higher insulation level, larger zone ratio,
smaller window-to-wall ratio, and lower outdoor air supply are less affected by the outdoor

conditions and thus climate change.

In the future, according to the simulation results, the annual total energy use (kWh) would

decrease for all building models except for the large office and secondary school. This was
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primarily due to heating energy use savings that offset cooling energy needs. While it is conclusive
but inclusive, the future energy use in buildings illustrate great tendency toward electricity rather
than natural gas. The potential increase in cooling energy demand and summer peak load electricity
in summer months offer a warning sign to the local governments and electricity providers. It is
evident that the building sector is accountable for a large share of energy consumption and the
corresponding GHG emissions, and with the introduction of carbon pricing, substantial costs must

be anticipated by building owners in the future.

For the city of Toronto, climate change will result in increases in building heat gain,
impacting the occupants’ indoor comfort. The results described in this paper establishes the
importance of considering future weather file for building energy simulation, especially in sizing
and HVAC system selection. The energy use forecast for the 16 prototype building models
demonstrate the need for consideration of future design options to maximise energy efficiency,
reduce GHG emissions, and limit the cost of future changes. Therefore, as buildings tend to exist
for decades, it is essential to evaluate how design decisions made today can meet the demands of
a more extreme and varying climate in the future. Only then, applicable long-term strategies and

policies in response to climate change can be developed.

In future work, it is suggested to use the weather files developed in this study to assess the
climate change mitigation measures on various building types. Future studies should also include
multiple cities across Canada with different climate conditions, as building energy use as well as
GHG emissions vary significantly across the region. In addition, it is suggested to consider the
effects of urban climate along with extreme conditions to fully understand the impacts of climate
change on buildings energy performance. Finally, with the implementation of future weather files
in building’s climate change impact study, it is essential to develop climate models with higher
temporal and spatial resolution for Canada. Moreover, high resolution climate models should
deliver values for all climate variables important in projecting climate conditions. Building energy
simulations tends to focus on impacts of climate change at the local level, and therefore, finer
spatial resolution generated by climate models can give a more reliable representation of the

regional boundary conditions.
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Appendices

Appendix A. Python code for extracting variable based on geographic location from the
NetCDF file.

import netCDF4

import numpy as np

mf = netCDF4.MFDataset('/Volumes/Poria/Weather/Historical Table2 HRM3-HadCM3/vas*nc')
print(mf)

print(mf.variables.keys())

vas = mf.variables('vas"')

print(vas)

for d in mf.dimensions.items():

print(d)
vas.dimensions
vas.shape
times = mf.variables('time")
y,Xx = mf.variables('yc'), mf.variables('xc")
print(times)
print(x)
print(y)
import time
import datetime
from netCDF4 import num2date

dates = num2date(times(:), units=times.units,calendar=times.calendar)

lat, lon = mf.variables('lat'), mf.variables('lon")

latvals = lat(:); lonvals = lon(:)

def getclosest_ij(lats,lons,latpt,lonpt):
dist_sq = (lats-latpt)**2 + (lons-lonpt)**2

minindex_flattened = dist_sq.argmin()
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# Get 2D index for Llatvals and lonvals arrays from 1D index

return np.unravel_index(minindex_flattened, lats.shape)
iy min, ix_min = getclosest_ij(latvals, lonvals, 43.677, -79.631) #Longitute and Latitude for the Location
print(iy_min)

print(ix_min)

import xlsxwriter
# Create a workbook and add a worksheet.
workbook = xlsxwriter.Workbook('M-WindSpeed-H.x1sx"') #Excel Workbook saving name

worksheet = workbook.add_worksheet()

row = @

worksheet.write(0, 0, ‘Time")
worksheet.write(0, 1, 'M-WindSpeed")
row +=1

for i in range(len(dates)):

worksheet.write(row, 0, str(dates(i)))
worksheet.write(row, 1, vas(i, iy min, ix_min)) # Variables (tas,huss,pr,ps,uas,vas)
row += 1

workbook.close() #Saving the data in Excel format
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Appendix B. Python code for applying linear interpolation to the to 3-hourly data to
generate hourly weather data.

import pandas as pd

df = pd.read_csv("Historic.csv",parse_dates=('Day'),encoding="utf-8-sig")
type(df.Day(0))

df

df.set_index('Day',inplace=True)

df
df.index = pd.to_datetime(df.index)

new_df = df.interpolate(method="'Linear")

new_df

new_df.to_csv('HistoricLinearInterpolation.csv')
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Appendix C. A comparison of three different interpolation method for estimating the
missing hourly values for 24 hours (a) and 1 week (b).
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Appendix D. Model performance evaluation.

Z": 4, F, The mean absolute deviation (MAD) is the sum of absolute differences between
i — Lt

the actual value and the forecast divided by the number of observations.

MAD = 2!
n

n , Mean square error (MSE) is probably the most commonly used error metric. It
Z (A: — F) penalizes larger errors because squaring larger numbers has a greater impact than
MSE — 1 squaring smaller numbers. The MSE is the sum of the squared errors divided by

n the number of observations.
—
(5 (4 -FR)?
RMSE = \| —————
\ mn

The root mean square error (RMSE) is the square root of the MSE.

n 14, F Mean absolute percentage error (MAPE) is the average of absolute errors
4, | divided by actual observation values (the issue of zero ‘0’ at denominator)

» 100

MAPE — -2

Calculated MAD, MSE, RMSE, and MAPE for the dry bulb variables for the period of 1971-2000 at 3-hour resolution
for the GTA’s actual observed weather data from and HRM3 output data.

Years Mean Absolute Root Mean Square | Mean Absolute
Deviation Mean Square Error | Error percentage error

1971 4.802886 36.96673 6.080027 963.4983
1972 4.880415 39.83215 6.311272 962.779
1973 4.753798 37.1945 6.098729 1167.744
1974 4.671911 34.06746 5.836734 1374.272
1975 4.651531 34.67819 5.888819 1047.344
1976 4.971391 40.44338 6.359511 848.1487
1977 4.872032 39.30201 6.269132 330.6734
1978 4.433712 31.48846 5.611458 445.3334
1979 5.160851 45.42161 6.739556 321.423
1980 4.374087 33.12563 5.755487 343.4022
1981 4.723283 37.44648 6.119353 580.9202
1982 5.048901 43.50299 6.59568 367.8567
1983 4.679682 36.06177 6.005145 322.7421
1984 4.673155 35.79623 5.982995 413.7735
1985 4.457508 32.03155 5.659642 363.1367
1986 4.190294 30.95622 5.563832 289.2062
1987 44215 32.61542 5.710991 214.1256
1988 4.718977 36.10812 6.009003 267.9374
1989 5.119437 43.06325 6.56226 355.6121
1990 4.50011 33.25785 5.766962 290.7026
1991 4.779344 36.40706 6.033826 377.1526
1992 4.554198 33.19015 5.761089 403.3977
1993 4.587816 33.90914 5.823155 391.6597
1994 4.731567 39.72302 6.30262 238.5893
1995 4.593886 35.34834 5.945447 422.4712
1996 4.604577 37.12737 6.093224 489.9269
1997 4.594456 34.59369 5.88164 305.6196
1998 4.238531 29.13172 5.39738 201.7801
1999 4.281089 29.91289 5.469268 129.9668
2000 4.848534 39.28493 6.267769 191.5474
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Appendix F. Information on buildings envelope material, internal loads and schedules

Further information on materials comprising the envelope of the 16 building models as well as
detailed internal loads and schedules are too excessive to provide hard copies. Thus, the main text
is intended to provide enough information for comprehensive understanding of this thesis and its
results. Moreover, a digital appendix is provided containing the 16 prototype building models,
information on envelope material, as well as internal loads and schedules. Additional information
can be made available upon request.
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Appendix G. Detailed weather data summary for the eight weather files.

a) CWEC (1959-1989)

MONTHLY MEANS

Global Horiz Radiation (Avg Hourly)
Direct Normal Radiation (Avg Hourly)
Diffuse Radiation (Avg Hourly)

Global Horiz Radiation (Max Hourly)
Direct Normal Radiation (Max Hourly)
Diffuse Radiation (Max Hourly)

Global Horiz Radiation (Avg Daily Total)
Direct Normal Radiation (Avg Daily Total)
Diffuse Radiation (Avg Daily Total)
Global Horiz lllumination (Avg Hourly)
Direct Normal lllumination (Avg Hourly)
Dry Bulb Temperature (Avg Monthly)
Dew Point Temperature (Avg Monthly)
Relative Humidity (Avg Monthly)

Wind Direction (Monthly Mode)

Wind Speed (Avg Monthly)

Ground Temperature (Avg Monthly of 3 Depths)

b) CWEC2016 (1998-2014)

MONTHLY MEANS

Global Horiz Radiation (Avg Hourly)
Direct Normal Radiation (Avg Hourly)
Diffuse Radiation (Avg Hourly)

Global Horiz Radiation (Max Hourly)
Direct Normal Radiation (Max Hourly)
Diffuse Radiation (Max Hourly)

Global Horiz Radiation (Avg Daily Tetal)
Direct Normal Radiation (Avg Daily Total)
Diffuse Radiation (Avg Daily Total)
Global Horiz llluminatien (Avg Hourly)
Direct Normal lllumination (Avg Hourly)
Dry Bulb Temperature (Avg Monthly)
Dew Point Temperature (Avg Monthly)
Relative Humidity (Avg Monthly)

Wind Direction (Menthly Mode)

Wind Speed (Avg Monthly)

Ground Temperature (Avg Monthly of 3 Depths)

JAN

161

230

85

474

78

250

1}

1678

2251

20581

12181

75

250

FEB

221

265

112

651

947

368

2262

2703

1151

24998

27019

FEB

244

285

2500

2937

1291

27632

17018

68

250

MAR

268

270

3181

3207

1506

30402

28334

MAR

337

395

131

844

261

366

3980

4665

1546

38703

26678

61

320

APR

329

307

143

931

1028

431

4347

4041

1900

3772

32402

APR

4814

4460

2039

41933

24276

54

Q0

MAY

324
172
974

959

5589
4728
2513
43543

34319

MAY
391
323
175
972

a08

5698
4697
2559
45496
22659

14

66

160

77

JUN

404

323

185

1003

948

545

6138

4918

2818

45839

34073

JUN

393

311

176

958

878

5983

4745

2674

45812

21379

JUL

405

361

164

6035

5384

2441

45796

370965

JUL

339

7

238

869

6059

5046

2554

47388

22534

22

16

69

140

16

AUG

376

316

178

907

932

431

5163

4336

2453

42702

33408

19

13

70

340

15

AUG

368

316

167

820

856

5058

4351

2307

42727

20010

SEP

333

347

141

827

931

385

4099

4251

1745

37681

36306

SEP

321

312

140

816

862

370

3971

3870

1729

37217

19812

oCcT

239

249

126

655

870

328

2568

2663

1358

27169

25747

OoCcT

242

253

124

671

859

304

2610

2731

1338

27689

15439

NOV

136

130

86

NOV

175

198

103

541

855

236

1664

1903

971

19622

10084

DEC

122

172

67

417

872

195

1072

1519

591

13688

17190

DEC

145

200

83

391

786

197

1281

1768

736

16215

10041

Wh/sg.m

Wh/sg.m

Wh/sg.m

Wh/sg.m

Wh/sg.m

Wh/sg.m

Wh/sg.m

Wh/sg.m

Wh/sg.m

lux

lux

degrees C

degrees C

percent

degrees

m/s

degrees C

Wh/sg.m

Wh/sq.m

vhfsg.m

Wh/sq.m

Wh/sq.m

Wh/sg.m

Wh/sg.m

Wh/sg.m

Wh/sg.m

lux

lux

degrees C

degrees C

percent

degrees

m/s

degrees C



¢) CCWorldWeatherGen tool. The hourly dry-bulb temperature for the future weather file generated based on the
1959-1989 baseline period.

MONTHLY MEANS ‘ JAN “ FEB H MAR H APR “ MAY H JUN H JuL H AUG H SEP “ ocT H NOV H DEC ‘

Global Heriz Radiation (Avg Hourly) 150 204 246 329 404 427 432 403 352 248 132 110 |Whjsq.m
Direct Normal Radiation (Avg Hourly) 190 241 231 323 382 378 436 307 417 281 111 126 | whjsg.m
Diffuse Radiation (Avg Hourly) 90 108 125 135 155 168 144 158 127 122 89 70 |Wh/sq.m
Global Horiz Radiation (Max Hourly) 446 604 802 933 1025 1061 1046 975 875 682 498 376 |Whfsa.m
Direct Normal Radiation (Max Hourly) 744 940 876 1077 1100 1041 1031 1035 1041 1012 863 736 |Whfsa.m
Diffuse Radiation (Max Hourly) 242 308 353 420 466 484 441 460 410 350 268 204 |Whjsg.m
Global Horiz Radiation (Avg Daily Total) 1374 2089 2913 4350 5891 6488 6432 5542 4328 2671 1256 968 | Whfsa.m
Direct Normal Radiation (Avg Daily Total) 1739 2463 2751 4250 5567 5745 8495 5436 5104 3005 1061 1110 |Wh/sq.m
Diffuse Radiation (Avg Daily Total) 822 1111 1483 1794 2266 2561 2150 2181 1569 1314 851 620 |Whjsq.m
Global Horiz lilumination (Avg Hourly) 16162 22058 26716 35634 43703 46600 47361 44301 38438 26933 14492 11930 |lux
Direct Normal lllumination (Avg Hourly) 16098 21428 21757 30867 36812 35375 40811 36778 38888 25461 9628 10715 |lux

Dry Bulb Temperature (Avg Monthly) -3 -3 1 & 14 20 23 23 18 11 5 0 degrees C
Dew Point Temperature (Avg Monthly) -6 -7 -2 1 6 13 16 16 13 7 2 -2 degrees C
Relative Humidity (Avg Monthly) 77 74 71 67 59 65 66 65 72 75 81 78 percent
Wind Direction (Monthly Mode) 250 270 270 90 340 0 330 340 330 250 250 250 | degrees
Wind Speed (Avg Monthly) 4 5 5 4 4 3 3 2 3 4 4 5 m/s
Ground Temperature (Avg Monthly of 3 Depths) 0 -1 0 0 5 10 14 15 15 12 7 3 degrees C

11pm
10pm

“ m,. fi k

Jan Feb Mar April May June July Aug Sept Oct Nov Dec

36.9°C
30.4°C
3.8°C
7300
10.7°C
41
N g24c
8.9°C
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d) CCWorldWeatherGen tool. The hourly dry-bulb temperature for the future weather file generated based on the
1998-2014 baseline period.

MONTHLY MEANS JAN FEB | MAR | APR | MAY | JUN JuL | AUG SEP | OCT | NOV | DEC

Global Horiz Radiation (Avg Hourly) 173 228 315 363 411 416 435 396 340 252 170 133 |whjsq.m
Direct Normal Radiation (Avg Hourly) 186 235 336 358 381 371 401 382 368 282 178 138 |whjsq.m
Diffuse Radiation (Avg Hourly) 115 127 136 140 156 160 158 153 127 120 105 90 |Whfsq.m
Global Horiz Radiation (Max Hourly) 465 604 788 935 1022 1015 1001 959 865 698 530 364 |Whfsq.m
Direct Normal Radiation (Max Hourly) 764 973 842 956 998 961 951 962 055 940 854 646 | Whjsq.m
Diffuse Radiation (Max Hourly) 219 292 382 443 472 513 511 452 393 336 264 206 |Whjsq.m
Global Horiz Radiation (Avg Daily Total) 1591 2334 3714 4820 5990 6338 6466 5445 4206 2715 1621 1179 |Wh/sq.m
Direct Normal Radiation (Avg Daily Total) 1706 2420 3970 4756 5540 5647 5964 5260 4573 3045 1721 1223 |Wh/sq.m
Diffuse Radiation (Avg Daily Total) 1055 1301 1604 1860 2282 2441 2351 2110 1562 1296 988 799 |Whfsq.m
Global Horiz Illumination (Avg Hourly) 18646 24532 33834 39207 44819 | 45916 48047 43556 37165 27340 18499 14453 |lux
Direct Normal lllumination (Avg Hourly) 15560 21570 31823 34645 36935 | 35047 38510 36047 34929 26032 15541 11507 |lux

Dry Bulb Temperature (Avg Monthly) -3 -1 3 10 17 2 25 25 20 13 6 2 |degreesC
Dew Point Temperature (Avg Monthly) -6 -6 -3 0 9 14 18 17 14 7 1 -1 degrees C
Relative Humidity (Avg Monthly) 74 67 58 51 63 60 65 63 69 71 73 72 percent
Wind Direction (Monthly Mode) 250 250 320 90 160 0 140 0 270 310 250 290 | degrees
Wind Speed (Avg Monthly) 4 4 5 5 3 3 3 3 3 4 4 4 m/s
Ground Temperature (Avg Monthly of 3 Depths) 1 0 o 1 7 12 16 18 17 14 9 4 degrees C

| aw38.4°C

31.2°C

24.0°C

16.8°C

9.6°C

£ 2.4°C

i .8°C
|
[

iy 12.0°C

19.2°C
Jan Feb Mar April May June July Aug Sept Oct Nov Dec
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e) WeatherShift tool. The hourly dry-bulb temperature for the future weather file generated based on the 1959-
1989 baseline period.

MONTHLY MEANS ‘ JAN H FEB H MAR H APR “ MAY “ JUN H JuL H AUG “ SEP “ ocT H NOV H DEC ‘

Global Heriz Radiation (Avg Hourly) 146 199 270 346 402 433 421 408 354 260 139 122 wh/sq.m
Direct Normal Radiation (Avg Hourly) 215 243 272 325 342 353 377 349 367 270 134 173 Wh/sa.m
Diffuse Radiation (Avg Hourly) 71 91 129 160 189 215 179 210 162 148 89 67 Wh/sq.m
Global Horiz Radiation (Max Hourly) 432 587 881 981 1019 1077 1018 985 877 714 528 418 |Wh/sa.m
Direct Normal Radiation (Max Hourly) 824 870 1029 1088 1011 1036 967 1028 986 946 882 873 Wh/sq.m
Diffuse Radiation (Max Hourly) 198 207 446 484 655 633 502 509 440 384 259 196 wh/sq.m
Global Horiz Radiation (Avg Daily Total) 1338 2041 3203 4582 5857 6592 6268 5607 4348 2800 1330 1074 Wh/sg.m
Direct Normal Radiation (Avg Daily Total) 1967 2482 3229 4276 4986 5372 5617 4780 4500 2895 1279 1521  Whfsa.m
Diffuse Radiation (Avg Daily Total) 651 929 1528 2135 2771 3272 2673 2898 1994 1590 848 501  whfsq.m
Global Horiz lllumination (Avg Hourly) 18043 24998 30402 37172 43543 45839 45796 42702 37681 27169 15572 13688 | lux
Direct Normal lllumination (Avg Hourly) 22576 27019 28334 32402 34319 | 34073 37965 33408 36306 25747 13364 17190 | lux

Dry Bulb Temperature (Avg Monthly) -1 -1 2 9 15 21 24 24 18 12 6 1 degrees C
Dew Point Temperature (Avg Monthly) -4 -5 -1 2 7 14 18 17 13 7 3 -2 degrees C
Relative Humidity (Avg Monthly) 77 74 71 68 60 65 69 66 72 74 82 75 percent
Wind Direction (Monthly Mode) 250 270 270 20 340 0 330 340 330 250 250 250 degrees
Wind Speed (Avg Monthly) 4 5 5 4 4 3 3 2 3 4 4 5 m/s
Ground Temperature (Avg Menthly of 3 Depths) 0 -1 0 0 5 10 14 15 15 12 7 3 degrees C

11pm
10pm

Jan Feb Mar April May June July Aug Sept Oct Nov Dec

14.4°C
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f) WeatherShift tool. The hourly dry-bulb temperature for the future weather file generated based on the 1998-

2014 baseline period.

MONTHLY MEANS JAN FEB | MAR | APR = MAY | JUN JUL | AUG SEP | OCT | NOV | DEC
Global Horiz Radiation (Avg Hourly) 189 222 339 380 409 423 423 400 341 264 178 145 Wh/sq.m
Direct Normal Radiation {AVSI Houﬂﬂ 231 264 397 354 341 341 355 349 332 274 201 200 Wh/sgq.m
Diffuse Radiation (Avg Hourly) 94 105 133 171 193 205 187 200 161 146 106 83 Wh/sq.m
Global Horiz Radiation {Max ngﬂﬂ 452 589 849 980 1016 1031 974 968 867 731 551 392 Wh/sgq.m
Direct Normal Radiation (Max Hourly) 835 878 966 986 958 962 909 943 917 932 869 787 Wh/sgq.m
Diffuse Radiation (Max Hourly) 202 284 371 433 405 549 466 514 423 357 243 198 Wh/sgq.m
Global Horiz Radiation (Avg D;ily Tmal) 1547 2278 4003 5049 5956 6437 6292 5503 4220 2842 1694 1282 Wh/sgq.m
Direct Normal Radiation (Avg Daily Total) 2121 2716 4687 4696 4056 5199 5279 4796 4119 2063 1033 1770 Wh/sa.m
Diffuse Radiation (Avg D;ily Total) 864 1070 1569 2274 2817 3128 2787 2752 1978 1570 1001 736 Wh/sgq.m
Global Horiz lllumination (Avg Hourly) 20581 27632 | 38793 41933 45406 | 45810 | 47388 | 42727 37217 27689 19622 16215 lux
Direct Nermal lllumination (Avg ngrlﬂ 12181 17018 26678 24276 22659 21379 22534 20010 19812 15439 10984 10041 lux
Dry Bulb Temperature (Avg Monthly) 1 0 4 10 18 23 26 L] 20 14 6 3 degrees C
Dew Point Temperature (Avg Monthly) -5 -4 -3 1] 10 15 19 18 14 8 2 -1 degrees C
Relative Humidity (Avg Monthly) 74 67 58 52 64 60 68 64 69 71 74 70 percent
Wind Direction (Monthly Mode) 250 250 320 20 160 0 140 0 270 310 250 200 degrees
Wind Speed (Avg Monthly) 4 4 5 5 4 E 3 3 4 4 4 4 m/s
Ground Temperature (Avg Monthly of 3 Depths) 1 ] 0 1 7 12 16 18 17 14 9 4 degrees C
11pm ! r | g7
10pm 1 l| | ]
9pm u ‘ l | i
. ! |
7pm ! i !
6pm | il
o I N
39 | | |
pm i | |
2pm |
1pm [
12pm 1 |
11am I ] I |
10am [
9am |
8am |
Tam |
Gam | i | | L
Sam | | |
4am | l ‘ \!
I
3Jam E l ‘ |
2am f I
| | |
1am | | t
12am —— :
Jan Feb Mar April May June July Aug Sept Oct Nov Dec
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g) HRM3. The hourly dry-bulb temperature for the future weather file generated based on the 1959-1989 baseline

period.
MONTHLY MEANS JAN FEB | MAR | APR MAY  JUN JUL | AUG | SEP  OCT | NOV | DEC
Global Horiz Radiation (Avg Hourly) 161 221 268 329 384 404 405 376 333 239 136 122 |Whjsq.m
Direct Normal Radiation (Avg Hourly) 230 265 270 307 324 323 361 316 347 249 130 172 |Wh/sg.m
Diffuse Radiation (Avg Hourly) 85 112 127 143 172 185 164 178 141 126 86 67  |Whjsq.m
Global Horiz Radiation (Max Hourly) 474 651 875 931 974 1003 980 907 827 655 516 417 |Wh/sg.m
Direct Normal Radiation (Max Hourly) 879 947 1022 1028 959 948 927 932 931 870 861 872 |Whjsq.m
Diffuse Radiation (Max Hourly) 238 368 439 431 594 545 458 431 385 328 250 195  |Wh/sg.m
Global Horiz Radiation (Avg Daily Total) 1468 2262 3181 4347 5599 6138 6035 5163 4099 2568 1300 1072 |Whjsg.m
Direct Normal Radiation (Avg Daily Total) 2007 2703 3207 4041 4728 4918 5384 4336 4251 2663 1249 1519 | Wh/sg.m
Diffuse Radiation (Avg Daily Total) 783 1151 1506 1900 2513 2818 2441 2453 1745 1358 818 591 |Whfsg.m
Global Horiz lllumination (Avg Hourly) 18043 24998 30402 37172 43543 45839 45796 42702 37681 27169 15572 13688 | lux
Direct Normal lllumination (Avg Hourly) 22576 27019 28334 32402 34319 | 34073 37965 33408 36306 25747 13364 17190 |lux
Dry Bulb Temperature (Avg Monthly) -3 -3 1 7 14 20 23 23 18 11 6 0 degrees C
Dew Point Temperature (Avg Monthly) -6 -6 -2 1 6 13 17 16 13 6 3 -3 degrees C
Relative Humidity (Avg Monthly) 80 76 74 68 61 65 68 69 74 75 82 81 percent
Wind Direction (Monthly Mode) 140 140 140 150 150 140 130 160 140 140 140 140 | degrees
Wind Speed (Avg Monthly) 4 5 5 4 4 3 3 2 3 4 4 5 m/s
Ground Temperature (Avg Monthly of 3 Depths) 0 -1 0 0 5 10 14 15 15 12 7 3 degrees C

11pm
10pm
9pm
8pm
Tpm
6pm
Spm
4pm
3pm
2pm
1pm
12pm
11am

7.0°C

30.1°C

23.2°C

16.3°C

9.4°C

10am

26°C

.3°C

11.2°C

18.1°C
Jan Feb Mar April May June July Aug Sept Oct Nov Dec
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h) HRMS3. The hourly dry-bulb temperature for the future weather file generated based on the 1998-2014 baseline

period.

MONTHLY MEANS JAN FEB MAR | APR MAY | JUN JuL AUG SEP OCT | NOV | DEC

Global Horiz Radiation (Avg Hourly) 183 244 337 362 301 303 407 368 321 242 175 145 |Wh/sg.m

Direct Normal Radiation (Avg Hourly) 246 285 395 336 323 311 339 316 312 253 198 200 |Wh/sq.m

Diffuse Radiation (Avg Hourly) 108 127 131 153 175 176 171 167 140 124 103 83 |Wh/sa.m

Global Horiz Radiation (Max Hourly) 490 646 844 934 972 958 938 800 816 671 541 391 |Wh/sq.m

Direct Normal Radiation (Max Hourly) 886 950 961 937 208 878 869 856 862 859 855 786 | Wh/sq.m

Diffuse Radiation (Max Hourly) 233 343 366 368 450 469 427 431 370 304 236 197 |wh/sg.m

Global Horiz Radiation (Avg Daily Total) 1678 2500 3080 4814 5608 5083 6059 5059 3071 2610 1664 1281 |Wh/sq.m

Direct Normal Radiation (Avg Daily Total) 2251 2037 4665 4460 4697 4745 5046 4351 3870 2731 1903 1768 |Wh/sq.m

Diffuse Radiation (Avg Daily Total) 995 1201 1546 2039 2559 2674 2554 2307 1729 1338 971 736 |Wh/sq.m

Global Horiz lllumination (Avg Hourly) 20581 | 27632 | 38703 || 41933 | 45406 | 45810 | 47388 | 42727 | 37217 | 27680 | 19622 | 16215 |lux

Direct Normal lllumination (Avg Hourly) 12181 | 17018 | 26678 | 24276 | 22650 | 21379 | 22534 20010 19812 | 15439 | 10084 10041 | lux

Dry Bulb Temperature (Avg Monthly) -3 -1 3 9 17 22 25 25 20 13 6 1 degrees C

Dew Point Temperature (Avg Monthly) -7 -5 -3 0 10 14 18 18 14 7 2 -2 degrees C

Relative Humidity (Avg Monthly) 76 69 61 53 66 61 68 66 7 72 75 75 percent

Wind Direction (Monthly Mode) 140 140 140 150 140 140 130 160 140 140 140 140 |degrees

Wind Speed (Avg Monthly) 4 4 5 5 4 3 3 3 3 4 4 4 mfs

Ground Temperature (Avg Monthly of 3 Depths) 1 0 ] 1 7 12 16 18 17 14 9 4 degrees C
11pm { 37.5°C
10pm i

9pm

gom fh | 30.1°C

7pm | I

6pm ‘

Spm , 2.7°C

4pm i JI
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% | | .

2pm | 15.3°C
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5am | | 6.8°C

4am { I

3am

2am ] 14.2°C

1am | ol
12am s =

21.6°C
Jan Feb Mar April May June July Aug Sept Oct Nov Dec

83



Appendix H. The results for each individual building model simulated using 1959-1989
and 1998-2014 baseline and its future weather files.

High-rise apartment building model

a) CWEC (1959-1989)

Energy Per
Total Energy En?rg.y Per Total Conditioned
Building Area R
(kWh) (KWh/m?) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 1,421,750 181.4 201.4
Energy
CCWorldWeatherGen tool 1,400,469 178.7 198.4
WeatherShift tool 1,388,278 177.2 196.6
HRM3 1,398,317 178.4 198.1

= CWEC (1959-1989) == CCWorldWeatherGen tool = WeatherShift tool M@ HRM3 — Average Outdoor Air Dry-Bulb
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Monthly heating and cooling energy use of the high-rise apartment building model, 1959-1989 baseline.
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b) CWEC (1998-2014)

Energy Per
Total Energy nglzgli Pfrzaotal Conditioned
Weather Files (kWh) (KWh /11%2) Building Area
(KWh/m?)
Total Site CWEC2016 (1998-2014) 1,384,481 176.7 196.1
Energy
CCWorldWeatherGen tool 1,379,517 176 195.4
WeatherShift tool 1,371,183 175 194.2
HRM3 1,373,950 175.3 194.6

= CWEC (1998-2014) mm CCWorldWeatherGen tool =8 WeatherShift tool =m HRM3 ——Average Outdoor Air Dry-Bulb
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Mid-rise apartment building model

a) CWEC (1959-1989)
Energy Per
Total Energy Enfarg.y Per Total Conditioned
Building Area .
(kWh) (KWh/m?) Building Area
(kWh/m?)
Total Site CWEC (1959-1989) 508,561 162.2 180.1
Energy
CCWorldWeatherGen tool 491,336 156.7 174
WeatherShift tool 486,772 155.3 172.4
HRM3 494,761 157.8 175.2

== CWEC (1959-1989) mm CCWorldWeatherGen tool = WeatherShift tool mm HRM3 ——Average Outdoor Air Dry-Bulb
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b) CWEC (1998-2014)

Energy Per
Total Energy gzﬁ:ﬁi PfrZaOtal Conditioned
Weather Files (kWh) (KWh /11%2) Building Area
(KWh/m?)
Total Site CWEC2016 (1998-2014) 492,169 157 174.3
Energy
CCWorldWeatherGen tool 479,786 153.1 169.9
WeatherShift tool 476,183 151.9 168.6
HRM3 481,914 153.7 170.7

= CWEC (1998-2014) mm CCWorldWeatherGen tool =8 WeatherShift tool =m HRM3 ——Average Outdoor Air Dry-Bulb
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Hospital building model

a) CWEC (1959-1989)
Energy Per
Total Energy Enfarg.y Per Total Conditioned
Building Area .
(kWh) (KWh/m?) Building Area
(kWh/m?)
Total Site CWEC (1959-1989) 7,317,031 326.1 326.1
Energy
CCWorldWeatherGen tool 7,255,317 323.4 3234
WeatherShift tool 7,238,814 322.6 322.6
HRM3 7,280,389 324.5 324.5

== CWEC (1959-1989) mm CCWorldWeatherGen tool =8 WeatherShift tool = HRM3 ——Average Outdoor Air Dry-Bulb
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b) CWEC (1998-2014)

Energy Per
Total Energy ngll;igli Pzrr;l"aotal Conditioned
Weather Files (kWh) (KWh /n%z) Building Area
(KWh/m?)
Total Site CWEC2016 (1998-2014) 7,274,622 3242 3242
Energy
CCWorldWeatherGen tool 7,234,956 3225 322.5
WeatherShift tool 7,226,031 322.1 322.1
HRM3 7,252,753 3233 3233

= CWEC (1998-2014) mm CCWorldWeatherGen tool = WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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Large hotel building model

a) CWEC (1959-1989)

Energy Per
Total Energy Enfarg.y Per Total Conditioned
Building Area .
(kWh) (KWh/m?) Building Area
(kWh/m?)
Total Site CWEC (1959-1989) 4,036,147 355.8 355.8
Energy
CCWorldWeatherGen tool 3,968,414 349.8 349.8
WeatherShift tool 3,960,117 349.1 349.1
HRM3 3,994,819 352.1 352.1

= CWEC (1959-1989) == CCWorldWeatherGen tool == WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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b)

CWEC (1998-2014)

Energy Per
Total Energy ngll;iglz,n Pzrr;l"aotal Conditioned
Weather Files (kWh) (KWh /n%z) Building Area
(KWh/m?)
Total Site CWEC2016 (1998-2014) 3,957,578 348.8 348.8
Energy
CCWorldWeatherGen tool 3,912,014 344.8 344.8
WeatherShift tool 3,908,719 344.5 344.5
HRM3 3,939,492 347.2 347.2

mm CWEC (1998-2014) mm CCWorldWeatherGen tool =8 WeatherShift tool =m HRM3 — Average Outdoor Air Dry-Bulb
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Small hotel building model

a) CWEC (1959-1989)
Energy Per
Total Energy Enfarg.y Per Total Conditioned
Building Area .
(kWh) (KWh/m?) Building Area
(kWh/m?)
Total Site CWEC (1959-1989) 1,023,375 255 274.7
Energy
CCWorldWeatherGen tool 1,009,250 251.5 270.9
WeatherShift tool 1,003,014 249.9 269.3
HRM3 1,012,539 252.3 271.8

== CWEC (1959-1989) == CCWorldWeatherGen tool == WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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b) CWEC (1998-2014)

Energy Per
Total Energy nglzgli Pfr;[aotal Conditioned
Weather Files (kWh) (KWh /n%z) Building Area
(KWh/m?)
Total Site CWEC2016 (1998-2014) 1,010,792 251.8 271.3
Energy
CCWorldWeatherGen tool 1,002,619 249.8 269.2
WeatherShift tool 997,703 248.6 267.8
HRM3 1,005,069 250.4 269.8

= CWEC (1998-2014) mm CCWorldWeatherGen tool = WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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Large office building model

a) CWEC (1959-1989)

Energy Per
Total Energy Enfarg.y Per Total Conditioned
Building Area .
(kWh) (KWh/m?) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 1,0048,736 216.9 216.9
Energy
CCWorldWeatherGen tool 1,0153,253 219.2 219.2
WeatherShift tool 1,0177,119 219.7 219.7
HRM3 1,0178,625 219.7 219.7

Heating (kWh)

Cooling (kWh)

== CWEC (1959-1989) == CCWorldWeatherGen tool == WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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b) CWEC (1998-2014)

Energy Per
Total Energy ngll;iglz,n Pzrr;l"aotal Conditioned
Weather Files (kWh) (KWh /n%z) Building Area
(KWh/m?)
Total Site CWEC2016 (1998-2014) 1,0056,700 217.1 217.1
Energy
CCWorldWeatherGen tool 1,0193,000 220.1 220.1
WeatherShift tool 1,0206,197 220.3 220.3
HRM3 1,0204,364 220.3 220.3

Cooling (kWh)

Heating (kWh)

= CWEC (1998-2014) mm CCWorldWeatherGen tool = WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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Medium office building model

a) CWEC (1959-1989)
Energy Per
Total Energy Enfarg.y Per Total Conditioned
Building Area .
(kWh) (KWh/m?) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 606,886 121.8 121.8
Energy
CCWorldWeatherGen tool 594,747 119.4 119.4
WeatherShift tool 589,681 118.4 118.4
HRM3 598,267 120.1 120.1

= CWEC (1959-1989) mm CCWorldWeatherGen tool mmm WeatherShift tool == HRM3 — Average Outdoor Air Dry-Bulb
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b) CWEC (1998-2014)

Energy Per
Total Energy nglzgli Pfrzaotal Conditioned
Weather Files (kWh) (KWh /11%2) Building Area
(KWh/m?)
Total Site CWEC2016 (1998-2014) 591,722 118.8 118.8
Energy
CCWorldWeatherGen tool 586,764 117.8 117.8
WeatherShift tool 582,169 116.9 116.9
HRM3 588,325 118.1 118.1

= CWEC (1998-2014) mm CCWorldWeatherGen tool = WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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Small office building model

a) CWEC (1959-1989)

Energy Per
Total Energy Enfarg.y Per Total Conditioned
Building Area .
(kWh) > Building Area
(kWh/m?) (KWh/m?)
Total Site CWEC (1959-1989) 50,267 98.3 98.3
Energy
CCWorldWeatherGen tool 49,275 96.4 96.4
WeatherShift tool 48,806 95.5 95.5
HRM3 49,522 96.9 96.9

== CWEC (1959-1989) == CCWorldWeatherGen tool == WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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b) CWEC (1998-2014)

Energy Per
Total Energy nglzgli Pfrzaotal Conditioned
Weather Files (kWh) (KWh /11%2) Building Area
(kWh/m?)
Total Site CWEC2016 (1998-2014) 49,533 96.9 96.9
Energy
CCWorldWeatherGen tool 49,047 96 96
WeatherShift tool 48,703 95.3 95.3
HRM3 49,192 96.2 96.2
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Outpatient Healthcare building model

a) CWEC (1959-1989)
Energy Per
Total Energy Enfarg.y Per Total Conditioned
Building Area .
(kWh) (KWh/m?) Building Area
(kWh/m?)
Total Site CWEC (1959-1989) 1,393,403 366.3 366.3
Energy
CCWorldWeatherGen tool 1,385,914 364.3 364.3
WeatherShift tool 1,380,864 363 363
HRM3 1,390,378 365.5 365.5
== CWEC (1959-1989) == CCWorldWeatherGen tool == WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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b) CWEC (1998-2014)

Energy Per
Total Energy En?rg.y Per Total Conditioned
Building Area -
(kWh) (KWh/m?) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 1,386,903 364.6 364.6
Energy
CCWorldWeatherGen tool 1,388,022 364.9 364.9
WeatherShift tool 1,385,031 364.1 364.1
HRM3 1,390,650 365.6 365.6

mm CWEC (1998-2014) mmm CCWorldWeatherGen tool = WeatherShift tool = HRM3 — Average Outdoor Air Dry-Bulb
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Fast food restaurant building model

a) CWEC (1959-1989)

Total energy use and EUI of fast food restaurant building model.

Energy Per
Total Energy Eﬁﬁ:ﬁi P:.r;r;tal Conditioned
(kWh) (Wh /nfz) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 415,406 1,787.9 1787.9
Energy
CCWorldWeatherGen tool 394,525 1,698.1 1698
WeatherShift tool 385,325 1,658.5 1658.4
HRM3 397,761 1,712 1712

= CWEC (1959-1989) mm CCWorldWeatherGen tool == WeatherShift tool == HRM3 — Average Outdoor Air Dry-Bulb
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b) CWEC (1998-2014)

Energy Per
Total Energy nglzgli Pfrzaotal Conditioned
(kWh) (&Wh /nfz) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 399,653 1,720.1 1,720.1
Energy
CCWorldWeatherGen tool 382,197 1,645 1,645
WeatherShift tool 374,006 1,609.7 1,609.7
HRM3 385,217 1,658 1,658

= CWEC (1998-2014) mm CCWorldWeatherGen tool = WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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Sit-down restaurant building model

a) CWEC (1959-1989)

Energy Per
Total Energy Pl;zfll;lgli Pfr;l:tal Conditioned
(kWh) (kWh /n%z) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 831,208 1,626.2 1,626.1
Energy
CCWorldWeatherGen tool 793,056 1,551.5 1,551.5
WeatherShift tool 776,111 1,518.4 1,518.4
HRM3 798,853 1,562.9 1,562.8

mm CWEC (1959-1989) mm CCWorldWeatherGen tool == WeatherShift tool == HRM3 — Average Outdoor Air Dry-Bulb
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b) CWEC (1998-2014)

Energy Per
Total Energy gzﬁ:ﬁi Pfrzaotal Conditioned
(kWh) (&Wh /nfz) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 801,958 1,568.9 1,568.9
Energy
CCWorldWeatherGen tool 770,133 1,506.7 1,506.7
WeatherShift tool 755,050 1,477.2 1,477.2
HRM3 775,683 1,517.5 1,517.5

= CWEC (1998-2014) mm CCWorldWeatherGen tool = WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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Standalone retail building model

a) CWEC (1959-1989)

Energy Per
Total Energy Enfarg.y Per Total Conditioned
Building Area .
(kWh) (KWh/m?) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 376,339 164.1 164.1
Energy
CCWorldWeatherGen tool 368,297 160.5 160.5
WeatherShift tool 364,039 158.7 158.7
HRM3 370,794 161.6 161.6
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b) CWEC (1998-2014)

Energy Per
Total Energy Enferg.y Per Total Conditioned
Building Area -
(kWh) (KWh/m?) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 367,650 160.3 160.3
Energy
CCWorldWeatherGen tool 364,886 159.1 159.1
WeatherShift tool 360,525 157.2 157.2
HRM3 366,392 159.7 159.7

= CWEC (1998-2014) mm CCWorldWeatherGen tool = WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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Strip mall retail building model

a) CWEC (1959-1989)

Energy Per
Total Energy En?rg.y Per Total Conditioned
Building Area .
(kWh) (KWh/m?) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 498,319 238.4 238.4
Energy
CCWorldWeatherGen tool 464,325 222.1 222.1
WeatherShift tool 451,286 215.9 215.9
HRM3 471,458 225.5 225.5

= CWEC (1959-1989) mm CCWorldWeatherGen tool mmm WeatherShift tool == HRM3 — Average Outdoor Air Dry-Bulb
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b)

CWEC (1998-2014)

Energy Per
Total Energy Enferg.y Per Total Conditioned
Building Area -
(kWh) (KWh/m?) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 470,461 225.1 225.1
Energy
CCWorldWeatherGen tool 442,467 211.7 211.7
WeatherShift tool 431,336 206.3 206.4
HRM3 449,003 214.8 214.8

= CWEC (1998-2014) mm CCWorldWeatherGen tool = WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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Primary school building model

a) CWEC (1959-1989)
Energy Per
Total Energy Enfarg.y Per Total Conditioned
Building Area .
(kWh) (KWh/m?) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 1,126,297 163.9 163.9
Energy
CCWorldWeatherGen tool 1,114,758 162.2 162.2
WeatherShift tool 1,110,869 161.7 161.7
HRM3 1,120,311 163 163.1
== CWEC (1959-1989) == CCWorldWeatherGen tool == WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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b)

CWEC (1998-2014)

Energy Per
Total Energy En?rg.y Per Total Conditioned
Building Area -
(kWh) (KWh/m?) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 1,110,967 161.7 161.7
Energy
CCWorldWeatherGen tool 1,111,300 161.7 161.7
WeatherShift tool 1,110,317 161.6 161.6
HRM3 1,114,353 162.2 162.2

= CWEC (1998-2014) mm CCWorldWeatherGen tool = WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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Secondary School building model

a) CWEC (1959-1989)
Energy Per
Total Energy Enfarg.y Per Total Conditioned
Building Area .
(kWh) (KWh/m?) Building Area
(kWh/m?)
Total Site CWEC (1959-1989) 3,563,414 181.9 181.9
Energy
CCWorldWeatherGen tool 3,578,864 182.7 182.7
WeatherShift tool 3,566,953 182.1 182.1
HRM3 3,574,331 182.4 182.4
= CWEC (1959-1989) mm CCWorldWeatherGen tool mmm WeatherShift tool == HRM3 — Average Outdoor Air Dry-Bulb
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b) CWEC (1998-2014)

Energy Per
Total Energy En?rg.y Per Total Conditioned
Building Area -
(kWh) (KWh/m?) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 3,544,953 180.9 180.9
Energy
CCWorldWeatherGen tool 3,589,592 183.2 183.2
WeatherShift tool 3,576,097 182.5 182.5
HRM3 3,580,908 182.8 182.8

= CWEC (1998-2014) mm CCWorldWeatherGen tool = WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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Warehouse building model

a) CWEC (1959-1989)
Energy Per
Total Energy En?rg.y Per Total Conditioned
Building Area .
(kWh) (KWh/m?) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 393,975 81.5 81.5
Energy
CCWorldWeatherGen tool 343,383 71 71
WeatherShift tool 336,372 69.6 69.6
HRM3 359,578 74.4 74.4
= CWEC (1959-1989) mm CCWorldWeatherGen tool mmm WeatherShift tool == HRM3 — Average Outdoor Air Dry-Bulb
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b)

CWEC (1998-2014)

Energy Per
Total Energy Enferg.y Per Total Conditioned
Building Area -
(kWh) (KWh/m?) Building Area
(KWh/m?)
Total Site CWEC (1959-1989) 357,828 74 74
Energy
CCWorldWeatherGen tool 313,197 64.8 64.8
WeatherShift tool 307,272 63.5 63.6
HRM3 327,367 67.7 67.7

= CWEC (1998-2014) mm CCWorldWeatherGen tool = WeatherShift tool mm HRM3 — Average Outdoor Air Dry-Bulb
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