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Abstract

In October 2009, Team North competed in the US DOE 2009 Solar Decathlon competition.
Team North’s mission was to design and deliver North House, an energy efficient solar-

powered home while training Canada’s next generation of leaders in sustainable design.

In North House, the PV system on the roof was the primary energy generation, complimented
by a custom PV cladding system on the south, east and west facades. A solar assisted heat
pump system, including a three-tank heat transfer and storage system, the horizontally
mounted evacuated-tube solar thermal collectors on the roof and a variable capacity heat
pump met the hot water and space heating demands. A second variable capacity heat pump
was utilized for space cooling. The solar thermal system was studied using TRNSYS
simulation. For the initial assessments thé simulations were run for Baltimore. Then, the
analyses were extended to different cities across Canada. In all scenarios the same house was
linked to the system. The minimum annual solar fraction of the different cities was 64% and

it rose up to 81%.

Finally the data measured during the competition were analyzed and compared with the data
resulting from the simulation. According to competition measures, during the 10 days of
competition in Washington DC, the PV system generated 271.6kWh of electricity and the
solar thermal system produced 91.7kWh while the house consumption was 249.1kWh. As a

result, North House was evidently a net-positive house.
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Chapter 1

Introduction and Literature Review

1.1 Background

Canadians are fortunate to have diverse sources of energy, but only recently have they come
to recognize the additional potential in reducing the energy they waste. Making sure the

energy supplies go further yields significant benefits for all Canadians.

Energy is required for heat, light, transportation, cooling, and power for equipment. Between
1990 and 2004, the demand in Canada for energy has increased by 23% (NRCan, 2006%).
This increase has mainly been caused by the growth in both population and economic
activity. According to studies done by Natural Resources Canada, without significant on-
going improvements in energy efficiency in all end-use sectors, energy use would have
increased by 36%, instead of the actual 23% (NRCan, 2007). Population is forecast to
increase by 11% between 2005 and 2020; therefore, this growth is expected to contribute a
20% increase in energy use between these years (NRCan, 2006°).

Generally, there are two types of energy use: primary and secondary. Primary energy refers to
the energy required to transform one form of energy to another and also the energy used to
bring energy supplies to the consumer (NRCan, 2008). Organizations such as the US
Department of Energy (DOE) are concerned with national energy numbers, and are typically
interested in primary or source energy. In 2005, the total amount of primary energy consumed
by Canadians was estimated at 12 369 PJ' (NRCan, 2008). Globally, buildings use 30 to 40%
of the primary energy (Houvila, 2007). However, this energy is typically generated from
biomass in low income countries and it comes mostly from the burning of fossil fuels in
middle and high income nations (Houvila, 2007). Secondary energy use is the energy used by
final consumers in various sectors of the economy (NRCan, 2008). Secondary energy use’

encompasses energy required for space heating and cooling in the residential and

1 One petajoule (PJ), which is a million billion (10'®) joules, is equivalent to the energy required by 8900
households (excluding transportation requirements) over one year.



commercial/institutional sectors. Commercially, it comprises energy required to run
machinery in the industrial and agricultural sectors. Secondary energy use accounted for 69%
of the primary energy use in 2005 (NRCan, 2008). All subsequent references in this chapter

to “energy” should be interpreted as secondary energy.

In 2005, total Canadian GHG emissions" are estimated to have been 747.5 megatonnes (Mt),
66% of which resulted from secondary energy use (NRCan, 2008). Within the United States,
the building sector accounts for approximately 48% of annual GHG emissions, with 36% of
the direct energy related GHG emission (Néssén et al., 2007). Figure 1 shows the distribution

of secondary energy use and GHG emissions, by sectors in Canada.

® |ndustrial
B Transportation
Agriculture
2% 3%
= M Residential
® Commercial/insitutional

Figure 1: Canadian secondary energy use (left) and Canadian GHG emission (right) in 2005

Energy efficiency refers to how effectively energy is used to provide a certain level of service
or output. A number of recent studies have addressed the significant potential for energy
efficiency improvements in Canada. Although these studies vary in methodology, they share
a common goal which leads to energy efficiency improvements. Some of the studies that

support this potential are:

® A 2006 study assessed how consumers would make energy choices. It indicated that
energy conservation, efficiency and renewable energy can reduce the growth of the
energy demand between 16% and 56% by 2025 (MKJA and Marbek Resource
Consultant, 2006).

e The National Round Table on the Economy and the Environment released a long-term
climate change study in 2006 that examined how technologies could reduce

emissions. It suggested that energy efficiency could achieve approximately 40% of

" GHG emissions include carbon dioxide (CO,), methane (CH,) and nitrous oxide (N,O)
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their goal of a 60% reduction in greenhouse gas emissions, more than any other single
source (NRTEE, 2006).

e A paper in Ontario covering the residential, commercial/institutional and industrial
sectors, 2005 to 2025, concluded that electricity saving potentials from energy
efficiency would be in the 3% to 13% range (Ontario Energy Association, 2006).

e A 2002 BC Hydro study focused on technologies that were commercially viable by
the year 2005. It demonstrated that electricity demand could be reduced by 11% to
15% per year for the residential, commercial and industrial sectors by 2016 (BC
Hydro, 2002)

Energy efficiency is becoming noticeably important to the extent that the G8' countries
recently committed to implement national energy efficiency programs and advance
international cooperation, notably on efficiency standards, sustainable buildings and
improvements in industry (NRCan, 2006a). On the other hand, lack of financing, perceptions
of risk and lack of access or availability of new technologies and the absence of specific,
usable information can be counted as the obstacles of the new market intervention from

society’s point of view.

1.2 Energy Demand in the Residential Applications

1.2.1 Residential Sector Contribution in Energy Consumption

Over half of the global population is now living in urban settlements in which three quarters
of global resources are consumed (Robinson et al., 2009). Energy derived from fossil fuels is
dominant among the resources; therefore, it is important that proposed settlements are

designed to minimize their net energy consumption.

The residential sector within the United States consumes approximately 20-25% of the
primary energy, meaning that households account for about 50% of the CO, emission within
the U.S. building sector (Greening et al., 2001; Abrahamse et al., 2007; Stein and Meier,
2000). In Canada, residential sector contributes approximately 80 megatons of GHGs to the
environment yearly (Syed et al., 2008).

i The G8 Group consists of the U.S., Britain, France, Germany, Canada, Japan, Italy, Russia



The mix of energy used in the residentiai sector has changed over the period. Specifically,
natural gas and electricity have become more dominant than oil. These increases resulted
mainly from increased availability of natural gas and lower natural gas prices relative to oii
(NRCan, 2008). There are also other factors that affect residential energy demand. Figure 2
shows some of these choices such as, the spacious living space, the aging population that

tends to remain in their homes longer and using more devices that consume energy.

* 2.6 people per house

* 149m’ of living spaces
+ | 2.6 million households
* 20 appliances

* 4% of occupied floor
space cooled

Figure 2: Residential energy indicators, 1990 and 2005 (NRCuan, 2008)

The average unit energy use of all major household appliances decreased every year.
However, the increased number of minor appliances offsets the benefits of the energy
efficiency gains of major appliances (NRCan, 2008). Energy efficiency of existing buildings
and houses could be improved by incorporating the new technologies. For example, existing
houses could be retrofitted with highly efficient mechanical equipments, windows, docrs and
lighting. Where feasible, buildings and houses would ulso use renewable energy technologies,
incorporate on-site, off-site generation and be interconnected with other buildings and houses

within the community.

1.2.2 The Need for Sustainability

The number of high efficiency new homes in Canada increased in the period from 2002 to
2006. New buildings and houses incorporated the most energy efficient insulation and air

tightness systems; windows and doors; new buildings system integration through



commissioning; lighting and daylighting technologies; heating, ventilation and air

conditioning equipment, and high performance metering, monitoring and control systems.

One study done in Warsaw, Poland indicated that the amount of energy use for heating
purposes can be characterized by an index for seasonal heating demand. This index described
the heat needed to heat 1 m” of heated area during a standard heating season as E, [kWh/m’a]
(Wojdyga, 2009). Buildings built in the years 197988 in Poland were characterized by the
value of an index for seasonal demand at a level of 340 kWh/m?a, in comparison with low-
energy buildings whose demand for heat reaches a level of 30-40 kWh/m?, and occasionally
10-15 kWh/ m?a, in the case of passive houses (Wojdyga, 2009).

A net zero-energy building (NZEB) is a residential or commercial building with greatly
reduced energy needs through efficiency gains such that the balance of energy needs can be
supplied with renewable energy technologies (Torecellin et al., 2006). The NZEB definition
emphasizes both demand-side and supply strategies. This can be done by the combination of
applicable efficiency measures and renewable energy supply options (Torecellini et al.,
2006). There are several options that can be considered in order to achieve this goal, for

example,

¢ Reduce site energy use through low-energy building technologies by daylighting,
high-efficiency HVAC equipment, natural ventilation, evaporative cooling, etc;

¢ Use renewable energy sources available at the site like photovoltaic(PV), solar hot
water, low-impact hydro, and wind located on-site;

e Use renewable energy sources available off site to generate energy on site; like
biomass, wood pellets, ethanol, or biodiesel that can be imported from off site;

e Purchase off-site renewable energy sources utility-based wind, PV or other “green”

purchasing options.

Biofuels such as waste vegetable oil from waste streams and methane from human and
animal wastes can also be valuable energy sources. Fuel cells and micro-turbines do not
generate energy; rather they typically transform purchased fossil fuels into heat and
electricity (Torecellini et al., 2006).

One of the disadvantages with these central resources is that they require infrastructure to

move the energy to the building, which is not always available.



Due to the increase in GHG emissions in recent decades, a concern has risen over the climatic
changes across the globe. In order to address such concemns, an international treaty has been
set forth, known as the Kyoto Protocol v (IPCC, 1997). The mission of this treaty is the
stabilization of GHG concentrations in the atmosphere at a certain level. To meet this target,
Canada promised to reduce its GHG emissions by utilizing renewable energy technology,
thus avoiding expensive investments in large central power stations and in transmission and

distribution systems (Syed et al., 2008).

By the year 2030, Canadian communities should meet energy demand through the integration
of energy systems, making the best use of local on-site renewable sources interconnected
with the public energy distribution systems (NRCan, 2006°). Increasing the energy efficiency
levels of regulated equipment, and eliminating the least efficient models through
performance-based regulations, could also contribute to overall energy efficiency

improvements within the building and housing stock.

1.3 Sustainability

1.3.1 Definition of Sustainable Development

Sustainable development is defined as “development that meets the need of the present
without compromising the ability of future generations to meet their own needs” (Brundtland
Commission", 1987). The concept of sustainable development has gained popularity in recent
years. It was originally introduced as a microeconomic concept in forestry, meaning a
strategy aimed at providing wood continually without denuding the forest (Renn et al., 2009).
In recent years, the concept of sustainability has been evolved. It includes economic
development, ecological stability and compatibility with social goals and values (Renn et al.,
2009). Inviting the public to be part of the decision making process for defining the targets of
sustainable development and facilitating the implementation of sustainable policies has been

a major objective in most environmental policy circles.

 Intergovernmental Panel on Climate Change (IPCC). (1997)
Retrieved November 25, 2008 from
http://www.ipce.ch/about/about.htm.,

¥ Brundtland Commission. (1987). Our Common Future.
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The concept has been widely applied to governmental economic planning. For the Wuhan,
China, government, the strategic thinking such as energy saving and sustainability was
gradually reflected, as a result of employment of the Ecological Footprint (EF). As a result,
the government increased technology investment, actively developed new resources and

improved utilization of available resources and productivity (Wu and Liang, 2009).

There is a growing consensus that social and economic sustainability depends on limited
natural capital. Therefore, not only is the acceptance of the concept of sustainability and
taking the idea into the actions a serious concern, but also developing a concept of
sustainability that can accomplish the right balance between preservation and change is a big
challenge. Energy and energy efficiency are significantly related to sustainable development
(Rosen, 2002). One of the important factors for accomplishing sustainable development is the
requirement of energy sources that are fully sustainable. Society needs to utilize the energy
resources such that the development results in the minimal negative environmental, health
and societal impacts while preserving the life cycle of the resources. Moreover, reduction of
environmental impacts can be achieved through increased energy utilization efficiency, for
example cogenerating electricity and heat rather that generating them separately (Rosen,
2002).

The term ‘sustainable development’ is a combination of two words and unites three aspects —
economic progress, avoiding environmental damages and sustaining a peaceful society —in
one vision (Renn et al., 2009). However, whether the combination of ecological stability,
economic development and social compatibility can simultaneously be accomplished is still

unclear.

1.3.2 Renewable Energy

There are various supply renewable energy technologies that are available for zero energy
building. Technologies available today include photovoltaic (PV), solar hot water, wind,
hydroelectric, and biofuels. All these renewable sources are preferable over conventional
energy sources such as coal, oil and natural gas. In Toronto, Canada, it is proposed that 120
megawatts of electricity be generated in the City from renewable energy sources by 2012 and

up to al000 megawatts by 2050 (Toronto's Sustainable Energy Strategy, 2009).



1.3.2.1 Wind Energy

Among other renewable alternatives, wind has a significant potential, and wind farms have

become common all over the world due to its clean and renewable nature .

In 2001, Denmark generated 2000 MW of electricity from more than 7,500 wind turbines
(Sahin, 2004) . In 2002, Germany produced 3300 MW, while the United Kingdom intended
to increase its wind energy capacity to 6000 MW by 2010 (CanWEA, 2003). Canada had a
wind-generated electricity capacity of 311 MW resulting in contributing to around 0.5% of
electricity production by the end of 2003. This trend helped Canada to reach over 1000 MW
in 2006, and the Canadian provinces are targeting over 9000 MW wind-generated electricity
by the end of 2015"!( (NRCan, 2007). According to the Canadian Wind Energy Association,
Canada has a wind energy potential of 28000 MW, which could provide 20% to 25% of
Canada’s electricity demand (CanWEA, 2003).

Micro wind turbines offer an alternative energy source to the countries which are moving
towards reducing energy consumption and GHG emission. Hence, they offer a good
environmental benefits and cost economics. They are suitable for the residential application
due to their small size, reliable power output and their compatible and robust structure (Syed
et al., 2008).

1.3.2.2 Solar Energy

Solar energy has earned a considerable worldwide potential among all renewable energy
technologies due to its accessibility. Direct solar energy, such as Concentrating Solar Power
(CSP) or Photovoltaic (PV), has an enormous potential in the path of sustainability. Currently
solar energy technology is available in the form of low temperature heat (non-concentrating
collectors), high-temperature heat (CSP) and direct electricity (PV).

Looking at the advantage of the building integration of renewable technologies, more and
more countries have set targets for using photovoltaic systems in the building sector. Rooftop
installations in Japan (more than 70,000), USA (1,000,000), and Europe (1,000,000) indicate
the worldwide increase in attention to Building-Integrated PV (BIPV) systems. The European

V1 Natural Resources Canada; Wind Energy , 2007 Retrieved from
http://www.nrcan.gc.ca/se/etb/cetc/cetc0 1 /htmldocs/Publications/factsheet_wind_energy_e.html.



Commission (EC) had a target of increasing the PV electricity production to 2000 MW by
2010 in comparison to 52 and 200 MW in 1995 and 1999, respectively (Ayoub et al., 2000;
Bakos et al., 2003).

A solar thermal power plant in a region with abundant sunshine can reach a continuous
production of 30 MW/km?, whereas the maximum yield that can be obtained from biomass is
2 MW/km?, and from wind parks is 1.5 MW/km? (Voorthuysen, 2009). Each kilowatt of
photovoltaic micro power can potentially offset 1.58 tons of CO,/year when replacing coal
use, 1.30 tons of CO,/year when replacing oil use, and 0.73 tons of CO,/year when replacing
natural gas use (Ayoub et al., 2000). The problem that needs to be addressed with solar
systems is that they would deliver a surplus of electricity in the summer and have a deficit in
the winter. This seasonal and day-evening variation problem can be effectively resolved if the
electrical utility allows net-metering. In net-metering, a system owner receives retail credit

for at least a portion of the electricity he/she generates.

In study done in Tunisia and the United Arab Emirates as the operation sites (Lecoufle et al.,
2009), the annual electrical output of each of the different options was simulated for the PV
and CSP options. Global Irradiation (GHI) and Direct Normal Irradiation (DNI) were
considered as the used solar resources for the case of PV and CSP respectively. Considering
light slope terrain for both scenarios, more than 2,000 full load hours was achieved by the PV
plant using tracking systems. For the CSP technology with storage, the power generation
reached more than 3,000 full load hours per year. Although it is known that the performance
of PV modules goes down in hot climates, the results are still relatively high (Lecoufle et al.,
2009).

If a desert area equal to the size of France is covered with solar panels or solar thermal power
plants, both having an efficiency of 15%, the whole current global consumption of oil, coal,

gas and uranium can be replaced (Voorthuysen, 2009).

All Canadian capitals compare favorably with the major cities in Germany (Berlin) and Japan
(Tokyo), two world-leading countries in terms of PV installed capacity (Pelland et al., 2006).
Figure 3 shows the promising solar energy potential of Canada as given in PV maps obtained

from NRCan’s website.
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Figure 3: Solar energy potential of Canada

Considering the fact that the global electricity consumption in 2003 was 1,686 GW ayerage
(Voorthuysen, 2006), if humanity decides to make an approach towards the Solar Age, a
widely supported action should be taken. In order to do so, hundreds of thousands of square
kilometers of solar fields must be built, complete with power stations, thermal storage tanks

and solar fuel factories.

1.3.2.2.1 Solar Heating System

Technologies such as solar hot water systems and solar space heating with larger solar
collector areas and storage units for enlarged solar fractions have been utilized more than
before. However, solar heating systems still suffer from a necessity for an additional heat
source, in most cases based on fossil fuels. The problem is caused by the gap between solar
radiation availability driven from day/night and summer/winter shift and thermal energy

requirement (Trinkl et al., 2009).

Using a combination of conventional and renewable energy such as combined heat and power

systems and solar photovoltaic technology can enhance the energy performance of new

"' PV potential and insolation, Retrieved on March 15, 2010 from
NRCan website at: https://glfc.cfsnet.nfis.org/mapserver/pv/pvmapper.phtml
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buildings and houses. One study (Nurzia et al., 2008), presented a solar heating and cooling
plant in an office building for a typical northern Italian town (Alpine climate) and a typical
southern Italian town (Mediterranean climate), indicated that the deployment of combined
solar heating and cooling system is a feasible solution in all countries where high solar
irradiation matches high cooling loads in buildings. The system layout was considered as
follows: in warm months the cooling demand was satisfied by an absorption chiller driven by
a solar collector field and a reversible heat pump operating in series. A hot storage matches
the variability of solar radiation, while a cold storage smoothes the non-stationary demand of
cooling. During winter, the reversible compression heat pump operates for space heating. The
Coefficient of Performance (COP) of the heat pump was improved by utilizing the solar

collectors as a thermal source at the evaporator of the heat pump (Nurzia et al., 2008).

As both solar heating and heat pumps are innovative technologies for sustaining ecological
heat generation, their combination has been subjected to research continuously. Fundamental
research regarding the combination of a heat pump and solar collectors was conducted in a
simulation (Freeman and Mitchell, 1979). The development of a solar heat pump system with
latent heat storage was another innovation (Comakli et al., 1993). The possibility of water/ice
phase change storage into such system for industrial applications led to promising results
(Trinkl et al., 2004). The annual simulation results of the solar heating system offered
promising prospects for further applications of both the heat pump and the solar thermal
system in Central Europe (Trinkl et al., 2009). The proposed solar/heat pump heating system
was also found to be more suitable for buildings because of acceptable space demand, as
well as the reduction of electric energy demand for the heat pump by managing the source

and sink temperatures.

However, for the solar system to be more efficient, some integrated storage with high energy
density and high energy capacity is required. Water is a very good medium in the heating
applications since a good stratification can be maintain in the storage (Cabezaet al., 2006). By
utilizing conventional hot water storage with a 30°C temperature difference, it is possible to
store approximately 30 kWhihermal /m® of storage (Martin and Setterwall, 2009). A similar
study indicated that by an appropriate design of thermal energy storage using phase change
material technology (PCM) it is possible to triple the capacity to over 90 kWhihermal /m®
(Martin and Setterwall, 2009).
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1.4 Introduction to Building Simulation Tool (TRNSYS)

1.4.1 TRNSYS Evaluation as a Simulation Tool

Building energy software tools arose in the 1970s, followed by refinement within the
professional realm in the 1980s, and expansion of scope, scale, and diverse user applicability
in the 1990s (Mills, 2004 ). Today, the U.S. Department of Energy lists 342 tools on their
Web directory (DOE, 2008). Building energy simulation programs ideally model all aspects
of a building that influence energy use and thermal and visual comfort for the occupants.
Integrated energy performance simulation tools usually model the transient response of the

building structure, through transfer functions or a finite difference method.

The simulation packages require standardized codes to insure that a proposed building
simulation will meet a minimum performance guideline. A number of standards and
guidelines have been developed in an effort to assist end users in choosing an appropriate
tool. ANS/ASHRAE Standard 140 (ASHRAE, 2005) is one of those standards assisting
simulators in assessing tool capabilities and helping software developers in verifying their
work. A number of studies done in applying ASHRAE Standard 140 to TRNSYS indicated
the 'reliability and validity of the results obtained from TRNSYS simulation. It was identified
that there is a great deal of leeway within a given software package to make widely varying

assumptions and yet still fall well within the range of acceptability (Bradley et al., 2004)

Given such sensitivities, it might be concluded that it would be difficult to obtain a consistent
set of assumptions that would cause a software package to pass the entire ASHRAE test.
However, TRNSYS did acceptably pass all the tests using the conformed assumption set
defined by the ASHRAE test (McDowell et al., 2004)

1.4.2 Introduction to TRNSYS

TRNSYS consists of a suite of programs: The TRNSYS simulation Studio, the simulation
engine (TRNDILdII) and its executable file (TRNExe.exe), the Building input data visual
interface (TRNBuild.exe), and the Editor used to create stand-alone redistributable programs
known as TRNSED applications (TRNEdit.exe) (SEL, 2004). A TRNSYS project is typically
set up by connecting components graphically in the Simulation Studio. The user can create
projects by drag-and-dropping components to the workspace, connecting them together by

linking the outputs of one component to the inputs of another component and finally set the

12



global simulation parameters. The user can check a component's configuration and the link

between two components.

The simulation can be executed once all the necessary components are placed on the
assembly panel, the parameters and initial values are defined for each component and the
necessary links between components are made and the internal connections from. Once they
are completed the results can be viewed and printed using an online plotter. Based on the
results, adjustments can be made to the components in the project in the Assembly Panel and

more simulations can be run.

All the information required simulating the building is described in a special window called
TRNBuild. TRNBuild is the tool used to enter input data for modeling multi-zone buildings.
The user can also edit the building description through the simulation studio by selecting
"Edit Building" icon. It allows user to specify all the building structure details, as well as
everything that is needed to simulate the thermal behavior of the building, such as windows

optical properties, heating and cooling schedules, etc.

Ty T e | ' —
su® aur m_u—n.. .f.-}é’-l\ a‘_n vHe e T
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Figure 4: Demonstration of TRNSYS Simulation Studio (left) and TRNBuild (right) Windows (SEL, 2004)

When performing building energy simulations, it is important to keep in mind that there are
many considerations that can significantly affect the output. Getting results that approach
reality is a difficult task, even if various systems, constructions and geometry are accurately
accounted for. Occupancy behaviour can throw off any assumed results by 50% or more.
Hence, the intent is to use the software to assess the relative impact on design decisions,
before tackling a rigorous simulation aimed at predicting realistic values of annual energy

use.
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1.5 Introduction to North House and the Solar Decathlon
Competition

1.5.1 Solar Decathlon Competition

The National Renewable Energy Laboratory (NREL) and the U.S. Department of Energy
(DOE) have established the Solar Decathlon as an international competition to increase
awareness about solar-powered homes and demonstrate that a well designed house can

generate enough electricity to meet the needs of a household.

1.5.1.1 The 2007 Solar Decathlon Participants and their Designs

Twenty student teams from universities in the US, Puerto Rico, Germany, Canada and Spain
participated in the third Solar Decathlon held on 2007. The student teams assembled real-life,
800 ft? super-efficient solar homes (Johnson, 2007 ).

Georgia Tech was one of teams that participated in the Solar Decathlon 2007 competition. An
estimation of the expected household energy consumption was fundamental for the design of
the photovoltaic system. For the preliminary analyses, the team generated a typical average
and peak daily electric demand profile which then was translated into the total PV supply for
the house. The analysis tool and simulation they used included: EnergyPlus for the thermal
system assessment, RETScreen with EnergyPlus for the mechanical system selection, and
steady state heat approximation for exploring options to reduce heating and cooling load,
electric demand and wattage profile of the actual appliances and loads (Choudhary et al.,
2008 ).

ElementHouse, the University of Illinois’s entry, utilized EnergyPlus to provide accurate
estimations on power use and generation. Coupling EnergyPlus with daylighting simulation
performed with Radiance, assisted the team to finalize the building envelope which embraced
the passive and low energy ideas to minimize the annual heating and cooling loads (Wang et
al., 2009).

The University of Illinois’s house was the only entry that featured an all-electric design. No
solar thermal collectors were used; space and water heating was accomplished primarily
through heat pumps. The house module was sensibly conditioned with autonomous, custom
mini-split heat pumps using all radiant and natural convection heat exchange for the interior
side (Barnes et al., 2009).
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The Santa Clara University (SCU) team designed a solar house with the goai of being highly
sustainable by using streamlined technologies, providing as much power as needed, and by
minimizing the energy usage within the building. The energy and thermal loads were
modeled using EnergyPlus. The thermal energy design decisions for their house were based
largely on a combination of the solar decathlon contest requirements and technologies that

were sustainable and commercially available (Elizondo, Lebassi, & Gonzalez-Cruz, 2009).

The University of Texas house was called the BLOOMHouse. The team developed a
prefabricated 6.6 kW stand-alone solar-powered modular house that could be adapted to a
specific site and modified for the needs of a different site within a different climatic zone, and
client context. The house was designed to meet the target of $0.10/kWh for power in the year
2015, and to introduce the ideas of how to integrate renewable energy technologies into

residential buildings (Garrison, 2008).

Current community development programs in the United States and other countries consist
primarily of planning and zoning regulations that focus on economic and population growth
The Pennsylvania State University entry focused on a building-centred community
development process. The design and construction of two prototype homes for two different

communities were then presented as case studies for the competition (Floras Phelps et al,
2007).

1.5.1.2 The US 2009 Solar Decathlon Competition

In 2009 Solar Decathlon, 20 college and university teams from around the world designed,
built and operated their versions of the most attractive, effective, and energy-efficient solar-
powered home The 2009 Solar Decathlon competition consisted of 10 contests that centered
on the ways in which energy is used in people’s daily lives. During the competition the teams

recerved points for their performance in ten contests and opened their homes to the public.

Figure 5: 2009 Solar Decathlon, National Mall, Washington DC
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1.5.1.3 Team North

In October 2009, Team North, a consortium of Ryerson University, University of Waterloo
and Simor: Fraser University competed in the 2009 Solar Decathlon. Team North’s mission
was to design and deliver a home called “North House”, a compelling and marketable solar-
powered home while training Canada’s next generation of leaders in sustainable design. The
combination of active and passive solar design, integrated energy production, customized
component, and mobile interactive technologies is a powerful vehicle of advancement in
Canadian new housing industry, as wel: as improvement in the health and well-being of

Canadian residents.

Figure 6: Team North with mermbers of Canadian embassy, 2009 Solar Decathlon, National Mall, Washington DC

1.5.1.3.1 Team-Based Operative Strategies

Given the complexity of the task and the number of parallel activities and feedback loops that
need to be occurring simultaneously, a typical hierarchical project structure would simply not
work. In order to navigate through the intensive activities of design, energy modeling,
envelope design, product testing, prototyping, component development, business modeling,
life cycle costing, materials acquisition, fundraising, document production, construction,
transportation and shipping, installation, balancing, and monitoring that will comprise the
project, several layers of organization had been created that were task specific and tried to
recognize the synergies between teams ( North House Project Manual, June 2, 2009). The
organizational diagram illustrated in Figure 7 shows the operations and interactions within

our student-faculty team.
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Figure 7: Team North organization diagram

The teams were not divided according to discipline but according to the various activities that
need to be undertaken and involved individuals from different disciplines. Representatives
from industry partners were invited to join the discussions. Team North considered building
manufacturers and suppliers not as contractors but as design collaborators, and encouraged

the possibility of the design research to develop new products in collaboration with industry.

1.5.2 North House

North House is more than green, developing a new and innovative green housing model that
makes sustainable living attractive and rewarding. Energy efficiency is only half of the
sustainable living equation. North House goes beyond carbon counting to help support daily
living patterns and energy use routines. The design approach is based on three strategies: A

House for Climate Extremes, Holistic Solar Living and DReSS (Distributed Responsive

System of Skins). Following descriptions are obtained from the North House project manual.

Figure 8: North House
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1.5.2.1 A House for Climate Extremes

North House was designed with a highly insulated, efficient, passively and mechanically
conditioned interior that was wrapped by a layered envelope that modulated the house’s
response to various climates, solar and shading conditions. The footprint of the house was
compact and efficient, minimizing envelope surface area and maximizing opportunities for
cast-west passive ventilation. The interior consisted of a dense pack of service on the north
side of the house, opening to a generous and flexible living space. The flexible living space
accommodated sleeping, eating and living functions with custom reconfigurable furniture that
maximized openness and multi-functionality. This flexible framework allowed North House
to be customized for different living needs, to be adapted to multiple regions across the
country and to take advantage of new technologies and developments in envelope and solar
technologies. The modular design of North House also allowed the building to be easily
divided into component modules for fabrication, transportation, assembly and future

expansion to accommodate a variety of familial situations.

1.5.2.2 Holistic Solar Living

The team defined Holistic Solar Living as an approach to making and living that incorporates
the energy and benefits of the sun in all ways possible. The consideration of daylighting,
passive systems, microclimate generation, maintenance, food production, solar phase change
materials, and solar responsiveness is essential to this perspective. Strategies deployed
included a responsive system of louvers that wrapped the entire house in a luminous array,
alternatively shading and allowing panoramic views of the landscape, locating the bed on the
east side of the house to witness the sunrise, and having the kitchen, dining and outdoor
eating on the west side to enjoy afternoon and sunset light. Holistic Solar Living also includes
using the sun’s energy to grow vegetable and herbs in the garden and along the south facing

windows and drying and canning to preserve food to limit refrigeration.

1.5.2.3 DReSS (Distributed Responsive System of Skins)

The North House was structured and constructed in layers. The exterior layers of the house
comprised a ‘thick” Responsive Envelope that physically mediated energy production,
environmental conditions, and the personal comfort preferences of the occupants. It was

composed of flexible layers integrated with PVs to generate solar energy. The layers provided
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passive solar gain when necessary, shading at other times, opened to the exterior when views
were desired, and were capable of mitigating extreme climatic shifts by closing down when
the house was in conditioned mode or opening up to allow the house to breathe during the
temperate seasons. The house incorporated incremental, simple, adaptable, distributed

systems throughout to achieve its energy, living, and sustainable goals.

1.5.2.4 Adaptive Living Interface System

The Adaptive Living Interface System (ALIS), developed especially for North House, was
comprised of interactive technologies combined with ambient and haptic information cues,
which helped the residential occupant both to control the systems of the house, and provide
feedback on the operation of the house, in this way supporting behavioural transformation
towards energy saving living patterns. The ALIS was moving beyond automated controls to
directly address the needs of residential occupants by providing an easy-to-use ubiquitous
interface, supporting residential tasks, integrated with the user’s lifestyle and providing

meaningful performance feedback.

Three types of user interface components comprised the ALIS. First, a standard web-based
gra;phical user interface (GUI) that can be accessed from anywhere with an internet
connection was developed. This GUI included traditional application-style tools which
provided an overview of building state and performance and which supplied alerts according
to user-specified events. Furthermore, the GUI was extended to a set of mobile components
for a SmartPhone. A set of small, peripheral, always-on information components were
defined. These components provided a continuous overview of the house, delivered
appropriate alerts, and served as a quick navigation button into remote controls. Finally, an
ambient and subtle information system was explored. It was integrated into the house itself,

and it changed its behaviour, as conditions changed, in ambient and non-intrusive ways.

1.5.2.5 Customizable Components

Team North was collaborating with a custom fabricator to optimize shop-built CAD/CAM
production techniques and technologies for the North House prototype, to lighten the
structure as much as possible in order to facilitate transport, assembly, disassembly and
material use. Use of shop-built prefabrication and component assemblies supported efficient

transportation, assembly and disassembly on the National Mall in Washington, DC. North

19



House was conceived as a prototype of mass-customization, and demonstrated a given range
of systems and technologies. Each system, however, had the capacity to be completely
removed and replaced with alternative systems — to allow modification, research, and testing

long into the future.

1.6 Significance of Study

Canada has one of the coldest climates in the world. Most parts of the country go through a
long winter season. In addition, there is a prevalence of single-family housing across Canada.
As a consequence, total end-use energy consumption in Canada is high. In Canada, 78% of
all residential energy use is for space heating and water heating (NRCan, 2008). In order to
avoid utilizing conventional energy sources, renewable energy technologies that are available
for zero energy buildings need to be developed. There are various renewable energy
technologies. Technologies available today include photovoltaic (PV), solar thermal, wind,
hydroelectric, and biofuels. PV systems provide a clean, sustainable, and environmentally
friendly source of energy. It has been estimated that if a 30m’ PV array were to be installed
on: the roof of an average Canadian house, it would supply approximately 4000 kWh
annually, approximately 45% of the house electrical consumption (Ayoub et al., 2000). Using
NZEB design goals gives us the opportunity of designing more than a low-energy building
with an energy savings goal and takes us into the realm of a sustainable energy endpoint.
North House is a simple yet innovative solar powered house that produced more energy than
it consumed. The solar heating system provided 100% of the heating and hot water needs

even when available solar energy was reduced.

1.7 Objectives of the Thesis

The overall objective of this thesis is to investigate the energy performance of North House.
In order to do that, the energy balance of the house utilizing new renewable and energy
efficient technologies was studied using TRNSYS simulation. Finally the data obtained from
the simulation were compared to real time data obtained from ten days of competition to test
the performance of the system. To reach these objectives the following case studies were

conducted:

1. Different HVAC designs;
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2. Each system, including the solar heating system, cooling pond and exterior shading
was modeled in TRNSYS independently to study their performances individually;

3. The final overall design was simulated in TRNSY'S and the results were compared to
real time data;

4. The system performance was studied for five Canadian cities.

1.8 Scope of the Study

This study is limited by a simple control system modeled in TRNSYS. The actual North
House HVAC control was a complex control system that needs to be programmed in order to
use in TRNSYS. The PCM material was not integrated in the TRNSYS model.

In TRNSYS weather library the closest location to Washington DC is Baltimore. In reality,
they are slightly different in terms of the ambient temperature and the solar radiation.
Therefore, when comparing the data collected during the competition and the simulation data,

this consideration needs to taken into account.

1.9 Structure of the Thesis:

The summary of the work carried out to form this thesis is outlined as follows with the

contents of the individual chapters:
Chapter 1: Literature review, introduction to North House and the US 2009 Solar Decathlon.

Chapter 2: North House building description including windows, walls, external shading,

lighting and control system and introduction to energy modeling of the house.

Chapter 3: Introduction to the different HVAC designs split as option 1 and option 2
(alternate option), Result analysis from modeling the cooling pond, infloor system and PID

controller in TRNSYS
Chapter 4: Description of North House HVAC system and TRNSYS model of the system
Chapter 5: Sensitivity analysis and comparison of the data with real time data

Chapter 6: The general conclusion and discussion
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Chapter 2

North House Building Simulation

2.1 North House Building Description

The North House engineering design focused on delivering a low-energy and highly efficient
net-energy-positive solar building that was capable of adapting to the various climates of
Canada. To achieve this, North House optimized the use of the sun by using passive solar
design principles to minimize energy consumption, while deploying distributed building-
integrated photovoltaic and solar-thermal technology to maximize energy production. This
was complemented by an integrated smart control system, which sought out the optimal low

energy approach to operate the home and still maintain a high degree of occupant comfort.

To achieve this goal, numerous technical challenges were met in the design and construction
of North House that, in some cases, defied conventional norms of residential design. Areas of

notable technical innovation were as follows ( North House Project Manual, June 2, 2009) V™

e Building Orientation and Form

e Passive and Active Building Envelope

e Domestic Hot Water and HVAC System
e Distributed Photovoltaic System

e Integrated Smart Control System

Most of the engineering work had been evaluated through a series of computer models,
including overall annual building energy simulations, window heat transfer simulations, PV
power production simulations, and HVAC systems integration simulations. These simulations
had been made part of the iterative integrated design process intended to optimize and refine
all of the components of the house. Results from the simulations gave the team valuable
insight regarding the performance of the design, which was considered in conjunction with

other design requirements before any decisions were made.

VI Note from the author: The information provided in Chapter 2 is obtained from North House Project Manual,
submitted to DOE on June 2, 2009. Since this thesis will be using as a future reference, essential information on
the house required to be included.
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2.1.1 Building Orientation and Form

Contrary to most solar homes orientated with a longer fagade along the east-west axis to
maximize solar exposure to the south, North House took on a compact form. The surface area
to internal volume ratio was reduced resulting in less solar exposure. The beneficial trade-off
was the reduction of the amount of energy to heat and cool. While this reduced the solar
exposure of the home to the south, the reduction in Southern exposure was compensated for
by installing a full-height floor-to-ceiling glazing wall system on the South, East, and West

fagades to maximize solar gain.
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Figure 9: North House floor plan

2.1.2 Passive and Active Building Envelope

The building envelope had a significant role in the overall passive solar design strategy of
North House by carefully controlling energy and mass flows between the exterior and interior

of the house. North House featured both active solar technologies and passive technologies.
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2.1.2.1 Passive Technologies

2.1.2.1.1 Walls Description

One of the significant energy loads in a typical Canadian home is space heating. The most
effective way to reduce heating load is to have a highly insulated and air-tight building
envelope to minimize heat transfer. The opaque walls were constructed out of 2x6 wood
sandwich panels insulated with 5.5” of closed-celled Soy-Lock polyurathane spray foam
insulation, with an additional 3.5” of spray foam outboard of the sandwich panel in between
the offsetting 2x4 wood studs. The exterior layer of spray foam minimized thermal bridging
from the studs.

Nominal R-values are typically reported, however, they are not representative of the actual
heat transfer across the wall, since the short-circuiting thermal bridges from the studs are not
accounted for. The wall system had a nominal R-value of R-64, and an actual R-value of R-
47 with studs. The floor had a little less insulation, with a nominal R-value of R-51 and R-36
with joists, since it did not have any insulation outside of the sandwich panel. This was due
to the fact that the permanent installation of the home will have an insulated foundation. The
walls in North House were more than three times more insulating than the walls of a typical

Canadian home.

2.1.2.1.2 Phase Change Material (PCM)

Phase change materials (PCM) embedded underneath the finished floor helped to effectively
utilize the solar gains by storing the free heat during the day and releasing it at night.
Although PCMs are typically placed above suspended ceilings, PCMs in North House were
placed underneath the floor to effectively collect the solar radiation that shines down from the
sun through the highly glazed fagades. The PCMs consisted of a salt-hydrate solution which
changed phase at 24 °C. Due to the large amount of latent heat, the application of PCMs can
reduce the conventional thermal mass. PCMs helped stabilize daily temperature fluctuations
of the home and reduced peak space heating and cooling loads and allowed for HVAC sizing
to be reduced leading to significant savings in HVAC design.

2.1.2.1.3 Windows Description

As part of the highly insulated building envelope, North House used some of the most
insulating high performance windows available in the industry. A highly glazed fagade on the
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east-, west-, and south-face covered the main living space of the home. In total North House
had a window-to-wall ratio (WWR) of approximately 70% yet still was a net-positive home.
The fagades of North House were constructed with a highly insulated quad-layered krypton
filled glazing unit (IGUs) which was able to harness passive solar heat from the sun with its
relatively low U-value of 0.474 W/m’K (R-12) yet relatively high SHGC of 0.404. The quad
glazed configuration featured two sheets of glass sandwiching two layers of plastic films
which had selective low-e coatings. Placing the low-e coatings in this configuration limited
the amount of long-wave thermal radiation transmission from indoors to outdoors while still
allowing significant amounts of solar gain through the glazing. Figure 10 illustrates different
layers of the quad-layered window unit. Despite specifying a high-performance glazing unit,
most of the desired performance may be lost through a poorly designed frame. These IGUs
were combined with highly insulated wood mullions and innovative warm-edge spacers to
ensure a high level of thermal insulation through the window assembly. The result of the
investigation was the production of a high-performance curtain wall system that was
approximately four times more insulating than a typical aluminum curtain wall.

U-value= 0.472 W/m2.K

R-value= 12 BTU/hr.ft2.F
SHGC= 0.438

Kr Kr

6 mm Glass with Low-e

8mm y 8mm j 8mm

Figure 10: Quad-Layered Insulated Glazing Unit (IGU)

2.1.2.1.4 Shading (External Blinds)

One significant problem with buildings with highly glazed fagades is overheating due to
excessive solar gains. This problem was overcome by the use of dynamic shading through
the form of exterior venetian blinds (Figure 11). The exterior venetian blinds were able to
block unwanted solar gains which helped to significantly reduce the cooling load of the

home. The control of the dynamic shading system was innovatively coupled with the home's
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HVAC control system to maintain a high level of thermal comfort while using minimal
energy. The central home automation set the modes of the blinds and automatically

determined the angle of the sun from the time of the day.

The exterior venetian blinds had four modes of automated operation: open, gain, block, and
closed. Using location, orientation, time of day, and time of year the blind controllers were
continuously aware of the location of the sun. Gain and block modes oriented the slats
parallel and perpendicular to the sun’s rays respectively. Transitions between modes were
coordinated based on the interior temperature of the house. When the heating system was
activated, the blinds were open, allowing maximum heat gain. When the cooling system was
activated, the blinds blocked the direct rays of the sun. In the deadband between heating and
cooling temperature set points the blinds attempted to maintain temperature by alternating
between block and gain modes. In the event of overheating, the blinds were closed

completely. Under low light conditions or high wind the blinds were retracted.

Careful consideration was taken by the design team to avoid unwanted cyclic behaviour of
the blinds when the HVAC system was running and to ensure that the PCMs were fully
charged before the transition to blocking mode; thus, all systems worked together to provide

a high level of thermal comfort while using a minimum amount of energy.

The exterior blinds were not only part of the thermal management system of the home but

were also part of the lighting system, since they allowed varying degrees of daylight.

Figure 11: Exterior Shading Arrangement
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2.1.2.2 Active Technologies

2.1.2.2.1 Solar Thermal and HVAC System

The mechanical system in North House was designed with the goal of collecting enough solar
energy to cover the majority of the domestic hot water and space heating demands throughout
the year, while conserving every last watt of electrical power. A comprehensive description

and a detailed design are provided in Chapter 4.

2.1.2.2.2 Distributed Photovoltaic System

In order to achieve North House's goal of maximizing power production throughout the vear,
in a variety of climatic conditions, energy production systems are integrated into virtually
every surface of the building envelope. Many different PV array configurations were initiated
and studied to evaluate the different design configurations. A detailed design analysis is

presented in the following sections.

2.1.2.2.3 Integrated Smart Control System

The North House integrated controls system offers many opportunities for technical
innovation. Because the building’s integrated control system has to efficiently manage the
operation of multiple subsystems and provide feedback to the user regarding the performance

of the house, the control system was being custom designed and built.

At the heart of the integrated control system was the Central Home Automation Server
(CHAS), which managed both the Graphic User Interface (GUI) as well as all subsystems of
the house. Depending on internal and external conditions, the CHAS was able to make high-
level decisions to enhance the energy performance of the house. For example, the CHAS
determined the operation of the external shading system depending on the internal air
temperature of the home, the amount of incoming solar radiation, the exterior wind speeds,

and the expected position of the sun.

HVAC control, external shade automation, bed actuation, interior and exterior environment,
and water consumption monitoring were implemented with the Beckhoff programmable logic
controller. Using a human body metaphor, the Beckhoff was considered the spinal cord of
North House.

The Beckhoff communicated with the CHAS via an ADS interface over ethernet.
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Coordination by the CHAS was accomplished over this interface by changing space heating,

cooling, and hot water set-points. The solar thermal controller was connected to a data logger
which allowed for the CHAS to query the amount of solar thermal energy collected allowing

daily feedback. Data were also collected via ADS interface in a database for historical

analysis for the occupants.

2.2 Energy Modeling Summary

Energy and mass flows in buildings are inherently dynamic and complex. Any attempt to
capture the interactions between various building elements (such as envelope, energy
systems, occupants, appliances, etc.) requires sophisticated modeling techniques. Even when
a sophisticated, integrated model is available, the predictions rely heavily on occupant
behaviour. From the onset of the North House project, computer simulations were used to
assess the performance of the building and its components. The TRNSYS simulation was

used to assess the energy performance of the house.

2.2.1 House Energy Balance

The total energy balance of the North House was based on the performance analyses of the
active and passive energy systems incorporated into its design. Tables 1 and 2 summarize

how each house component was modeled.

Table 1: Summary of the North House energy consumptions

Consumption
Space Heating Annual idealized demand profile was predicted by TRNSYS.
Based on these results, an average demand value was
calculated for each month and applied to the model.
Space Cooling Annual idealized demand profile was predicted by TRNSYS.
DHW The system was modeled in TRNSYS and was coupled to the
solar thermal system.
Appliances and Plug Loads | Energy consumption of appliances was based on product
specification, modified where necessary, for expected
occupancy use. Where hot water was used, the values account
for water heating energy but did not reflect the DHW system
conversion efficiency.
Plug loads were based on anticipated usage schedules and
average power draws.
Lighting Lighting consumption was estimated based on the wattage of
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the lighting components and an occupancy schedule.

Table 2: Summary of the North House energy productions

Production

PV

Electrical production was modeled in TRNSYS and NREL's
PVWatts calculator using the selected PV modulus and
representative areas of the east, west, south facade and roof
over one year period for Toronto.

The possible accumulation of snow was neglected.

Inverter efficiencies and losses were neglected.

Solar Thermal

This system was modeled in TRNSYS in combination with the
DHW model. The reported value was the useful collected
heat, some of which would be lost in dissipaters when demand

was insufficient to take advantage of the collected heat (Chapter 4). The

solar thermal system was designed to operate with a large
thermal storage system once the house is situated in its
permanent location.

2.2.2 Detailed House Model in TRNSYS

Building energy analysis was performed using TRNSYS. The models focused mainly on

predicting annual space heating and cooling energy, beginning with a very simple model and
progressively adding building elements representative of the North House design. Emphasis
was placed on establishing the relevant model inputs to reduce the house energy demand. The

results indicated that the demand for space heating and cooling can be decreased drastically

primarily by providing appropriate solar protection and thermal mass. Table 3 summarizes

the model inputs. The building geometry and construction were based on the drawing set.

Table 3: Description of the model inputs
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Conditioned space
Floor area ft? 670
Internal ceiling height ft 9.66
Space volume ft*/min 6472.2
Set-Points
Air temperature (Annual) ‘C 22-24
Air relative humidity %RH 45-55
Minimum Ventilation Requirements (ASHRAE 62.2 standards)

Occupants 2
Ventilation rate per occupant ft*/min 7.5
Ventilation rate per sq. ft ft*/min 0.01




Total ventilation ft*/min 21.7

Total ventilation ACH 0.2
Blower test ACHat50Pa | 0.6"
Natural infiltration ACH 0.04
Total minimum ventilation ACH 0.24

Bathroom fan

Exhaust rate I/s 25%
ft*/min 52.9

ACH 0.49

Range hood fan

Exhaust rate I/s 50*
ft*/min 105.9

ACH 0.98

Heat Recovery Ventilation( HRV)
HRV efficiency | % | 70
2.2.2.1 Internal Gain

Appliances, entertainment system and miscellaneous plug loads were considered as the house

internal heat gain. North House appliances were selected to be as energy efficient as possible.

Table 4 shows the appliance list with estimated annual and weekly energy use and

approximate sensible and latent multipliers. The internal gains were based on double

occupancy as well as the predicted use of the appliances selected for the house.

Table 4: North House appliances energy consumption

Refrigerator
Leibherr HC1060
Energy/year kWh/y 297.0"
Energy/week kWh/w 5.7
Sensible energy multiplier 1.0
Latent energy multiplier 0.0
Dishwasher

Gaggenau DF 261 760

™ German Passive House target

X Suggested by CMHC, Retrieved on May 2009 from: http://www.cmhc-

schl.gc.ca/en/co/maho/yohoyohe/momo/momo_004.cfm

X Minimum suggested by CMHC, Retrieved on May 2009 from: http://www.cmhc-
schl.gc.ca/en/co/maho/yohoyohe/momo/momo_004.cfm

X product specification manual
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Energy/year kWh/y 190.0*"

Energy/week kWh/w 3.7

Estimated Energy/year for North House kWh/y 114.0

Estimated Energy/week for North House kwWh/w 2.2

Sensible energy multiplier 0.6

Latent energy multiplier 0.2
Oven

Gaggenau BO 250-611

Energy/year kWh/y 166.4%Y
Energy/week kwh/w 3.2
Sensible energy multiplier 1.0
Latent energy multiplier 0.0
Cook top
Gaggenau VI 221
Energy/year kWh/y 254.8
Energy/week kWh/w 49
Sensible energy multiplier 0.8
Latent energy multiplier 0.2
Cloth Dryer
Bosch Axxis condensation
Energy/year kWh/y 419.0"
Energy/week kwh/w 8.1
Sensible energy multiplier 0.2
Latent energy multiplier 0.0
# of cycle in quoted energy consumption cycles/year | 416.0
Estimated actual number of cycles(NH)XVII cycles/year | 208.0
Estimated energy per year(NH) kWh/y 209.5
Estimated energy per week(NH) kWh/w 4.0
Clothes Washer
Bosch Axxis plus

X! Product specification manual

XV Estimated usage: 4 hours a week, 0.8 kWh/hour , Retrieved from:
http://www.dgbmt.de/PI_en_Alt/Infodesk_Service/Consumer_Information/Measuring_Energy_Consumption_of
_kitchen_ovens.htm

XV Estimated usage: 1 hour/day, 0.7 kWh/h

XVI Retrieved from: http:/oee.nrcan.gc.ca/Publications/infosource/Pub/appliances/2007/pdf/07-Clothes-
Dryers.pdf

XV NH stands for North House
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Energy/year kWh/y 129.0""
Energy/week kWh/w 2.5
Sensible energy multiplier 0.8
Latent energy multiplier 0.0
# of cycle in quoted energy consumption cycles/year 392.0
Estimated actual number of cycles(NH) cycles/year | 156.0
Estimated energy per year(NH) kWh/y 513
Estimated energy per week(NH) kWh/w 1.0
Flat screen TV
Samsung LN-R3228W 32"
Energy/year kWh/y 127.8
Energy/week kWh/w 2.5
Sensible energy multiplier 1.0
Latent energy multiplier 0.0
Desktop computer
Assume average draw of 70W with LCD display
Energy/year kWh/y 76.4
Energy/week kWh/w 15
Sensible energy multiplier 1.0
Latent energy multiplier 0.0
Misc. plug loads
Assume average load of 25W
Energy/year kWh/y 281.4
Energy/week kWh/w 4.2

2.2.2.2 Schedules
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The energy consumption of the major appliances utilized in the North House and the SUI
House projects are compared to a typical home’s appliances assumed by CMHC standards
(NRCan, 2005). The results are provided in Tables 1 and 2 in Appendix A. The energy
consumption by appliances, excluding the miscellaneous appliances, was reduced by 57%

and 45% for the case of the North House and the SUI house respectively.

Internal gain and ventilation schedules were created to approximate the occupancy of the
house. Different internal gain schedules were constructed for weekdays and weekends to

account for appliance use such as clothes washer, clothes dryer and oven. The ventilation

XVl Retrieved from: http://oee.nrcan.gc.ca/Publications/infosource/Pub/appliances/2007/pdf/06_Clothes-
Washers.pdf




schedule included, in addition to the minimum ventilation requirements, a bathroom exhaust

fan and a range hood fan that provided additional ventilation during certain hours in the day.

2.2.2.3 Lighting Design

The general strategy for the artificial lighting of North House was to achieve maximum
integration with the architecture so that the lighting fixtures become invisible when not in
use. North House as designed so that little or no artificial lighting is required during daylight
hours: the ample glass on the three perimeter walls of the living space, combined with the
dynamic shading system allowed for ample day-lighting; the window at the shower on the
north side provided ambient light in the densepack service zone. Artificial lighting was used
to complement daylight when necessary and used a combination of energy efficient
fluorescent and LED lighting to maximize amenity, comfort, and appropriate colour

rendering and minimize energy use.

The main living space provided a combination of ambient and task lighting. Ambient lighting
was provided by a flexible framework of fluorescent lights located behind a custom-designed
diffusing soffit, allowing for easy reconfiguration and response to the variable interior
arrangements. Specific task lights dropped below the soffit to illuminate work surfaces; the
kitchen counter, for example, was illuminated by a combination of pendant LED task lights
which hung below the soffit and LED lighting integrated behind translucent Corian panels
installed along the length of the counter. A custom sculptural diffuser was suspended from
the living room ceiling and masked the presence of an array of remote phosphor LED
downlights and sensors and included lenses that provided decorative and ambient effects
above the dining area. The remote phosphor technology of the living space fixtures had a
fixture efficiency of over 50 lumens per watt compared to compact fluorescent efficacies of
36 lumens per watt. Task lighting in the living area was provided by a work lamp that can be
stored in the mobile workstation. For bedtime reading, a portable LED reading lamp could be

clipped on to the bed’s suspension cables, which also carry a low voltage current.

In the densepack service zone, the majority of the electric lighting was provided by T5
fluorescent tubes concealed in continuous coves within the dropped wood ceiling. In the
bathroom, a high-CRI linear fluorescent source was integrated seamlessly into bathroom

mirror.

All of the interior lights were controlled with zone controls and user profiles developed
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through the Central Home Automation Server (CHAS).

As a general sustainability strategy, the team tried to minimize the impact of manufacturing
by using fewer fixtures, and by buying locally manufactured products. The lighting choices
for North House included careful consideration of life cycle costing and safe disposal. For
example, all fluorescent sources use mercury. The Philips T5 lamp selection has the lowest
rated level of mercury at 1.5gm and with a 40,000 hour plus lamp life this light source could
match the life of the home.

2.2.3 Distributed Photovoltaic System

2.2.3.1 Initial Solar Resource Assessment

Many different PV array configurations were studied to evaluate the different design

configurations:

1. The first scenario consisted of a horizontal roof covered in photovoltaics and a 5-foot
high band at the top of the east, west and south facades.
2. The second case represented a roof covered in photovoltaics but tilted 12 degrees
' towards the south (maximum tilt to stay within solar envelope) with PV installed on
the east and west facades where possible.
3. The third case represented an area, the size of the roof, tracking the sun in two axes.
4. The last scenario was the same as the second case, but for a greater slope of the roof

(39 degrees).

According to the analysis conducted by engineering team (North House project Manual, June
2, 2009), the largest production would be achieved by utilizing the last option. The third case
had the second largest PV production followed by the first scenario. The second had the least
electricity generation. On the other hand, the third scenario would be difficult to produce due
to the size of the roof, and would not fit within the solar envelope. Also, if the two-axis
tracking was constrained within the solar envelope, it was found that there would be no gain
in electricity generation compared to a static roof with vertical sides. Moreover, third and
fourth cases could not be used during competition because of the competition rules and

regulations (Appendix D) but were good for comparison purposes.

The concept of a “partial tracking” (repositioning) system as seen in Figure 3 was evaluated.

The array in this concept was split in four sections and stayed within the solar envelope at all
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time. In the moming, the two sections on the west side of the house would tilt towards the
east. At around midday, the two sections on the north side would tilt towards the south.
Finally, in the evening, the two sections on the east side of the house would tilt west. This
was an interesting concept but it was proven by design team, to result in almost the exact

same power production as a fixed tilted roof at 11.5 degrees.
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Figure 12: Repositioning system
From the analyses, it was found that the single most important variable for PV energy

production is the total PV area. Based on these findings, the following PV layout was chosen.

2.2.3.2 Final PV Configuration

Integrating PVs into every surface on the building resulted in using the surface area on the
building as an active energy producer, as well as avoiding some of the complexities of solar
tracking which plagued many large PV installations in the past, particularly in cold climates.
In addition, the precise orientation of the house and its solar exposure would become less of a
problem since PV panels were mounted on a large area on the building at different

orientations.

A large array of typical photovoltaic (PV) panels was located on the flat roof. The rest of
North House's electrical power production came from building integrated photovoltaic
(BIPV) panels located on the south, east, and west fagades, which operated when the sun was
at a low angle, The combination of both horizontally- and vertically-mounted PV allowed
North House to make use of its surface area to collect solar energy without re-orientating

itself.
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2.2.3.3 Simulation models and results

The modeling of the photovoltaics was initially done in TRNSYS by the engineering team.
All facade PVs were assumed to be Day 4 Energy 36MC panels.

In this configuration, the roof contained 56 panels divided into 4 strings of 14 panels, of
which two inverters handled two strings each. The east- and west- facades each contain 13
panels each attached in series. Only one inverter was needed for these two strings as only one
side of the house faces the sun at any given time. The south-fagade contained 8 panels in
series. The model assumed no losses in the lines or the inverters. These losses should be

fairly small (between 5-10%).

As shown in table 5, the total PV output for during the competition (10 days) was estimated
to be 197 kWh. Table 6 shows the energy production for the competition period. Since
Washington, DC weather data is not included in the TRNSYS library, the weather data for

Baltimore was used.

Table 5: PV energy production for the first week of October (Baltimore)

Energy Production per week (kWh)

Roof East-West South Total

First week of October 125.9 43.7 22.8 197.4
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Table 6: Annual PV energy production (Toronto)

Roof (8.28kwW) East (1.83 kW) West (1.83 kW) South (1.18 kW) Total
Month Peak sun AC Peak sun AC Peak sun AC Peak sun AC Energy
hours energy hours energy hours energy hours energy
(kW/m?/day) | (kWh) | (kW/m?/day) | (kWh) | (kW/m?/day) | (kWh) | (kW/m?/day) | (kWh) | (kWh)
January 1.47 262 11 42 118 45 27 79 428
February 2.27 395 1.58 58 176 66 3.18 84 603
March 3.19 627 2.13 87 178 70 2.89 79 863
April 4.36 811 2.54 97 241 92 2.83 70 1070
May 5.6 1052 35 141 2.69 103 2.67 62 1358
June 6.14 1075 34 126 3.16 115 2.55 53 1369
July 6.02 1062 3.42 127 3.07 112 26 54 1355
August 5.15 907 3.05 113 2.84 105 2.96 68 1193
September 4,08 714 2.69 98 2.34 83 3.46 84 979
October 2.55 464 1.61 60 164 61 297 81 666
November 13 204 0.74 20 0.81 23 1.73 43 290
December 1.07 178 0.7 22 0.69 20 1.93 56 276
Ave/month 3.61 646 221 82.7 2.03 74.8 27 67.8 870.8
Total - 7752 - 993 - 897 - 813 | 10450

These results were modified based on selection of Schuco PV panels. Solar electric power

was generated with four arrays: one on the roof (Day4 panels), and one each on the east,

south and west facades (Schuco panels) of the building. Five Xantrex inverters were used to

convert the DC power into grid quality AC power. The rooftop arrays were the main power

producers and the facade arrays allowed for a more even energy production over the course

of the day and year. The model was representative of typical output for the city of Toronto,

where the house will be permanently located.

Solar power generation from each individual inverter was available via the Xantrex display

unit. Total power generation and cumulative energy production were monitored with the

power logic branch circuit power meter. The Branch Circuit Power Meter (BCPM) allowed

for the measurement of power and energy readings for the grid connection, solar feed, and

each breaker circuit in the main electrical panel. The data were collected by the CHAS and

logically grouped for feedback to the user and historical analysis.

The entire PV array and BIPV was expected to produce approximately 10,940 kWh annually.

All of the power produced by this array was converted into grid quality power by inverters

and fed directly into the electrical grid. An estimated 10% of the energy would be lost in the
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winter if the snow was allowed to accumulate on the roof array. Table 7 shows the data from

the simulation, and Figure 13 illustrates the data graphically.

Table 7: PV energy production for Toronto when Shuco panels were utilized

Roof (8.28kW) East (2.21 kW) West (2.21 kW) South (1.45 kW) Total
Peak sun AC Peak sun AC Peak sun AC Peak sun AC | energy
Month
hours energy hours energy hours Energy hours energy
(kW/m2/day) | (kWh) | (kW/m2/day) | (kWh) | (kW/m2/day) | (kWh) | (kW/m2/day) | (kWh) | (kWh)
January 1.47 262 11 49 1.18 52 2:7 98 428
February 2.27 395 1.58 68 1.76 77 3.18 103 643
March 3.19 627 2.13 100 1.78 81 2.89 98 906
April 4,36 811 2.54 112 2.41 106 2.83 86 1115
May 5.6 1052 3.5 164 2.69 120 2.67 77 1413
June 6.14 1075 3.4 146 3.16 133 2.55 65 1419
July 6.02 1062 3.42 147 3.07 129 2.6 67 1405
August 5.15 907 3.05 131 2.84 121 2.96 84 1243
September 4.08 714 2.69 114 234 96 3.46 103 1027
October 2.55 464 1.61 69 1.64 7L 297 100 704
November 13 204 0.74 23 0.81 27 173 54 308
December 1.07 178 0.7 25 0.69 24 193 69 296
Ave/month 3.61 646 221 9% 2.03 86 2.7 84 912
Total - 7751 - 1148 - 1037 - 1004 | 10940
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Figure 13: Annual PV energy production for Toronto
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Figure 13 shows the expected useful energy produced by the photovoltaic arrays. Ignoring
any losses between the PV array and the grid, and any disruptions in production due to

shading or snow cover, all of the electricity generated is considered useful.
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Figure 14: PV energy production on each facade (Toronto)

As illustrated in Figure 14, PV array on the roof acted as the primary electrical producer and

produced approximately 71% of the house's electrical production.
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Chapter 3
Design Process of the HVAC System

3.1 Preliminary design of the North House HVAC system

The Heating, Ventilation and Air Conditioning (HVAC) is a system where multiple
mechanical components are linked together to form an overall system. The system provides
desired comfort and an ideal indoor environment. An integrated HVAC system incorporating
a heat pump, radiant panels, infloor heating and solar Domestic Hot Water (DHW) was
initially designed for the Solar Decathlon house. Figure 15 provides a complete schematic
illustrating the interconnection between the various components. A brief description of the

system components is also provided in the following section.
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3.1.1 Domestic Hot Water System (DHW)

The system consisted of vacuum tube solar collectors, a circulation pump, an external heat
exchanger, an 800L pre-heat tank, and a 300L auxiliary tank. The pre-heat tank was directly
heated by the solar collector through the glycol loop. The auxiliary tank was utilized for
space heating and water heating purposes. It could be charged either by the solar collector
using the external heat exchanger when the solar energy was available or by the heat pump
when the solar gain was not sufficient. The water temperature in the auxiliary tank (AUT)
had to be maintained around 55-60°C. In case the temperature in AUT dropped below 55°C,
an electric heater located inside the AUT was activated to charge the tank. From the auxiliary
tank, the hot water passed through a mixer, where it was mixed with the cold city water for

the water services.

The infloor heating loop and radiant panels were also connected to the AUT for space heating

purposes.

3.1.2 Infloor System Layout

The infloor system was divided into four zones: dining room, living room, bedroom, and a
washroom. The infloor system was connected to the auxiliary tank through a circulation
pump. The temperature for infloor heating was around 30- 35°C, which was achieved by

mixing the heated water with the return water.

3.1.3 Radiant Panels

Radiant panels do not rely on the movement of air but rather transfer energy directly to any
building surface the panel “sees”. Radiant heat, like that from the sun, travels in straight lines
until it reaches a solid object. The energy radiated does not initially warm the air, it warms

the glass areas, walls, furniture, floors, and people, and they, in turn, warm the air.

The critical design parameter for a radiant ceiling system is the difference between the mean
panel temperature and the average unheated temperature of all surfaces within the space. If
the average unheated surface temperature (AUST) and the temperature of the air in a room
equal the mean panel temperature (MPT), there will be no net energy exchange. When the
AUST falls below the MPT, the panels radiate energy into the room. For this design the
panels could be heated up to 60°C.
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3.1.4 Heat Pump

A variety of options were considered for the selection of the heat pump for the house. The
critical factor in the selection of an appropriate heat pump was the capacity of the unit.
Generally, the vast majority of the heat pump systems manufactured is designed to support
moderate to large heating/cooling loads typical for a single family home. However, the north
house was a small house with a highly insulated building envelope, so the cooling/heating
loads were minimal when compared to an average house. This led to the idea of designing

and developing a custom-built heat exchanger.

3.1.5 Grey Water Heat Recovery System (GWHR)

A grey water heat recovery unit manufactured by GFX was utilized. The grey water heat
recovery system used drain water from the house’s water services to preheat city water going
into the auxiliary tank. One of the complications introduced through the use of GWHR was
the configuration of it. Since the system was vertically mounted, height restrictions of the
plumbing fixtures in the competition were a critical factor. In order to resolve the problem, a
horizontally mounted unit was considered but a reduction in efficiency and plumbing

cdmplexities would have been a challenge.

3.1.6 Heat Recovery Ventilation System (HRYV)

The exhaust air collected from the kitchen and bathroom exchanged the heat with the fresh
air through a Heat Recovery Ventilation unit (HRV). Extra exhaust was released from the
kitchen exhaust. In addition to the HRV, a basic ERV (Energy Recovery Ventilator) system
could have been considered. An ERV system can recover both sensible and latent heat and it
may be beneficial in certain applications and climates (e.g. air conditioned house with hot and
humid outside air), but the fan power is usually higher than that of HRV and the sensible heat

recovery efficiency is generally also lower than that of HRV.

3.1.7 Air-Handling Unit (AHU)

The indoor air was circulated through the Air Handling Unit (AHU) and distributed to the
living room and bedroom through the diffusers. The AHU was composed of the evaporator,
filter and a fan. The fresh air passing through the Heat Recovery Ventilator (HRV) was sent
to air handling unit (AHU) and then was delivered to the house.
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3.1.8 Option 1 System Analysis

The operation of the system and heating and cooling modes were investigated under a variety
of different conditions. In all the heating/cooling scenarios, energy recovered from the
exhaust air and the ventilation was achieved from the HRV system. The exhaust was

collected from the kitchen and bathroom.

There were several parameters that made the design not suitable for the competition. The
system complexity was the major issue. In order to simplify the HVAC system, another

system configuration was proposed.

3.2 Alternate Design

In the new layout the infloor heating was located in the bathroom and changing room. The
radiant panel heating was completely eliminated. Thus, a cooling pond was added in order to

meet the house cooling requirement. Figure 16 illustrates the second option.
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In order to break down the description of the overall system, the mechanical systems are

discussed in terms of domestic hot water heating, and space heating and cooling.

3.2.1 Domestic Hot Water (DHW) Heating

Two tanks were used for DHW heating. A stratified preheat tank was used for space heating
as well as DHW heating purposes, and an auxiliary tank was used to provide DHW between
55-60°C.

Water in the preheat tank was heated in multiple ways: solar thermal collectors, a
desuperheater, and grey water heat recovery system. Primarily, an array of solar thermal
collector was used to provide heat to preheat tank. A glycol loop was fed through solar
thermal collectors and then transferred heat through an external heat exchanger to cooler
water drawn from the bottom of the preheat tank. If the solar gain was not available to the
thermal collectors, a desuperheater connected to a two stage air-source heat pump was

activated to provide additional heat.

During the summer, the hot water coming from the preheat tank might have high
temperatures. When this occurred, cold city water (5-10°C) was mixed to bring the
temperature down to the 55-60°C range.

3.2.2 Space Heating and Cooling

The conditioning of the house was divided into three different areas: the washroom and
change room area (infloor heated), the living, eating, and sleeping areas (force-air heated),

and the mechanical room (un-conditioned space).

A two stage air source heat pump connected to an integrated air handling unit with a heat
recovery ventilator/economizer was the primary source for both heating and cooling of the

house.

For the washroom and change room areas of the house, an infloor hydronic system was
installed. It was used as both infloor heating, as well as cooling. During the summer, a small

pond, located on the north side of the house, was used to assist the infloor cooling.

For heating, a closed water loop, running through the preheat tank, was the main source of

hot water for the infloor heating. In cases where the temperature of the closed loop water



exiting the preheat tank was not sufficient, additional heating was provided by a clamped

electric heating element.

Phase change material (PCM) was incorporated in the floor of the living, eating and sleeping

area of the house.

3.2.3 Description of the Mechanical System for Different Scenarios

Different scenarios were considered in order to meet the house heating and cooling energy
demands. A grey water heat recovery unit was utilized to preheat the city water going into the

auxiliary tank for all the hot water production scenarios.

3.2.3.1 Cooling Scenario A: Sunny Days

Hot water system:

¢ Primary hot water heating: solar thermal collectors

e Secondary hot water heating: desuperheater

o Tertiary hot water heating (electric element): auxiliary tank
Space cooling:

¢ Primary Space Cooling: Two stage air source heat pump connected to

integrated air handling unit (AHU) with heat recovery ventilator (HRV)

o Extra Cooling: When possible, the infloor hydronic system circulated water to
the small pond. This only occurred when the temperature of the small pond
was lower than the temperature of the water in the infloor hydronic system and

if the slab temperature was higher than its ideal temperature.

3.2.3.2 Cooling Scenario B: Cloudy Days & Nights

Hot water system:
e Primary hot water heating: desuperheater
e Secondary hot water heating (electric element): auxiliary tank

Space cooling:
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e Primary space cooling: Two stages air source heat pump connected to
integrated AHU with HRV. For nights that required cooling, if the ambient
enthalpy and outdoor relative humidity were less than the indoor enthalpy and

indoor relative humidity the economizer functioned and bypassed the HRV.

e Extra cooling: The same condition as scenario A

3.2.3.3 Heating Scenario C: Sunny Days

Hot water system:

e Primary hot water heating: solar thermal collectors

e Secondary hot water heating: desuperheater

o Tertiary hot water heating (electric element): auxiliary tank
Space heating:

e Primary Space heating: Two stage air source heat pump connected to
integrated air handling unit (AHU) with heat recovery ventilator (HRV).
Infloor hydronic heating with a clamped electric back-up heating coil was the

heating source for the washroom & change room floor areas.

3.2.3.4 Heating Scenario D: Cloudy Days, Nights & Early Mornings

Hot water system:

e Primary hot water heating: desuperheater

e Secondary hot water heating (electric element): auxiliary tank
Space heating:

¢ Primary space heating: Two stage air source heat pump connected to
integrated air handling unit (AHU) with heat recovery ventilator (HRV).
Infloor hydronic heating with a clamped electric back-up heating coil was the

heat source for the washroom and change room floor areas.

Studies were performed to investigate the impact of different components on the energy
balance of the house. The solar assisted space heating system and utilization of a small pond

were modeled in TRNSYS separately for cooling and heating seasons. In order to integrate
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the dynamic shading which had a significant impact on energy balance of the house, the
proportional controller was considered. Due to the importance of the shading system on the
heating and cooling demand, PID controllers were also investigated. For each analysis, the
results were presented for the cities of Toronto and Baltimore, which provided the closest

available weather data to Washington, D.C. in TRNSYS.

3.3 Solar Assisted Space Heating System

Radiant systems are widely used in residential building applications. However, air based
systems are still the more popular option in North America. By analyzing the performance of
both air based and radiant heating systems involving solar collectors, radiant floor systems
were able to use more of the available solar energy to assist in covering space heating
demands (Haddad et al., 2007). The incorporation of solar thermal energy in the CIESOL*™
building reduced the energy consumption of the air-conditioning system and resulted in an
annual reduction of 13 tons of CO; emissions (Rosiek and Battlles, 2009). In their proposed
study, real data of an existing building were used to demonstrate the benefits of properly
matching the passive and active solar techniques. The designed system was able to provide
sufficient energy to supply an absorption machine during the summer and sufficient to cover
the whole heating demand (Rosiek and Battlles, 2009).

Several comparisons of different solar collector types and their mounting orientations were
considered for the solar-assisted space heating system. The two solar collector types that were
studied were flat plate collectors and vacuum tube collectors. Sensitivity analyses were
conducted to determine the optimal installation of the solar thermal system to maximize the
solar thermal capture/utilization so as to reduce the overall space heating energy consumption
of the house. The fluctuation of consumption for an electric heating element, as auxiliary
heating, was analyzed according to the size of tanks, as well as according to the variation of

the flow rate and the position of the auxiliary electrical backup heater in the tanks.

XX CIESOL (CENTER DE INVESTIGACION DE LA ENERGIA SOLAR)

Center of Investigation of the Solar Energy, University of Almeria, Spain
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3.3.1 Description of the System

The mechanical system was described by separating it into three different loops: the energy

acquisition loop, the heat exchanger loop, and the domestic hot water loop.

The first loop was the energy absorbing and collecting loop. It was made up of an array of
solar collectors of 9m? total surface area associated with a heat exchanger and with a preheat
tank of 750L of storage capacity. The second loop was made up of a heat exchanger inside
the preheat tank connected to infloor radiant loops. In order to study the effect of the infloor
heating system more precisely, infloor heating was modeled for all the zones in the house,
including washroom and change room. Also a one-ton air source heat pump (ASHP) acted as

the main back-up heating for this system.

The third loop was used for the production of hot water. It was made up of an auxiliary tank
of 300L equipped with two auxiliary heaters that could provide 2kW of heating each. The
temperature was maintained at 55°C or above to be able to have the possibility of taking
three showers of 15min length each, consecutively in the morning, as required by the
competition’s rule. A waste heat recovery heat exchanger was placed at the drain to recover

part of the energy back to the inlet city tap water before going into the hot water tank.

In this study the focus was mainly on the first and second loops, but the third loop was
simulated as well to allow the model to be more similar to how this system would perform in

the competition.

3.3.2 Simulation Scenarios

A comparison between flat plate and vacuum tube colleétors, and their orientations (vertical,
horizontal and 20 degree tilt angle) was reported as the first part of the study. The study of
different types of collector (first part of analysis) was based on preheat tank average
temperature. For each case three different collector flow rates were considered, 0.3, 0.5 and
0.81/s. The simulation time step was one minute and the simulation was run over one year
(8760hr).

For the second part of the study, the main focus was the performance of the vacuum tubes
integrated in the overall system. The installation was optimized to reduce the overall energy

consumption which was mainly by the heat pump.

For the vacuum tube collector, the simulations were run for:
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e 550, 650 and 750L water preheat tank
e 0.1L/s and 0.2L/s flow rate
e With/Without infloor system

The installation was optimized to reduce the overall energy consumption which was mainly
by the heat pump. The simulation time step was one minute and the simulation was run over
one year. Smaller simulation time steps increased the simulation time significantly while
there was no additional information provided. On the other hand, the ASHP module did not
produce consistent results when the time step was larger than 2.5 minutes. The selected tilt of
10 degrees was to conform to the competition rules regarding the allowed total height of the

structure.

The electricity consumption of the heat pump was analyzed while the size of the tanks was
changed, as well as when there was a change in flow rate. Two flow rates of 0.1 and 0.2 L/s
were used in the simulations. These flow rates were determined based on preliminary test
runs to find an optimum flow rate range that minimized the pressure drop while yielding
good heat transfer coefficient. Also a flow rate of zero was simulated to allow for a
comparison of heat pump consumption in the various cases. The zero flow rate to the infloor
loop represented the case that there was no infloor heating. Figure 17 shows the layout and

the different components of the simulation model created in TRNSYS.
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Figure 17: TRNSYS model layout of the proposed system

3.3.3 Results from Simulation

The study of different types of collectors, vacuum tube and flat plate, for the city of Toronto,
confirmed that utilizing vacuum tubes results in a higher preheat tank temperature leading to

areduction in the heat pump power consumption.

From the analyses of all the scenarios, it was seen that the house temperatures were
maintained above the required temperature of 22°C for the heating season. This allowed the

team to confirm that the annual heating demand was met by all the scenarios for both Toronto
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and Baltimore. The temperature of the preheat tank varies between 20 to 70°C over the year.

Useful energy gain from solar thermal collectors was around 3700kWh/year for Toronto.

Comparing the scenarios between the flat plate collectors and vacuum tube collectors, the
vacuum tube collectors showed better results. There was a higher reduction in the one-ton
ASHP’s energy consumption. Figures 18 and 19 show the varying heat pump consumption

for different tank sizes and flow rates with the vacuum tube collector system, consecutively.

ol | |
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E 650 — : , 80.2L/s
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i | - )
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0 150 200 250 300 350
Heat pump consumption (kWh)

Figure 18: Various tank sizes vs. ASHP consumption for different flow rates (vacuum tube system, Toronto)
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Figure 19: Various tank sizes vs. ASHP consumptions for different flow rates (vacuum tube system, Baltimore)
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From these results, the scenario where the flow rate was at 0.2L/s and the preheat tank size

was 750L indicated the lowest energy consumption of the ASHP for both Baltimore and

Toronto. It was worth noting that for Baltimore, if the flow rate to the infloor slab was low

(0.1L/s), increasing tank size would not decrease consumption, whereas for Toronto,

regardless of flow rate, a larger storage tank proved to be better.

Without the infloor heating system, the ASHP consumption increased drastically. The

simulations showed that for Baltimore, the infloor heating system was capable of meeting

most of the annual heating demand, and in Toronto, the ASHP was required, but consumption

of the ASHP was reduced to 8% of consumption required if only the ASHP was utilized.

Figure 20 indicates that the heat pump consumption increased when vacuum tube system was

replaced with the flat plate.
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Figure 20: Comparison of the heat pump consumption for different cities when flat plate was utilized

Utilizing Vacuum Tube Collectors (VTC), Tables 8 and 9 show the change in heat pump

consumption along with the consumption of the heat pump when the infloor heating was not

utilized.
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Table 8: Comparison of HP consumption for different tank sizes and flow rates when VTC was utilized (Toronto)

Toronto Flow rate into Heat pump
the infloor loop consumption
Tank
Collector Infloor
(L) (L/s) (kWh)
Vacuum tube collector 9m? 550 0.1 325.3
Tilt 10 degree 0.2 336.0
QOrientation: . .

rientation: fixed south With 650 0.1 315.8
0.2 302.9
750 0.1 253.6
0.2 2009
Without Flow - 24176

Table 9: Comparison of HP consumption for different tank sizes and flow rates when VTC was utilized (Baltimore)

Baltimore Flow rate into Heat pump
the infloor loop consumption
Collector infloor Tank
(L) (L/s) (kwh)
Vacuum tube collector 9m? 550 0.1 85
Tilt 10 degree 0.2 10.5
Orientation: fixed south With 650 01 9,1
0.2 8.7
. 9.0
750 01
0.2 6.3
Without Flow - 1453.0

The calculations demonstrated that with the higher flow rate of 0.2L/s, the 750L tank was the
best choice in terms of heat pump consumption. Although the infloor system met most of the
heating demand for Toronto and Baltimore both, the use of a heat pump was still necessary
when the weather was at an extreme temperature (cold or hot temperature) or when no solar
is available. The heat pump energy consumption for Baltimore was found to be lower than

that of Toronto due to the milder climate.
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3.4 Heat Dump Capacity of the Small Pond

The cost and energy effectiveness of passive cooling systems are both worth considering by
homeowners. These techniques can be utilized in the overall system to reduce, and in some
cases eliminate, mechanical air conditioning in areas where cooling is a dominant problem.
Early studies for the climate of Shiraz, Iran indicated that utilizing a roof pond can reduce the
cooling demand by 79.0% and 58.1% for the cases of shaded-pond, and un-shaded pond
respectively (Raeissi & Taheri, 1996). For the climate of Baghdad, Iraq, integrating an
evaporative cooling system using a roof pond with the help of a mechanical ventilator for
real-life conditions where the ratio of the roof area to exterior walls is reasonably large, the
cooling load could be reduced by around 29% (Kharrufa and Adil, 2008). An alternative
study showed that in an actual building the drop in cooling load for a single room is between
28% and 30% (Niles, 1976). Studies done in the Delhi climate indicated that the pond in a
shade (e.g. by a tree) works better than the shaded-pond (e.g. under the deck) (Spanaki, 2007)
(Tang and Etzian, 2004). The reason is that in the first case the pond water exchanges thermal
radiation with the sky at night, whereas the shaded pond, which is shaded both in day time
and at night, water exchanges heat with the ambient temperature in the shade. The cold sky as
a heat sink for radiating bodies was considered as a potential alternative to conventional
cooling techniques (Chen et al., 1991). The Cooling Storage Roof (CSR) research agency in
Omaha, Nebraska concentrated on maximizing summer radiative and evaporative heat loss
from exposed CSR surfaces (Chen et al., 1990). The coupling of the CSR with auxiliary
cooling/heating systems could provide additional energy conservation. Combining that with
the ground-coupled heat pump could result in load control features in addition to energy

conservation advantages (Chen et al., 1990)

3.4.1 Description of the System

The analyses were performed assuming the pond orientation to be on the north side of the
house. The pond dimensions were defined to be 2.2 m wide, 0.3m deep and a length of 12.3m
due to the land restriction. The system was described by having one loop made up of an
exchanger coil, with the outer diameter of 0.016m inside the pond and it was also connected
to infloor radiant loops. Sensitivity analyses were conducted to determine the reasonable

length of spool, the diameter of the pipe and various flow rates.
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3.4.2 Simulation Scenarios

A comparison between various coil diameters and tube lengths were analyzed while different
flow rates were taken into consideration. The simulations were run for the cooling season,
defined to start from May 1st to October 15th, when the house needed to be cooled down;
therefore, the simulation time period was considered to be from 2880hr to 7032hr. The
purpose of the study was to reduce the overall energy consumption by finding the best case.

The simulations were done:

e For different coil tube diameters
o 0.016 mOD,0.0l14mID
o 0.022mOD, 0.0199 m ID
o 0.029mO0D,0.027mID

e For different tube (spool) lengths

o 5m
o 10m
o 15m

o For different flow rates
o 500 kg/hr
o 1000 kg/hr
o 2000 kg/hr
o 2500 kg/hr

The results for each case were compared with the house with the pond not being integrated in
the overall system. The pressure drop in the pipe was calculated per scenario. Furthermore
the electricity consumption of the pump located in the pond loop and the heat pump were
simulated to allow the comparison of the various cases. Furthermore the electricity
consumption of the pump located in the pond loop and the heat pump were simulated to allow

the comparison of the various cases. Figure 21 shows the TRNSYS model of the system.

55



o P
2
= Ll Llp
o
. % WingWll W WingWull E &
[:‘ L g #
Wether da Heing Schudtle-1 .
F.—A . [~
5= > | — 34
- N Bowe
ey ; st WingWll § { - f
| tarp =
S P
, W (W [reem ,'42; "
= W= Hting Schadue |
Peychwomatrics p L
[P =
: -)'i'i = Fimd Shading
Weathar das-d | a— y
Light Thracholds
Pt >
; d
L»— 25— —— Lgts
—8—
b S — . 5
Typelit- Pend controllr) Cooting Puildng | t' Ay
Homsa
—_—— 3
e ~ = —=
= - -+
e a—o =
el H— Pand controlle ————3 cigul comanter Cooling Schedule > '-id
Erae 7 > Pend results
i = e,
L { \ --.
Sl pond Schedule ‘?...‘- = ==
Ax M o HRV
s -
. &
2

de k;*:'._ a Tplll  comesim
[E;—»—-» ;. Sl e ma e
Hea, I HP_+:V

ﬂ : D Coaarol
Bp Coeling

Figure 21: Design layout in TRNSYS simulation studio

3.4.2.1 Simulation Results

From the analyses, it was seen that the lowest pressure drop could be achieved by having the
flow rate of 500kg/hr (Tables 3and 4, Appendix B). The outside coil tube diameter of 0.029m
and inside of 0.027m for the case of Baltimore and 0.022m, 0.0199m for Toronto were
obtained when having flow rate of 500kg/hr. All simulations were done considering that the
house temperature was maintained below the required temperature of 24 C and above 22°C.
Comparing the scenarios between different tube lengths and diameters resulted in the
minimum total pump consumption of 211kWh for Toronto and 271kWh for Baltimore as

shown in Table 10.
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Table 10: Results from the small pond simulation for the cases with minimum pump consumption

Coil tube diameter Tube length Flow rate Pressure drop
(m) (m) (kg/hr) (m)
PR S S 0.022 OD, 0.0199 ID 15m 500 kg/hr 0.22
consumption
& 0.029 OD, 0.027 ID 10m 500 kg/hr 0.033
COﬂSUmpUOﬂ

A study of the pond pump consumption along with heat pump consumption over the cooling
period indicated the pond cooling capacity met the cooling demand of the house. For the case
of Baltimore the heat pump consumption is more. It could be explained by studying the
outside temperature profile of both cities since the cooling capacity of the pond decreases
with increasing ambient temperature and relative humidity. Figure 22 and Figure 23 show the
temperature and humidity profiles of the two cities. While there is no dramatic difference
between the humidity profiles of the two mentioned cities illustrated Figure 22, Figure 23

shows that Toronto is on average roughly 5°C colder than Baltimore.
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Figure 22: %RH profiles for Toronto and Baltimore
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Figure 23: Ambient temperature profile for Toronto and Baltimore

As indicated the house temperature remained below 24°C during the cooling season between
2880hr and 7032hr. The green graphs in Figures 24 and 25 summarize the cooling demands
of 1055kWh for Toronto and 4062kWh for Baltimore. Several occasions were detected for

Toronto with zero cooling demand.

The study of the house temperature for the case without the pond identified the time when
cooling was not yet turned on but the house required to be cooled down. In order to measure
the extra cooling power, simulations were conducted having the time extended from 2000hr
to 8000hr. The data gathered revealed a need for 835.37kWh and 647.96kWh of extra cooling

demand for the city of Toronto than Baltimore respectively.
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Figure 26 and Figure 27 show the varying heat pump consumption for the two cities for the

cases without having the pond integrated to the system.

When comparing the results for the cases without the pond, the heat pump consumption
increases drastically for the city of Baltimore; whereas, the simulation carried out for Toronto

showed a minor increase in the HP consumption.
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Figure 26: HP consumption for the system without pond for Baltimore
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Figure 27: HP consumption for the system without pond for Toronto
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According to the obtained results indicating in table 11, it was more beneficial to use the
cooling pond for the city of Baltimore. The total energy consumption of 271kWh for the case
with the pond was estimated to be half of the case without the pond, which was around
406kWh. In Toronto the heat pump consumption was obtained to be 67.0 kWh which was
less than the pond pump consumption of 211 kWh.

Table 11: Comparison between HP consumption and pump consumption

With Pond Without Pond

HP . HP
. Pond pump consumption .
consumption consumption

(kwh) (kwWh) (kwh)
Toronto 0 211 67
Baltimore 0 271 406

3.5 Utilizing PID Controller for External Shading

In the studies done by researchers for Toronto, Edmonton, Montreal, and Vancouver, Canada,
even the vegetative cover has an important role in saving residential heating and cooling
energy use. According to the results obtained from their simulations by increasing the
vegetative cover of the neighborhood by 30% (corresponding to about three trees per house),
the heating energy in Toronto can be reduced by about 10% in urban houses and 20% in rural
houses, whereas cooling energy can be reduced by 40% and 30% (Akbari and Taha, 1992).
Studying peak power and cooling energy savings from shade trees in two houses in
Sacramento, CA (Akbari et al., 1997) yielded a seasonal cooling energy saving of 30%, and a
peak power saving of 27% in one house and 42% in the other. The houses were different in

the floor area.

Also the study of possible reduction of energy demand in residential dwellings in China using
Simulink, which is based on Matlab, indicated that the shading factor can effectively reduce
the amount of required sensible cooling/heating (Mozaffari, 2003).

3.5.1 Introduction to PID Controller

The PID controller calculation involves three separate parameters; the Proportional, the
Integral and Derivative values. The Proportional value determines the reaction to the current
error. Proportional control is how most drivers control the speed of a car. The only outputs

used as a signal are not zero and one. There are proportional values from zero to one. The
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Integral value determines the reaction based on the sum of recent errors, and the Derivative
value determines the reaction based on the rate at which the error has been changing.
Controllers are used in industry to regulate temperature, pressure, flow rate, chemical

composition, speed and practically every other variable for which a measurement exists.

3.5.2 Simulation Scenarios

The goal was to define a shading control strategy that could be modeled in TRNSYS
simulation and also performed similar to the actual dynamic shading integrated in North
House. For the pervious analyses (pond and infloor heating), the proportional controller was

utilized in the model.

A PID controller was utilized to control the external shading in the simulation studio. The
optimum proportional gain, integral effect and derivative effect values were determined. In
order to establish these values, we proceeded by examination, step by step, changing only one

parameter within each simulation.

Before running these simulations, the temperature set points were introduced. The
temperatures set were at 22°C during heating and 24°C for cooling season, the values of the
controlled variable could vary from 0.2 to 1 (1 means all the shadings were closed). The
shading factor was set to be 0.2 which means 20% shading at all times.

Several comparisons of different parameter values (integral “I” and derivative “D” effect)

were studied. The best proportional value was set to be P=0.7 for all the season.

The “I” value was varied from 0.5 to 5 hours and the “D” was varied from 5 to 30 minutes.
The simulation was run for three periods of the year, heating season, shoulder season and

cooling season. Figure 28 illustrates the time intervals defined.

Heating season Shoulder season Cooling season Shoulder season Heating season

0h 1872h 4104h 6336h 8496h 8760h

Figure 28: Definition of different time intervals over one year
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For each season, different combinations of parameters were studied based on the house
temperature. The numbers of occurrences (# of OCR), meaning when the house temperature
was within the range of 22-24°C, were calculated for each combination, and the combination

with the greatest number of occurrences was selected as the best case for the corresponding

season.
Table 12: Summary of the results for the cooling season
I |D| #of | D # of i D # of | D # of | D | #of | D # of
OCR OCR OCR OCR OCR OCR
05 5 2790 05 10 4285 05 15 4262 05 20 5010 05 25 5302 05 30 4697
1 5 2381 1 10 3389 1 15 3732 1 20 4772 1 25 4330 1 30 4372
2 5 3255 2 10 3013 2 15 3919 2 20 3188 2 25 2793 2 30 3765
3 5 4144 3 10 4789 3 15 3671 3 20 3584 3 25 4656 3 30 2949
4 5 4902 4 10 4323 4 15 3579 4 20 4106 4 25 4389 4 30 5216
5 5 10127 S5 10 7734 5 15 8446 5 20 6892 S5 25 6111 5 30 6590
Table 13: Summary of the results for the heating season
I |D| #of | D | #of | D | #of i D | #of | D | #of | D | #of
OCR OCR OCR OCR OCR OCR
05 5 5841 05_10_ 5874 05 15 5146 05 20 5004 | 0.5 25 4812 [0.5 30 4968
1 5 4677 1 10 4069 1 15 3988 1 20 3788 1 25 3427 1 30 3695
2 5 13352 2 10 3316 2 15 3184 2 20 3206 2 25 3235 2 30 3078
3 5 2965 3 10 2657 3 15 3215 3 20 3586 3 25 3704 3 30 3474
4 5 3009 4 10 3330 4 15 3698 4 20 3537 4 25 4044 4 30 4024
5 5 4102 5 10 4711 5 15 4763 5 20 4890 | 5 25 48281 5 30 4817
Table 14: Summary of the results for the sheulder season
I [D| #of | D # of | D # of | D # of | D # of i D # of
OCR OCR OCR OCR OCR OCR
05 5 5234 05 10 6664 05 15 6796 ,05 20 8444 | 05 25 6690 |0.5 30 7448
1 5 876] 1 10 5349 1 15 6741 1 20 6269 1 25 6681 1 30 6652
2 5 7170 2 10 5543 2 15 4589 2 20 5588 2 25 4865 2 30 5826
3 5 5138 3 10 5347 3 15 6640 3 20 4818 3 25 5782 3 30 4856°
4 5 4303 4 10 5481 4 15 5234 4 20 4446 4 25 6303 4 30 5664
5 5 7903 75 10 9192 5 15 75684 5 20 7650 [ 5 25 69521 5 30 6490

Using the above approach the final values were defined for heating, cooling and shoulder

seasons:
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e Heating season: I=0.5 and D=10
e Cooling season: I=5 and D=5
e Shoulder season: I=5 and D=10

Finally, one simulation was run for each case to study the impact of shading on the house
temperature and cooling and heating power demand. Table 15 shows the average temperature
(Avg temp), minimum temperature (Min temp) and maximum temperature (Max temp) of the
house, without no heating and cooling supplies incorporated, along with the cooling and

heating power demands of the house for different seasons.

Table 15: The effect of shading on the house temperature and heating/cooling demand

Average Min Max Cooling Heating
Season | Shading | P | D temp temp temp demand demand
(hr) | (min) | (°C) (°Q) (*Q) (kW) (kW)
Heating w 07| 05| 10 10.67 -8.16 24.24 0 2.22
w/o 15.31 -6.8 48.56 0 0.74
Cooling w 07] 5 5 24.31 13.44 30.45 1.95 0
w/o 46.21 20 67.69 541 0
Shoulder w 07] 5 10 24.31 13.44 30.45 114 2.23
w/o 35.1 11.09 59.24 3.91 0.56

From the result, it seems that the heating demand is less when there is no shading. However,

overheating the house can be a problem if shading is not utilized during the heating season.




Chapter 4
North House Solar Domestic Hot Water and HVAC System

4.1 Description of the Overall System™"

The mechanical system in North House was designed with the goal of collecting enough solar
energy to cover the majority of the domestic hot water and space heating demands throughout

the year, while conserving every last watt of electrical power.

Solar thermal energy was captured through the use of two arrays of flow through evacuated
tube solar-thermal collectors installed on the roof. A three-tank system was incorporated with
the solar loop, including two advanced variable-capacity heat pumps. Each tank was designed
to serve a certain purpose: a large preheat tank (PHT) whose temperature floated between 10
and 80°C (50 and 176°F) stored collected solar thermal energy, a space heating tank (SHT)
kept at a minimum of 30°C (86°F) supplied hydronic space heating, and a domestic hot water
tank (HWT) kept at about 50-55°C (122-131°F) provided hot water for the occupants’ daily
activities. The tank temperatures and sizes were chosen to ensure that all space heating and

domestic hot water demands were met with ease.

Collected solar energy was delivered to the preheat tank and distributed to the rest of the
system. A heat dissipator system (Apricus HD-25 Heat Dissipator) was integrated into the
solar thermal loop in order to prevent overheated fluid from entering the preheat tank and to
prevent the collectors from getting dangerously hot. Fluid leaving the collectors was directed
to the heat dissipators via a three-way solenoid valve whenever its temperature exceeded
80°C (176°F).

In order to save energy, only the required amount of pumping power was used. The pumps
had a three-speed manually chosen setting, and were adjusted to the lowest appropriate
setting. Two fully variable speed pumps controlled by Johnson temperature controllers were
utilized. One controlled the amount of “desuperheat” being delivered to the hot water tank
(HWT) and the other one controlled the amount of heat being transferred from the preheat

XX The North House final mechanical design and the description of the system were established by the North
House engineering team. However, the energy balance study of the system using TRNSYS and the analyses of
the data including simulation and the actual data obtained during the competition are done solely by the author,
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tank to the exchanger coil of the heat pump assisted solar thermal. They automatically

adjusted capacity to the minimum required.

Space heat was distributed throughout the living space via a fan coil located in the air
handler. Space cooling demands were met through a second custom modulating heat pump to
draw the appropriate amount of heat from the air via an evaporator coil in the air handler.
This heat was dumped to a cooling pond located in the shaded area under the deck. Figure 29

shows an overall design of the system.
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Figure 29: Schematic of the North House HVAC system

The air handler and heat recovery ventilator were controlled via a Central Home Automation
Server (CHAS), which adjusted operation based on frequently measured temperature, relative
humidity, and carbon dioxide content. Based on the temperature and relative humidity set
points defined by the occupant, the CHAS automatically adjusted the mechanical system to
deliver the desired conditions for thermal comfort. The CHAS also provided optional
occupant overrides for fine adjustment of temperature and ventilation rates. The Branch
Circuit Power Meter (BCPM) allowed for the measurement of power and energy readings for
the grid connection, solar feed, and each breaker circuit in the main electrical panel. The

CHAS also provided real-time and historical feedback regarding the performance of the
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house through the GUI, where the occupant could inquire about the status of the house as

well as configure system preferences, including home control Modes.

4.2 System Components

4.2.1 Three Tank System

The solar domestic hot water system was designed with the goal of keeping each component
responsible for only one task, allowing us to fine-tune the system so that each task was

performed optimally.

The system consisted of three tanks, each designed to contain sufficient thermal mass at
temperatures ideal to perform its intended function. The first tank was the preheat tank
(PHT), a Bradford White stratified solar thermal storage tank (Model #: Ecostar S-DC-DW2-
110RSW) with upper and lower heat exchanger coils. The PHT tank served as a large thermal
mass for the collection of solar thermal energy, facilitated through the evacuated tube solar
thermal collectors. When adequate sunlight was available, sufficient temperatures were
reached allowing simple distribution of heat to the rest of the system through the use of
circulating pump and heat exchanger loops. The PHT tank contained two heat exchanger

coils:

e Lower coil for solar thermal loop (so colder water at the tank bottom was delivered to
the collectors)

e Upper coil utilized for supplying heat to low side (evaporator side) of heat pump #2

The tank receiving this heat was the space heating tank (SHT). The SHT was custom built
from a plastic drum. It contained hand-bent copper heat exchanger coils (200 feet refrigerant
tubing and 50 feet of water tubing). This 113.6 L (30 gallon) tank was responsible for
maintaining a supply of warm water for the hydronic forced-air heating system ensuring there
was a constant supply of warm water for space heating needs. Space-heating was achieved by
cycling warm water to heat exchanger coils located in the air handler. The inner four coils
(four circuits of 50 feet each) acted as a condenser for the solar assist heat pump, described

in the following sub-chapter. In order to achieve the best possible performance of the solar-
assist heat pump, it was desirable to have direct heat exchange between the condenser coils

and the hydronic fluid in the space heating tank.
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The final tank was a Bradford White typical domestic hot water tank (Model #: M-2-HE-
40S6DS) with upper and lower auxiliary electric backup heaters (each 4500 Watt) for the
absolute worst-case scenario when no solar energy was available for a long period. This tank

ensured there was a constant supply of hot water for domestic needs.

To increase the effective capacity of the domestic hot water tank, the cold water supply was
plumbed to enter through the hydronic heating coils in the space heating tank in order to get
preheated before entering to the HWT. This causes the domestic hot water tank to
immediately begin to recharge when hot water was drawn, assisting the system to have an

immediate response to meet the specific heat requirements of the occupant.

If conditions are such that solar thermal alone cannot supply adequate heat, a solar-assist heat
pump was activated, pulled heat from the preheat tank and upgraded its temperature for
delivery to both the space heating and domestic hot water tanks. Such a heat pump assisting
the solar thermal system provided a high-performance backup to the solar thermal, reducing
reliance on the electric-resistance backup elements located in the HWT. More details on this

heat pump are included below.

4.2.2 Direct-Flow Solar Thermal Evacuated Tubes

Viessman direct flow evacuated tubes were utilized (Model #: Vistol 200-T). The tubes were

installed in an east-west orientation, with 24 degrees in south-facing tilt.

4.2.3 Variable Capacity Heat Pumps

There were dedicated heat pumps for both cooling and heating function. The heat pump
Efficiency was improved because there was no reversing valve. The heat pumps had digital
scroll compressors, Copeland TM digital scroll compressors (Model #: ZPD34K5E-PFV),
allowing full modulation from 10% capacity to 100 %. This means that the heat exchangers
were more efficient due to partial loading most of the time, and cycling losses were reduced
or even eliminated. Electronic metering of refrigerant maximized efficiency of the

refrigeration cycle. Large heat exchanger surfaces also contributed to improved efficiency.

There were several reasons that the digital scroll compressor (DSC) was chosen over the
traditional variable capacity compressor. One was because in DSC, the drive motor stays at a
constant rotational velocity which results in no inertial losses. Also, the actuation of the scroll

mechanism is achieved using the high-pressure refrigerant already present in the compressor
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(animation/diagram from Copeland website)®!, and the electronic expansion control is one
of the highlights of DSCs.

Currently, digital scroll compressors are only available in nominal capacities as low as three
tons, as they are typically used for industrial refrigeration applications. As such, we were
forced to use heat pumps with over twice as much capacity as we expected to need.
However, the highly-efficient way in which the compressors modulate allowed the system to
maintain high-performance at lower capacities, while achieving rapid response when

demands were higher than expected.

Both heat pumps had a COP of about 5, and a COP of up to 10 for small delta T (temperature

difference). The refrigerant used was R-410a, which has no ozone depletion potential.

The system was designed to allow both heat pumps to efficiently deliver the required amount
of heat to exactly where it was needed. Both heat pumps automatically adjusted their
capacities in response to a signal from a Johnson temperature controller, allowing them to
deliver only the required amount of heat, eliminating wasteful “cycling”. For instance, heat
pump #1 (HP1) adjusted its capacity to ensure that air was delivered at 12°C (54°F) for ideal
cooling. And heat pump #2 (HP2) delivered most of its heat to the space heating tank (SHT)

for space heating and domestic hot water purposes.

4.2.3.1 Heat Pump Assisted Solar Thermal

As the heat pump operated to upgrade the heat in the system, it could work to chill the
preheat tank, inherently increasing the efficiency of the solar thermal collection. In the event
of a long, cloudy period, it is even feasible to chill the tank to a temperature well below
freezing (a glycol/water solution would be used), to the point below the temperature of
ambient air so that the heat gain would be still possible by simply circulating fluid in the solar

thermal loop.

4.2.3.2 Integrated Desuperheater in Solar-Assist Heat Pump

In order to allow the solar-assist heat pump to deliver heat to multiple tanks, an integrated
desuperheater (Model #: CDAX-5030-H) was installed, simply consisting of an

appropriately-sized heat exchanger located upstream of the main condenser coils. This

XX http://emersonclimate.com/Divisions/RefCopeland/Products/CC_001694.htm
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allows high-temperature heat from the superheated refrigerant to be delivered directly to the
domestic hot water tank when deemed necessary. By circulating fluid in this loop via a
variable speed pump, under typical operating conditions, up to about 10% of the delivered
heat could be transferred to the DHW tank.

The combined use of the desuperheater and space heating loads improved efficiency by
reducing combined run times and increased effective heat exchange surfaces. A detailed

schematic illustrating the high-side, low-side and desuperheater exchanger is provided in

Figure 30
®
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Figure 30: NH mechanical system schematic including component's details

4.2.4 Cooling pond

In addition to improved efficiency from the digital scroll compressor and electronic metering,

heat from the building was dumped directed to a cooling pond. Therefore, the thermal lift

was lower because the cooling pond was cooler than ambient air temperature and often lower
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than room temperature.

Heat pump #1(HP1) acted as a dedicated cooling heat pump, pulled heat from evaporator
coils in the air handler and delivered it to a pond located under the deck. As heat was
dumped to the pond it increased the pond temperature, which then began to decrease because
of the heat transferred to the ambient air through evaporative cooling and natural convection
and conduction to the environment. This innovative tactic allowed us to get the benefits of a
geothermal ground loop system without requiring any modification to the National Mall
ground. Such a concept could be easily adapted to function with a large lake or pond located
near the home, reducing the commonly high-cost of similar ground-loop systems. Figures 31

and 32 show the system lay out inside the denspack.
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Figure 31: Lay out of the three tank system inside of the denspack
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Figure 32: Ventilation system layout inside the densepack

Some of the features that improved system efficiency are summarized below.

Table 16: List of the features that improved the energy efficiency of the system

Component of the system

Impact on the efficiency improvement

Heat pump assisted
solar thermal

Heat pump #2 increased the quality of heat when available solar heat was reduced.
Therefore, reduced the need for electrical resistance heat for back-up.

Digital scroll compressor

A fully modulating (variable capacity) which earned a larger partial loading
and/or heat exchanger relative to the load ( particularly when coupled with
variable speed pumps)and also eliminated cycling (start up and shut down) losses.

Heat pump #2 by-pass

Direct transfer of solar heat to space heating and DHW loads.

Simultaneous DHW and
space heating using
desuperheater

This feature improved efficiency due to larger effective heat exchanger,
thus reduced run time

Electronic expansion valve

This component maintained accurate control of the superheat and sub-cooling
cooling, maintaining a very high efficiency of the refrigeration cycle.

Large heat exchangers

Heat exchangers were engineered to maximize efficacy

Cooling pond

Pond temperature was lower that ambient air temperature resulting in lower
thermal lift.

Circulator requires 1/8 the power to transfer equivalent amount of heat
compared to fan energy of air sourced unit.

Domestic hot water

Cold water supply to DHW tank passed through the coil in the SHT.

preheat coil Replacement water coming into the tank near the desired temperature required
| less work to bring it up to temperature.
Space Heating Tank (SHT) Innovative design incorporating closed loops for heat pump condenser and DHW coil.

Tank had direct connection to solar tank and air handler hot water coil.
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This was the heart of the system connecting space heating loads to solar tank and
heat pump while minimizing the need for pumps and heat exchangers.

Variable speed pump This feature managed the flow of heat to the domestic hot water tank to maximize
on desuperheater circuit energy storage and reduced system cycling.

Variable speed pump on This feature manages the flow of heat to the heat pump and ensures the solar tank
solar tank supply to is well stratified with cold water in the bottom.

heat pump This helps maintain maximum performance of the solar collector by lowering the

fluid temperature to the collectors.

4.3 System Performance in Simulation

The system was modeled in TRNSYS to evaluate its performance in terms of energy balance
resulting in an estimation of the solar thermal energy production and the house heating

demand.

By competition rules (Appendix D), in order to earn full points, the following requirements

had to be met:

e Comfort Zone:
o House temperature between: 22°C - 24°C
o Relative Humidity between: 40% - 55%
e Hot Water:
o Average temperature of 43.3°C delivered from the tap

Various calculations and simplified simulations were performed in order to verify the
performance of the solar thermal/mechanical system. A TRNSYS model of the three-tank
was assembled. Many of the components used in the system could not be modeled using the
available TRNSYS modules. Simplifications were made to the heat pump and heat exchanger
bypass loop. The TRNSYS model aided the team in sizing mechanical equipment (heat

pump, tanks, backup heaters) as well as the solar thermal collector array size.

4.3.1 Simulation Details

A calendar-based forcing function was set up in TRNSYS, based on the provided
approximate schedule of domestic hot water (DHW) competition draws as summarized

below. The following assumptions were made based on competition rules and regulations:

e A shower was set to a 10 minute, 56 L draw of water.

e Dishwashing was set to a 5 minute, 20 L draw of water.
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o Clothes washing was set to a 12 minute 60 L draw of water.

o Where consecutive clothes washing competitions were scheduled, a 48 minute

120 L draw of water was simulated.

Table 17: Domestic hot water draw (DHW) schedule

Day 1:

:30 am:
11:30 am:

Day 2:
10:30 am:

5:30 pm:
9:00 pm:

Day 3:
5:30 pm:
6:00 pm:

Day 4:

9:20 am:
5:30 pm:
6:00 pm:

:30 am~10:30 am:
§:30 am-11:30 am:

:30 pm - 9:30 pm:

6:30 pm —9:30 pm:

Dishwashing
Clothes Washing
Shower

Shower

Shower
Clothes Washing (2 load)
Shower
Shower

Shower
Shower
Dishwashing

Shower
Shower
Shower

Day 5:

R:30 am:

3:30 pm ~9:30 pm:
6:30 pm:

Day 6:

3:30 am:
3:00 pm - 6:00 pm:
3:30 pm:
4:30 pm:

Day 7:
ﬁ0:30 am:
3:00 pm:

Day 8:
5:00 am:
5:30 am:
B:30 am - 9:30 pm:
E:OO pm:
:30 pm -9:30 pm:

B:00am—11:00 am:

10:00 am —4:00 pm:

1:00 am ~ 2:00 pm:

Shower
Clothes Washing (2 load)
Shower

Clothes Washing
Shower
Dishwashing
Shower

Shower

Clothes Washing (2 load)
Shower

Dishwashing

Shower

Shower

Shower

Clothes Washing (2 load)
Shower

Dishwashing

The HWT monitoring temperature was set to 50°C and for the SHT tank the temperature
varied from 35°C to 80°C (low set-point and high set-point).

The simplifications made in the TRNSYS model are as follows:

e It was not possible to simultaneously model both a heat pump and a heat exchanger
bypass loop between the preheat tank (PHT) and the space heating tank (SHT).

o It was also not possible to incorporate dynamic heating demands on the system, due

to limitations on the stratified tank module used.

o Hydronic heating demand was instead simulated by increasing tank losses in

the hydronic tank (SHT) as specified in the following table (corresponding to

the appropriate peak heating values for each month)




Table 18: SHT tank heat loss schedule

Max Average

(kW) (kw) (ki/hr)
January 1.7 0.5 1800
February 16 0.42 1512
March 13 0.23 828
October 0.9 0.06 216
November 11 0.28 1008
December 1.54 0.5 1800

The simulations were run for Toronto and Baltimore and the simulation time-step was two
minutes. For each city, the system energy balance was estimated for the heating season and

cooling season individually. Table 19 describes how each season was defined in the

simulation.
Table 19: Time intervals for heating and cooling seasons
Heating Season 0-3240hr (Jan 1st- April 15th)
6552-8760hr (Sep 27th to Dec 31st)
Cooling Season 2280-6984hr (April 1st- Oct 10th)

Figures 33 and 34 describe the reason why the heating season defined to end on April 15 and

also the cooling period was set to end on October 10.
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Figure 33: House temperature and heating/ cooling loads in October, Baltimore

As shown in Figure 33, the red graph describes the house temperature, the blue one is the
house heating demand and the pink is the house cooling demand. The simulation showed that
even in October the house would need cooling in order to maintain the temperature below

24°C.

The same scenario was repeated to set the heating period. Figure 34 below provides an

explanation in that regard.
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Figure 34: House temperature and heating/ cooling loads in April, Baltimore

4.3.2 Simulation Results

For all the simulation scenarios the supplied hot water temperature coming out of the HWT
was maintained above 43.3°C as required by competition rules. However, the SHT
temperature varied based on the heating demand but was well maintained in the temperature
range set-points (35-80°C).

Figures 35 and 36 show the HWT temperature and the auxiliary heater (electrical heater)
signal for the case of Baltimore. The auxiliary heater set point was 5S0°C and it had an off-set
of 5°C. As illustrated in Figure 35 during the heating season, the electrical heater turned on

more often than in the cooling season shown in Figure 37.
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Figure 35: HWT temperature and backup electric heater signal during the heating season (Baltimore)
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Figure 36: HWT temperature and backup electric heater signal during the cooling season (Baltimore)
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Figure 37 indicates that the SHT temperature did not drop below 50°C even during the

heating season. In the cooling season the temperature inside this tank reached up to the

maximum set-point of 80°C (Figure 38).

Temperatuse {degree C)
»

Simulation Time =3240.00 [r)

Figure 37: SHT temperature during the heating season (Baltimore)
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Figure 38: SHT temperature during the cooling season (Baltimore)

The house temperature as shown in Figure 39 verifies that the thermal comfort requirement

was met through the heating season.

Seaation Time =3240 00 (]

Figure 39: House temperature during the winter (Heating season, Baltimore)
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The same procedures were performed to study the tank temperature for Toronto. The results
showed that the backup heater, inside the HWT, turned on more often during the heating
season than in the case of Baltimore. This is due to the colder Toronto weather during the
winter. The majority of the heat extracted from the SHT was used for space heating purposes.
The space heating demand over one year for Toronto is 1.6 times that of Baltimore. Figures
40 and 41 illustrate the HWT temperature and backup electric heater signal during the heating
and cooling season for Toronto.
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Figure 40: HWT temperature and backup electric heater signal during heating season (Toronto)
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Figure 41: HWT temperature and backup electric heater signal during cooling season (Toronto)

The SHT temperature dropped to the lowest set-point 35°C in the heating season as shown in

Figure 42 but it reached 80°C during the cooling season as illustrated in Figure 43..
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Figure 42: SHT temperature during heating season (Toronto)
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Figure 43: SHT temperature during cooling season (Toronto)
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By analyzing the data obtained from the simulation, the total solar thermal energy production

of the system and also the energy transfer between components of the system were estimated.

In order to evaluate the system performance, the annual space heating demand of the house
was estimated using TRNSYS. The annual hot water demand was calculated based on the

average hot water draw of 220 liter/day. The results are indicated in Table 20.

Table 20: Space heating and hot water energy requirements

Baltimore

Space heating demand 2835 kWh/year
Hot water demand 3737 kWh/year
Total 6572 kWh/year

Tables 21 shows the data obtained from simulation after the three-tank system was modeled.
The amount of energy produced by VTC and the energy transfer between the components are
described in the table. The space heating demand of the house is also included so that it
would be easier to compare the energy provided by the solar system and energy demand by
the house. According to results, the system was able to generate enough energy to meet most
of the energy required for space heating and hot water purposes. Approximately 3804 kWh of
hot water demand and 2971kWh of heating demand were required. The system collected
5317kWh of solar energy (neglecting the system losses), thus the solar fraction for Baltimore

over one year was estimated to be 81%.

Table 21: Energy balance study of the NH heating energy production/demand for Baltimore

Cooling Tank heat
Baltimore Heating Season season Total loss
0-

3240hr | 6552-8760hr | 2280-6984hr

(kWh) (kWh) (kWh) (kWh/year) | (kWh/year)
VTC production 2495 1456 1366 5317
PHT to HP 2411 1424 1356 5192
HP Consumption 769 464 421 1653 PHT=125
HP to SHT 3010 1816 1654 6479 SHT=120
SHT to space heating 1867 1105 0 2971 HWT=97
SHT to HWT 1123 666 1598 3388
HWT auxiliary heater 221 245 46 513
Energy extracted from HWT for HWD 1326 908 1571 3804
Space heating demand(SHD) 1777 1059 2835
Domestic hot water demand(DHWD) 3737
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SHD+DWHD

6572

Solar fraction (%)

81

The solar fraction is defined as the solar thermal energy collected divided by the total thermal

energy demand. For Toronto, this number was estimated to be 71% as shown in Table 22.

This should improve if a more thermally massive storage system is used (i.e., borehole

storage or a larger tank).

Table 22: Energy balance study of the NH heating energy production/ demand for Toronto

Cooling Tank heat
Toronto Heating Season season Total loss
0-

324Chr | 6552-8760hr | 2280-6984hr

{kWh) {kwWh} {(kWh) {kWh/year) | (kWh/year)
VTC production 2370 2300 1260 5930
PHT to HP 2328 2275 1212 5815
HP Consumption 782 465 405 1653 PHT=115
HP to SHT 3110 1855 1576 6541 SHT=124
SHT to space heating 2925 1766 0 4691 HWT=96
SHT to HWT 166 30 1530 1726
HWT auxiliary heater 1123 977 55 2155
Energy extracted from HWT for HWD 1273 941 1571 3785
Space heating demand 2874 1741 4615
SHD+DWHD 8352
Solar fraction (%) 71

The solar thermal energy production numbers were found by continuously running fluid

through the collector as long as the temperature of the fluid coming out of the collector was

higher than the one going in. In reality, the pump was only running when there was

approximately 5°C difference between the inlet and outlet temperatures (as controlled by the

solar thermal pump controlling unit). These numbers are therefore overestimated, but provide

the team with a good approximation of the potential for thermal energy production.

The analyses were continued by running the simulation for different cities across Canada

including Vancouver, Edmonton, Halifax and Montreal. The solar fraction varied from each

city but it shows that the solar system contributed more than 60% of the system energy

requirement. Tables 23, 24, 25 and 26 show the results.
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Table 23: Energy balance study of the NH heating energy production/ demand for Vancouver

Cooling Tank heat
Vancouver Heating Season season Total loss
0- 6552-

3240hr 8760hr 2280-6984hr

(kWh) {(kWh) (kwh) (kWh/year) | (kWh/year)
VTC production 1797 1713 1281 4792
PHT to HP 1752 1692 1222 4666
HP Consumption 580 539 404 1523 PHT=126
HP to SHT 2324 2108 1606 6039 SHT=130
SHT to space heating 1845 1426 0 3271 HWT=97
SHT to HWT 472 630 1530 2631
HWT auxiliary heater 801 191 54 1047
Energy extracted from HWT for HWD 1195 815 1571 35381
Space heating demand 1793 1364 0 3158
SHD+DWHD 6895
Solar fraction (%) 69

In Edmonton, Halifax and Montreal the space heating demand was relatively high. Therefore,
the amount of energy consumed by the auxiliary heater inside the HWT is noticeable. The
VTC production was the highest in Edmonton where the amount of space heating demand has
the highest value.

Table 24: Energy balance study of the NH heating energy production/ demand for Edmonton

Cooling Tank heat
Edmonton Heating Season season Total loss
0- 6552-

3240hr 8760hr 2280-6984hr

(kwh) (kWh) (kWh) (kWh/year) | (kWh/year)
VTC production 2723 1994 1343 6060
PHT to HP 2699 1948 1286 5933
HP Consumption 886 638 405 1930 PHT=127
HP to SHT 3536 2521 1618 7676 SHT=115
SHT to space heating 3467 2476 0 5943 HWT=94
SHT to HWT 55 33 1530 1618
HWT auxiliary heater 1039 713 55 1807
Energy extracted from HWT for HWD 1033 726 1571 3331
Space heating demand 3310 2399 5709
SHD+DWHD 9446
Solar fraction (%) ) 64
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Table 25: Energy balance study of the NH heating energy production/ demand for Halifax

Cooling Tank heat
Halifax Heating Season season Total loss
0- | 6552

3240hr 8760hr 2280-6984hr

{(kWh) {kwh) (kWh) (kWh/year} | (kWh/year)
VTC production 2447 1357 1579 5383
PHT to HP 2396 1313 1546 5256
HP Consumption 802 435 497 1734 PHT=127
HP to SHT 3170 1778 1629 6578 SHT=132
SHT to space heating 2968 1680 0 4648 HWT=53
SHT to HWT 150 78 1569 1798
HWT auxiliary heater 1042 693 56 1791
Energy extracted from HWT for HWD 1139 766 1591 3496
Space heating demand 2851 1595 4446
SHD+DWHD 8183
Solar fraction (%) 66

Table 26: Energy balance study of the NH heating energy production/ demand for Montreal
Cooling Tank heat
Montreal Heating Season season Total loss
. 0-

3240hr | 6552-8760hr | 2280-6984hr

(kWh) {(kWh) {kwh) {(kWh/year} | (kWh/year)
VTC production 2813 1764 1265 5841
PHT to HP 2796 1635 1222 5713
HP Consumption 919 552 405 1876 PHT=128
HP to SHT 3634 2206 1620 7460 SHT=132
SHT to space heating 3108 2114 0 5223 HWT=93
SHT to HWT 489 86 1530 2105
HWT auxiliary heater 720 640 54 1414
Energy extracted from HWT for HWD 1129 725 1571 3426
Space heating demand 3023 1951 4974
SHD+DWHD 8711
Solar fraction (%) 67

While studying the solar thermal system, the simulation showed that for Edmonton, Halifax

and Montreal, during the heating season, when the house needs space heating, the heating
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system 1s required to operate over a longer period. Figure 44 shows the house temperature
profile in Halifax. The pink graph indicates the space cooling demand and the red graph is the
house temperature. It illustrates that even during the period defined as the cooling season, the
house temperature dropped below 22°C, as a result heating was required.
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Figure 44: House temperature profile during the cooling season, Halifax

4.4 Sensitivity Analyses

Sensitivity analyses were performed for Toronto in order to investigate whether the design is
close to optimal. In each scenario one variable was changed and the solar fraction for that
particular case was calculated. Vacuum tube collector tilt angle (VTC tilt angle), preheat tank
(PHT) size, solar collector area and domestic hot water demand (DHWD) were the

parameters which were studied. Table 27 summarizes the results obtained from the analyses.
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Table 27: Results from the sensitivity analyses

Toronto
VTC tilt angle ::: Collector area DHWD VTC production | Solar Fraction
(degree) (titer) (m?) (kWh/year) (kWh/year) (%)
25 416 12 3737 5930 71
25 750 12 3737 5968 71
25 416 24 3737 6191 74
90 416 12 3737 5999 72
25 416 12 2242 4994 73

The result obtained from the base case (North House design) was used as a reference. Thus

solar fraction of 71% was compared with the result from different scenarios.

As indicated in Table 27, having a larger collector area, bigger tilt angle and reduction of the
domestic hot water demand by 60% increased the percentage of the solar fraction.
Incorporating a bigger preheat tank slightly increased the solar thermal production; thus, the
solar fraction changed by approximately 0.5%.

The collector angle could not be increased and the amount of hot water demand could not be
decreased due to competition rules. Utilizing more arrays of thermal collector resulted in
reducing the number of PV panels. The solar fraction of the existing system compared
favorably with that of a bigger collector area; therefore, there was no need to decrease the

number of PV panels.

4.5 Competition Measured Data

The system performance can be verified by analyzing the competition measured data. Except
for the house temperature and relative humidity (%RH), which were obtained from DOE
measures, the data presented in this section are the data collected by Team North. Figure 45
shows how the heating system responded to the indoor temperature. As illustrated in Figure
45 the cooling and heating signal were activated in response to the indoor temperature
variations. The house temperature was well within the range. However, on October 16, due to
some unfortunate circumstances, the team was forced to completely open the door during the
public tour. As indicated in Figures 45 and 46, the outside temperature was relatively low and

%RH was high due to the weather condition. It was raining constantly for four days and it
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was cold. Therefore, the system was not able to stabilize the indoor conditions. Figure 46
explains that the house maintained, on the average, 45%RH when the outside %RH

dramatically fluctuated.
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Figure 45: Response of the heating system to the temperature variations
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Figure 46: Comparison between the exterior %RH and the house %RH
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Figure 47, describes the system performance on that particular day (October 16). In order to
analyze the control system, the component signals were multiplied by some numbers for

clarification. During the competition the SHT was maintained between 40°C and 60°C

(Figure 48), but on October 16 it dropped below 40°C. The heat pump was constantly turning

on and off to increase the SHT (space heating tank) temperature, but the system could not
bring the house temperature above 18.63°C. This number was the house maximum

temperature recorded by DOE.
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Figure 47: Space heating scenario on Oct 16th from 8:00PM to 12:00AM

The temperature fluctuation inside the preheat tank (PHT) and space heating tank (SHT) is
graphed in Figure 48. P3 is the pump in the bypass loop. It was activated when the
temperature inside the preheat tank was high enough. Therefore, the heat was transferred to
space heating tank directly without activating the heat pump. When the water temperature
inside the preheat tank is not high enough because of insufficient solar availability, the heat

pump HP2 signal was activated to keep the space heating tank to the desired temperature.
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Figure 48: Analysis of the tank temperature and control signal in the PHT and SHT loop analysis

As shown in Figure 49, the temperature of the hot water supplied by hot water tank (HWT)

remained above 43.3°C as required by completion rules. P4 is the pump in the SHT-HWT
loop.

The preheat tank temperature profile is illustrated in Figure 50. It relatively followed the

ambient temperature.
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Figure 50: PHT temperature relative to outdoor temperature
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Chapter 5

North House Energy Balance (Competition Data vs. Simulation
Data)

5.1 Energy Production

The amount of PV generation and the solar thermal energy production are summarized in the
table below based on the measured data from the competition. Figure 51 below shows the
amount of energy generated by an approximately 9kW PV system on the roof and SkW

custom PV cladding on the south, east and west facades.
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Figure 51: PV system energy generation during the competition, Washington

The solar thermal energy production is summarized in Figure 52. On October 7, the amount
of PV generation according to Figure 51 was low; whereas, the solar thermal energy
production on the same day was considerably high. The reason for that is because on October
7, teams were allowed to charge their solar thermal systems before the official competition

time.
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Figure 52: Solar thermal system energy production during the competition, Washington DC

The solar energy production results by the competition measures and by the simulation data

are summarized in Table 28.

Table 28: Results for the solar energy production during the completion and data obtained from simulation

Competition Simulation
(kwh/10 days) | (kwh/10 days)
Washington
DC Baltimore
Solar thermal energy production 92 140
PV generation 272 197

As mentioned before, when comparing the results from the competition data and simulation
data, it is necessary to remember that the competition measures are based on Washington DC

weather data, and the simulation results are provided based on Baltimore weather data.

According to Table 28 the amount of the solar thermal energy production by simulation is
more than that of the competition; whereas, the PV energy generation is more during the
completion than the amount estimated by the simulation. The inconsistency can be explained

by comparing the Baltimore and Washington ambient temperature and solar radiation data for
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the 10 days of competition. Unfortunately, the solar radiation data for Washington DC was
not accessible; therefore, the comparison of the solar radiation was not investigated. Based on
the data measured by the team during the competition the outside temperature was compared
to the Baltimore weather data. Figure 53 shows that actual outside temperature in Washington

was colder than the average outside temperature data for Baltimore.
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Figure 53: Comparison between Washington DC and Baltimore outside temperature for the ten days of competition

3.2 Energy Consumption

In order to evaluate the estimations based on the system modeled, the competition measured
data require to be analyzed and compared with the expected results from simulation. From
the data collected in ten days of competition, the annual consumption of each individual
component and system can be estimated. Table 23 explains the deviation in the energy
consumption of components when estimated by simulation and by the data collected during

the competition.

While comparing the data measured during the competition and the data obtained from
simulation, it is important to consider that the competition measurement was based on the
Washington weather condition (actual data); whereas, the simulation estimations are based on

Baltimore average long-term weather data. The weather characteristics of these two
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geographic locations are slightly different. In addition, the estimated house consumption over

one year is significantly higher than the consumption obtained from simulation. The reasons

for that are explained in the following sections.

Table 23: North House energy consumption by competition measures and simulation measures

Competition | Estimated | Simulation
Energy consumption by each individual system/equipment | kWh/10days | kWh/year | kWh/year
External Shading 10 3689 N/A
Internal Blinds 3 109 N/A
Lighting 24 869 659
ALIS 17 614 N/A
Bed 0.32 12 N/A
Miscellaneous (including entertainment system) 16 592 486
Total consumption by above equipment 70 5885 1145
Appliances
Oven Not used N/A 166
Stove 9 330 255
Fridge 7 263 297
Dishwasher 3 122 190
Washer 5 183 129
Dryer 17 613 419
Total consumption by appliances 41 1511 1186
Mechanical equipment

HWT Auxiliary Heater 30 1111 603
AHU+HRV 6 212 395
HP#1 (cooling) 43 3256 674
HP#2 (heating) 37 2346 1785
Pumps 3 126 N/A
HVAC Control 18 662 N/A
Total consumption by mechanical equipment 137 7713 3457
Total house consumption 248 15109 5788

Using the data from ten days in Washington, the energy consumption over one year was

estimated by simply multiplying the energy consumption during one day by the number of
days in one year (365 days). This approach was used for all the equipment except the cooling

and heating heat pumps.
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In order to calculate the consumption of heat pumps, the cooling degree days and heating
degree days must be measured based on the hourly outdoor temperature (Washington weather

data).

A cooling degree day (CDD) is a formula measuring how hot it has been relative to a base
temperature over a 24 hour period. The greater the number of cooling degree day
measurement, the more the air conditioner needs to be running. A similar concept applies to
that of heating degree days except a heat pump is the device expected to be working

additional time. The cooling degree day is a guideline to help plan for energy usage.

The method used to determine the cooling degree day number is to use the average
temperature for the day in question. This average temperature would then be subtracted from

18°C. The result would be the cooling degree day amount for that particular day.

After using this method over ten days for Washington weather data, the accumulated CDDs
and HDDs were obtained. These values were calculated for one year. Finally, knowing the
heat pump consumption for CDD or HDD for ten days, the annual consumption can be
calculated. The total CDD and HDD for Baltimore were estimated to be 644.8 and 2571
respectively. For the competition period in Washington DC, the total CDD was 8.5 and HDD
was 40.3.

The analyses of data in Table 23 is broken into three parts

e Case 1: External shading, Interior Blind, Lighting , Bed, ALIS and miscellaneous
loads
e Case 2: Appliances

e Case 3: Mechanical equipment

5.1.1 Case 1: External shading, Interior Blind, Lighting, Bed, ALIS

Having an approximately 369kWh energy consumption for the external shading is not
considered as an efficient design and it was potentially unnecessary. By either manually
controlling the shading and blind, or having a simpler controller, the consumption of 478kWh

for both interior blinds and exterior shading, could have been reduced.

The lighting in North House was initially designed to be a pioneer design in efficiency
measures. However, the result shows that the electrical consumption is as high as in a typical

house. According to a study done on the lighting electricity consumption per dwelling in
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Canada (Fung & Ugursal, 1996), on the average, electricity consumption by a flat apartment
in Ontario is 865kWh/year which is relatively close to the North House lighting consumption.

ALIS and Bed were not included in calculating in the house consumption. Miscellaneous

loads including TV and laptop were close to the amount expected.

5.1.2 Case 2: Appliances

Expect for the washer and dryer, the appliance loads were as anticipated. In the simulation
the oven was one of the appliances integrated into the house. However, during the

competition it was not used.

5.1.3 Case 3: Mechanical Equipment

The dedicated cooling heat pump had a high consumption due to the competition public tour.
During the public tour more than 1000 people walked through the house. As a result, the
house temperature was increased. Therefore, to maintain the house temperature and relative
humidity within the acceptable range in preparation for the test period™" which was
scheduled to take place one hour after public tours, the heat pumps were working during
these events. Depending on the outside weather condition either the cooling heat pump or the
heating unit was required. In some cases when the weather was cold during the day,

excessively cool air entered through the open doors.

For that reason the heat pump consumptions were significantly high and since we used these
numbers to estimate the annual consumption, the results show high values. The same scenario

was applied to HRV and AHU.

High consumption of the HVAC control was not predicted; therefore, it was not considered

asa consumption measure.

The overall results for energy production and energy consumption of North House are
summarized in Figure 54. During the 10 days of competition in Washington DC, the PV
system generated 271.6kWh of electricity, and the solar thermal system produced 91.7kWh
while the house consumption was 249.1kWh. According to the obtained results North House

was a net-positive house to a considerable extent.

XXI Test period: When the house temperature and relative humidity were monitored by DOE
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Figure 54: North House energy production/consumption during the competition

5.3 Score of North House in US DOE 2009 Solar Decathlon

The Solar Decathlon consisted of ten contests that centre on all of the ways in which we use
energy in our daily lives. During the competition the teams received points for their

performance in ten contests and opened their homes to the public (Appendix D).

Team North — Team Ontario/BC — was ranked 3™ place in the comfort zone contest, 3™ place
in net-metering, 3" place in communication and 4th place in the final competition. Figure 55

shows how the teams were ranked over competition contests.
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Chapter 6

Conclusion and Recommendation

6.1 Conclusion

Team North’s goal was to design and deliver North House, while building Canada’s next
generation of leaders in sustainable design. The combination of active and passive solar
design, integrated energy production, customized component, and mobile interactive

technologies was a powerful vehicle of advancement in the Canadian New Housing industry.

Despite the highly insulated building envelope of North House, energy harnessing was
integrated into virtually every surface of the building. A large photovoltaic (PV) array on the
roof, complemented by custom PV claddings on the south, east and west facades were the
energy producer. The use of a three-tank heat transfer and storage system enabled the
evacuated-tube solar thermal collectors on the roof to meet most of the hot water and space
heating demands. The house featured both active solar technologies, such as solar thermal
heating and PV systems, to maximize energy collection and production, and passive
technologies to minimize energy consumption. In order to maintain an optimal balance
between energy-efficient operation and a high degree of occupant comfort, these technologies
were complemented by an intelligent integrated control system which helped manage the

energy consumption of the home while notifying the occupants of their actions.

The house was modeled in TRNSYS to initiate the system performance assessment. Analyses
were conducted for the city of Baltimore, which was the closest available city to Washington
D.C. in the TRNSYS weather library, and five major Canadian cities. From the simulation
results, the annual energy collected by the solar thermal system was 5317kWh, which
resulted in the solar fraction of 81% for Baltimore. For Toronto the energy produced was

5920kWh per year and the solar fraction was 71%.

The result also indicated that in different regions of Canada, some of which have extreme
climate conditions, the design can still make enough energy to meet most hot water and space

heating demands.

As indicated in Figure 56, in Vancouver, Edmonton, Halifax and Montreal the solar fraction
was estimated to be 69%, 64%, 66% and 67% respectively. Studying the energy balance of
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the system also indicated that for each of these cities the heating season definition needs to be
extended to some extent, meaning that in order to maintain the desired temperature inside the
house the space heating system needs to be activated over a longer period than that of

Toronto and Baltimore.
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Figure 56: % solar fraction for different cities across Canada

North House was predicted to annually consume less energy than it consumed during the
competition. Results from the competition measures revealed that there were some
unforeseen measures that should have been addressed. These miscellaneous, unpredicted
consumptions increase the house energy consumption level. Some of these surprisingly high

consumptions included the external shading blinds, ALIS, HVAC control and lighting.

The cooling HP and heating HP were two devices which consumed surprisingly more energy
that what expected. However, there were some explanations for some of these higher than
normal heat pump consumptions. Unlike a typical house mechanical system, the North House
heating and cooling systems had to operate in parallel during the competition period. The
heating and cooling systems were required to operate simultaneously due to the weather
conditions and occupancy level. Having more than 1000 people walking through the house on
a cold and humid day required the heating system to prevent the temperature level from
dropping significantly due to the cold air entering the house from open doors, and the cooling
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system had to run when the occupancy level inside the house was high to avoid high
temperature. In addition, both heating and cooling were required to maintain the indoor %RH

level duo to higher than usual unwanted infiltration because of the public tour.

Despite the fact that North House experienced severe weather changes during the ten days of
competition, it was identified as one of the net-positive houses while maintaining the required
level of thermal comfort. The house energy generation in ten day was 363.3 kWh (PV+ solar
thermal) while consuming 249.2 kWh. As a result, the house used 69% of the energy it
produced. This number could have been even less if more consideration had been taken to

utilize more energy efficient equipment.

The result of this combination of technologies produced a home that produced a surplus of

energy annually, making the home net energy positive.

6.2 Recommendations and Future Work

Change requires action. To significantly conserve, increase and smartly distribute the energy
generation to meet our energy targets - and thereby bring us closer to an innovation which is

more than a net positive house - adaption of the following measures should be considered:

It is desirable to utilize more energy efficient appliances and reduce the lighting consumption

by reconsidering the lighting options.

The automated components that consume high amount of energy, such as exterior blinds,

HVAC controller, need to be replaced by a simpler, thus more energy efficient equipment.

The electronic retractable bed which consumed considerable amount of energy could be

either optional or removed.

The heating and cooling heat pumps need to be replaced by the same type but smaller
capacity since the capacities of the heat pumps were oversized for the North House
application. When reducing the HP capacity the energy consumption will be significantly

reduced.

Utilizing an economizer with HRV is another option to reduce the energy demand by the
house. The HRV and economizer can be manufactured as one unit. The economizer will be
considered as mechanical equipment that helps to cool down the house. There is no heat

exchanger inside the economizer to transfer the heat. During the time interval when cooling is
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required the economizer can help to reduce the energy demand under certain conditions. In
the early morning or during the night if the outside temperature and relative humidity are less
than the house temperature and %RH , the economizer will by-pass the HRV heat exchanger
and send the cooler outside fresh air inside and take the exhaust air out without transferring
any heat between two streams. The only difference when economizer is operating is that

depending on the amount of cooling required, the fan speed might be on the high cycle.

Integrating infloor heating and cooling are the other option that assists in reducing the house
energy demand. The infloor cooling can for some cases, such as Baltimore, eliminate the heat

pump energy consumption as shown in section 3.4.

Utilizing water conservation appliances, ultra low shower head and aerators are the solutions
towards reduction of hot water demand. In addition, using a gray water heat recovery system

assists in reducing the energy demand by solar hot water system.

Having more thermal mass inside the building reduces the heating and cooling demand.

PCMs can be added to the ceiling and walls to achieve this goal.

A more significant step needs to be taken toward house energy analysis by having a regular
progress report based on monitoring the system. The house needs to be monitored over a long

period to investigate the performance of the system in more detail.
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Appendices

Appendix A

Appliances Energy Consumption

Major Appliances:

Table 1 summarizes the energy consumption of the major appliances utilized in the North House and the SUI House projects. These

appliances are also compared to a typical home’s appliances assumed by CMHC standards (National Rescores Canada, 2005) in terms of

their energy consumptions. Energy consumption of appliances is based on product specifications modified where necessary. For example for

North house, double occupancy was expected.

Table 1: Comparison of the appliances energy consumption of the North Hose, SUI House and a Typical House

North House SUI House Typical House by CMHC Standards
Appliances Energy Appliances Energy Appliances Energy
Consumption Consumption Consumption
(kWh/year) {kWh/year) {(kWh/year)
Refrigerator/Freezer Refrigerator/Freezer Refrigerator/Freezer
min. capacity of 440 L (15.5
Liebherr HC1060 297.0 GE Monogram 48" 592.0 ft3) 693.0
Dishwasher Dishwasher Dishwasher
min. capacity of 150 L
Gaggenau DF 261 760 190.0 Asko D3531 194.0 volume 615.0
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Estimated Energy/ year for North House 114.0
Oven Stove Stove
Gaggenau BO 250-611 166.4 Frigidaire BFEF323C* 438.0 min. 4 burners and
Cooktop min. 60 L capacity for oven 758.0
Gaggenau Vi 221 254.8
Clothes Dryer Clothes Dryer Clothes Dryer
Bosch Axxis condensation 419.0 Miele T9800 537.0 min. capacity of 140 L 848.0
416 cycles/year in quoted energy consumption 416 cycles/year
Estimated Energy/year for North House 209.5 in quoted energy consumption
208 cycles/ year
Clothes Washer Clothes Washer Clothes Washer
min. tub capacity of 60 L
Bosch Axxis plus 129.0 Whirlpool WFW8500SR 152.0 volume 802.0
392 cycles/year in quoted energy consumption
Estimated Energy/year for North House 51.3
156 cycles/year
Flat Screen TV Color TV Color TV
Samsung LN-R3228W 32" 127.8 26"- 36" Refer to SUI
Active mode (Table 2) 179.4
Standby mode (Table 2) 36.7
Desktop Computer Desktop Computer Desktop Computer
Assume average draw of 70W with LCD display 76.4 Active mode (Table 2) 70.5 Refer to SUI
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Standby mode (Table 2)

12.0

Misc. Plug Loads

Assume average load of 25W

218.4

Misc. Plug Loads
Refer to Table 1

Misc. Plug Loads
Refer to SUI

According to the above table energy consumption of the major appliances of the North House and the SUI house were significantly improved.

Comparing with the typical home appliances, excluding the miscellaneous appliances, the energy consumption was reduced by 57% and 45% for

the case of the North House and the SUT house respectively.

Minor and Miscellaneous Appliances:

Energy consumption by minor and miscellaneous appliances and electronic devices is highly variable on the ownership and discretionary usage

of the number and type of equipment available. In North House project, plug loads were based on anticipated usage schedule and average power

draws. Table 2 indicates the minor appliances suggested for the SUI house. Utilizing selected minor appliances resulted in average 69%

reduction in the energy consumption to compare with typical appliances (Fung et al. 2007). The following is a table of certain categories of

electronics that could have been used. Values were taken from different manufacturers.

Table 29: List of minor appliances with their electronic requirement, time of usage and the resultant energy consumption (Fung et al., 2003)

nciveode | Usge | goinie | swndbymode | TR | O tion | consumpton

" (Watt) (hr/week) (kWh/year) (Watt) {hr/week) (kWh/year) (kWh/year)
Appliance Min | Average Min Mean Min | Average Min Mean Min Mean
Color TV, <26" 29.0 60.8 20.1 304 63.6 0.0 2.7 147.9 0.0 21.0 30.4 84.7
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Color TV, 26"-36" 55.4 86.2 40.0 115.3 179.4 0.0 5.5 128.0 0.0 36.7 115.3 216.1
TV/VCR Combo 37.5 54.4 17.7 345 50.1 2.5 8.4 150.3 19.5 65.7 54.1 115.9
VCR 6.8 15.1 11,2 4.0 8.8 0.6 49 156.8 4.9 39.9 8.9 48.7
Game Console 59 22.2 7.2 2.2 8.3 0.0 04 160.8 0.0 3.2 2.2 11.5
Computer 25.0 58.5 23.2 30.1 70.5 0.0 1.6 144.8 0.0 12.0 30.1 82.6
Laptop Computer 13.4 20.7 14.8 10.3 15.9 0.4 1.7 153.3 3.2 13.7 13.5 29.7
Computer Monitor,17" 36.0 71.9 28.2 52.8 105.4 0.0 0.7 139.8 0.0 4.8 52.8 110.3
Computer Monitor,19" 38.0 77.7 50.5 99.8 204.0 0.0 1.1 117.5 0.0 6.7 99.8 210.7
Computer Monitor,21" 75.0 113.1 60.0 234.0 352.7 0.0 0.7 108.0 0.0 3.7 2340 | 3564
Inkjet Printer 23 124 14.0 1.7 9.0 0.0 2.7 154.0 0.0 21.3 1.7 303
Laser Printer 23.0 34.0 7.2 8.6 12.8 0.0 1.8 160.8 0.0 14.7 8.6 274
External Modem, Dial-up 0.0 4.1 3.5 0.0 0.7 0.1 0.4 164.5 0.9 3.0 0.8 3.7

Clock 0.2 5.0 2.8 0.0 0.7 0.1 0.9 165.2 0.9 7.7 0.9 8.5

Microwave 1000.0 | 1359.5 2.1 110.2 149.8 0.0 2.1 165.9 0.0 184 110.2 168.2
Musical Electronics 3.0 9.9 59 0.9 31 0.0 0.5 162.1 0.0 3.9 0.9 6.9

Portable Audio 0.4 4.9 2.8 0.1 0.7 0.0 0.9 165.2 0.0 8.1 01 8.8

Radio 1.0 3.1 1.9 0.1 0.3 0.0 0.3 166.1 0.0 2.6 0.1 2.9

Desktop Audio, 1 Disk 1.8 11.2 10.8 1.0 6.3 0.0 2.1 157.2 0.0 17.1 1.0 234

Component Stereo System 13.1 37.1 32.6 22.2 62.8 0.0 2.1 135.4 0.0 15.1 22.2 78.0
’gg;fsga“””s Stereo 12 | 173 229 14 206 |00 56 145.1 0.0 426 14 | 632
Stereo CD Player 5.5 8.8 19.9 5.7 9.1 0.0 2.2 148.1 0.0 16.6 5.7 25.7
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Stereo Receiver

12.1

284

21.1

133

311

0.0

31

146.9

0.0

23.8

13.3

54.8

Stereo Tape Player

3.6

8.8

1.4

0.3

0.6

0.0

0.6

166.6

0.0

54

0.3

6.1
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Appendix B

Small Pond Data
Table 1: Data for Toronto
Toronto
Witiown With the pond
pond
’ Tube Flow Pressure
Coil tube ey - o HP HP Pump HP+Pump
diameter Consumption | Consumption | Consumption
(m) (m) (kg/hr) (m) (kWh) (kWh) (kWh) (kwh)
500 0.44 4.25 211 215.25
5 1000 1.48 2.59 223 225.59
2000 5.21 1.41 246 247.41
2500 7.78 1.41 254 255.41
500 0.89 0 211 211
0'001[5)87 1000 2.96 0 223 223
10
O'OI:[; - 2000 10.43 0 246 246
2500 15.56 0 254 254
500 1.33 0 211 211
3s 1000 4.44 0 223 223
2000 15.65 0 246 246
2500 23.34 0 254 254
500 0.075 2.83 211 213.83
s 1000 0.25 67.5 1.65 223 224.65
2000 0.88 0 246 246
2500 1.31 0 254 254
500 0.15 0 212 212
0.022 OD 1000 0.5 0 223 223
5 10
¢ OI109 = 2000 1.75 0 246 246
2500 2.61 0 254 254
15 1000 0.75 0 223 223
2000 2.63 0 246 246
2500 3.93 0 254 254
500 0.017 1.18 211 212.18
5 1000 0.055 0 223 223
2000 0.19 0 246 246
2500 0.29 0 254 254
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500 0.033 0 212 212
0'05357 1000 0.11 0 223 223
10
0.0|2DG79 2000 0.39 0 246 246
2500 0.58 0 254 254
500 0.05 0 212 212
15 1000 0.17 0 223 223
2000 0.59 0 246 246
2500 0.87 0 254 254
Table 2: Data for Baltimore
Baltimore
TISRGR With the pond
pond
- Tube Flow Pressure
Coil tube longth P doop HP HP Pump HP+Pump
diameter consumption | consumption | consumption
(m) (m) (kg/hr) (m) (kwh) (kWh) (kwh) (kwh)
500 0
5 1000 1.48 213 269 482
2000 521 206 297 503
2500 7.78 202 308 510
500 0.89 0 271 271
0'03387 1000 2.96 191 270 461
10
0'03; 09 2000 10.43 179 299 478
2500 15.56 180 309 489
500 133 30 269 299
1000 4.44 180 271 451
15 405
2000 15.65 174 299 473
2500 23.34 170 310 480
500 0.075 126 260 386
5 1000 0.25 204 269 473
2000 0.88 194 298 492
2500 131 196 308 504
500 0.15 0 271 271
0.022 0D 1000 0.5 156 272 428
! 10
. 0|1DS) i 2000 1.75 175 299 474
2500 2.61 174 310 484
15 500 0.22 187 257 444
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1000 0.75
2000 2.63
2500 3.03
500 0.017
; 1000 0.055
2000 0.19
2500 0.29
0'05357 . 1000 0.11
°'°|2DG79 2000 0.39
2500 0.58
500 0
E 1000 0.17
2000 0.59
2500 0.87

176 271 447
168 299 467
166 310 476
213 255 468
201 269 470
192 298 490
188 308 496
271
180 271 451
171 300 471
170 310 480
0
172 271 443
163 300 463
164 310 474
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Appendix C

Mechanical Equipment Specification

North House May 28,
2009 2009
Equipment
Schedule
Total: 54063 Totals {(W):
Amps 22526 Amps
Sy&\ b ::tl\l(] ant Description Product Name Volts Equigg} Equieprr]r% Connectig
Amps | Watts Comments
cT 2 ooktop Gaggenau Vi 221 240 16] 7200
ov 2 ven Gaggenau BO 250-611 240 16/ 3700
FF 1 ridge/freezer Leibherr HC1060 120 15 180
EF 1 xhaust fan Fantech FG6 120 1.02| 1224
bW 1 ishwasher Gaggenau DF 261 760 120 12| 2300
DRY || 1 \ ryer Bosch Axxis condensation [ 240 13 3120I [‘
WSH 1 ﬁlashing machine  |Bosch Axxis plus 240 12| 2880
AHU| 1 [AHU - Eco-Pac EP30 [Ecologix EP-30 1200 55/ 660
HRV - Fantech
HRV| 1 [H704 Fantech 120 0.36 40
Copeland Digital Scroll
HP 2 Hydronic heat pump |Comp. 240 23] 11040} ZPD34KSE-PFV
VSP 2 Mariable speed pump|Grundfos UPS 15-42F/VS 120 0.74, 177.6
PIC 2 Plcontroller Johnson controls ‘
P 4  kirc pump Grundfos UPS 15-58FC/FRC 120 0.75 360
Bradford White M-2-HE-
AUX 1 Backup DHW heating|40S6DS 240 GOO(J 2 x 3000
Difference setpoint
DC 2 ontrol Techmar 156 24 3
STC 1 |Solar controller Viesmann SCU-124 120 1.2 144
SP 1 [Solar circ. pump Viesmann 120 0.8 90|
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York Fluid Monarch MIS

WP 1 [jet pump HP-50 120 9| 1080
GWP 1 reywater pump Diamond : HP Sewage 120 9 108
BWP 1 lackwater pump  |Diamond ¥ HP Laundry Tub| 120 9| 1080
FM 2 ater flow meter  |Omega FTB4605
M 2 low meter interface (Omega DPF700
LC 1 Lighting Controller |[Canlyte 120 50]
6 |[T522” SV Strip T5 single bulb 120 84
3 th 34” ISV Strip T5 single bulb 120 63
18 |T546” SV Strip TS single bulb 120 504
4 |Closet fluorescent |Lightolier R213U 120 104|| 2 x13 W each
Bathroom LED Philips icolor cove mx 120 48
itchen backsplash
1 ED Philips icolor flex 120 50
4 iving space LED Philips eW Flex SIX 120 2
49 utdoor lighting MR16 LED 120 147
nternal Shades
ISC 4 ontrol |Draper SPGC4 120 2 960
nternal Shade
ISM || 15 [motor Draper 120 13| 2340|
nternal shade signal |Draper Digital Network IP RS485 to
ISI 1 onv. interface 120 3 Ethernet
External Shade
ESC 15 [ontroller Embedia 120 0.5 900
External Shade
ESM | 30 motor Nysan 120 1.78 6408
BWM| 1 Bed Winch Motor 120 800
CPU 1 [entral Controller |Atom Embedded PC 120 50]
TSD1 1 Touch screen display [Planar PT1501MX 120 30
Embedded automation |
TsD2| 2 ouch screen display [mPanel PoE 40|
mbient Canvas
ACC 1 ontroller DMX iPlayer3 120 5
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MOD

nternet modem

RTR Wireless hub/router |Dlink DIR-825 120 20
Power/energy
POW fnonitor Power Logic BCPM
Current Transformer
CTs Strip Power Logic CTS
SEN LJSB sensor node BB electronics USB-4711
WS Weather Station
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SECTIONI: DEFINITIONS

Assembly
The period of time between the arrival of trucks and the beginning of the contests on the competition site

Communications materials
All printed or electric publications designed to convey information to the public

Competition
All aspects of the Solar Decathlon related to the 10 contests and the scoring of those contests

Competition Manager

The organizer responsible for writing and enforcing the rules and condugfg a fair and compelling competition

oA

Contest
See the introduction to Section III

Contest Official y. ;
A Rules Ofﬁcials selected by the Competition Manager ; #of et the 10 contests; a Contest

rlﬁcatlon ] i
! cathlo jles &
The compilation of all decis orynade by 4 Rules Off3 145’ during the project

Disasse

The period o

Event )

The series of actxvme ‘.~ competition site. Event activities include, but are not limited to,

registration, ssembly, lﬁ "),n, ions, co 1 3s, special events, hours of public access, and disassembly.

activities

Event Sponsor

An entity selected by the Director to support the project. The U.S. Department of Energy (DOE) is the primary
sponsor of the Solar Decathlon. DOE partners with other institutions—such as its National Renewable Energy
Laboratory (NREL)—to support the project.

Faculty Advisor

A leam member who is a faculty member at one of the participating schools and who provides guidance to the
team on an as-needed basis throughout the project and obtains appropriate signatures on documents that require
the school’s or schools’ concurrence or authorization
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Interconnection Application

A form submitted by the team’s electrician to the Site Operations Manager; it provides the technical details
needed to determine the suitability of the team’s electrical system for interconnection to the village grid

Juror
Individuals selected by the organizers to make subjective evaluations of the projects
Jury

A group of jurors evaluating a specific aspect of each team’s project

Objective sub-contest
See the introduction to Section 111

Observer
A person assigned by the Competition Manager to observe team actiygfiesg#luring contest week. An observer shall
report observed rules infractions to the Rules Officials and record Rults of specific contest tasks, but shall not

provide official interpretations of the Solar Decathlon Rules.
Organizer e

A U.S. Department of Energy (DOE) or National Rene Q@r‘%

8

nergy Lab (NREEMN

observer working on the project and having the authogfyggscribed in Rule 1-4 %

Project
All activities related to the Solar Decathlon fg

Protest Resolution Committee A2
The group of individuals selected by the or ?S'_.L S Wy, \(s during the competition
Rule . ‘
A principle or regulation govefni 2?&?{“ b

Rules Official 7 4 s :
An organizer authorized to int ST D% . el ion Manager is the lead Rules Official.

Scored periodg
Any fifteen m
particular rjga

X¥on of the Net Metering contest, during which a
n at either 0, 15, 30, or 45 minutes after the hour.

Scorekeepe

The individual se d maintain the scoring spreadsheet during the competition
Scoring spreadsh

A detailed Microsoft Exc it collects data from the central datalogger server and includes forms for

subjective and task-based ob : Nve t results to be manually entered. Composite scores are calculated within
the spreadsheet. )

Site Operations Manager

The organizer responsible for all event site operations, except those listed as responsibilities of the Competition
Manager and Event Production Manager

Solar Decathlon Building Code

A set of design and construction standards set forth and enforced by the Solar Decathlon Building Official for the
protection of public health and safety during the event

Staff

Anindividual working for the organizers on the project

Sub-contest
See the introduction to Section [11.
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Subjective sub-contest
See the introduction to Section III.

Team Crew

A person who is integrally involved with a team’s project, but is unaffiliated with the participating schools;
contractors, volunteers, and sponsors are examples of team crew

Team Member

An enrolled student, recent graduate, faculty member, or other person who is affiliated with one of the
participating schools and is integrally involved with a team’s project activities; Decathletes, Faculty Advisors, and
involved staff from a participating school are all considered team members

Yahoo Group
See Rule 2-4a

2008 Solar Decathlion Rules 3 March 21, 2008



SECTIONII: GENERAL RULES

Rule 1. Authority

The Director represents the U.S. Department of Energy and has the final decision-making authority in all aspects
of the project.

[f there is any doubt or ambiguity as to the wording or inte€Eg¥the
Officials shall prevail. g

Occasionally, a Rules Officials may not be diately availa
In these rare cases, organizers are authorize RtANIMe the project dule, change a team’s score, or enforce the
rules at any time and in any manner that is, in G\ S

safety of the competition.

o revise (IMBroject schedule, change a team’s score,

The latest version of the rules posted on the Yahoo Group and dated for the year of the event are the rules in
effect.

It is the team’s responsibility to stay current with official communications regarding the project. Official
communication between the teams and the organizers will occur through, but not be limited to, one or all of the
following:

a. Yahoo Group (http://groups.yahoo.com/group/SD2009/): All official communications suitable for viewing
by all teams will be posted on the Yahoo Group message board. The Yahoo Group includes a section for
posting files. If files are too large for the Yahoo Group, they will be posted on the FTP Site, and the teams
will be notified via the Yahoo Group as to where they can locate the files. The Yahoo Group calendar
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indicates official deadlines for project deliverables. Other Yahoo Group features will be used for various
purposes. Instructions for joining the Yahoo Group will be provided to each team immediately following the
selection of teams.

y, Competition Manager’s email (sdrules@nrel.gov): For confidential communications or the transfer of
smail, confidential files, teams should email the Competition Manager. The content of communications sent
to this email address will remain confidential, unless the team grants permission to the Competition Manager
to divulge the content of these communications to the other teams. See Rule 2-5 for more information about
confidentiality.

¢. Dropbox (http://dropbox.yousendit.com/SolarDecathlon): The dropbox will be used by the organizers and
teams to transfer large, confidential files. Notification of or requests for file transfers will be made via the
Yahoo Group or email.

d. FTP Site (ftp:/ftp2.nrel.gov/pub/solar_decathlon/): The FTP site wi))
large files available to the teams.

e. Conference calls: Teams are strongly encouraged to participa
the organizers. Invitations and instructions for participationg
Yahoo Group. '

f  Meetings: Before the event, the teams and organize
the date and agenda of this meeting will be made
held the day before assembly begins. Meetings

g. Postings at headquarters: During the event, a bull

information) may be established at headquarters. Team
is established and the purpose for whigfiikas been estab

\be used by the organizers to make

cularly scheduled conference calls with
grice calls will be provided via the

plikely have "’*3‘ person meeting. Notification of
By ahoo Group. D@y the event, a meeting will be

ting
if such a venue

s may choose to communicate with teams
se. However, most official

The Decisions on the Solal
Solar Decathlon Rules.

After the Rules Official; Oi o The in theiN@\nion, directly or indirectly affect the strategies of
all teams, the RATESGLHC il ac ; Miic De¥¥ons on the Solar Decathlon Rules and notify the

teams of th i
Exception:

3
v reveal the strategies of one or more individual teams, the
hefrain from notifying all teams of the decision.

%

Teams shall self-report d&

a,  The rules do not addre
considering an action that Kl
decision before proceeding wi
risk of incurring a penalty.

b.  The Rules Officials and Director exercise discretion when determining the penalty for a rules infraction.
Rules infractions observed by Rules Officials and organizers, i.e., not self-reported by the team, may be
subject to more severe penalties than self-reported rules infractions.

Mie or po R rules infractions that have occurred or may occur.

ble scenario that may arise during the competition. Therefore, a team
Aplicitly permitted by the rules should ask a Rules Officials for an official
the action. If the team does not ask for an official decision, it puts itself at

Teams committing rules infractions are subject to one or more of the fol lowing penalties, c}epending on the
severity of the infraction: 1) point penalty applied to one or more contests; 2) disqualification from part of, or all
of, one or more sub-contests; or 3) disqualification from the competition. ’

a.  The Rules Officials shall determine the severity of rules infractions and classify them as minor or major.
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b.  The Rules Officials are authorized to apply point penalties and disqualify a team from part of, or all of, one
or more sub-contests as a consequence of minor rules infractions.

c. TheRules Officials shall report to the Director all major rules infractions. The Director is solely authorized
to apply point penalties or disqualify a team from the competition or from part of, or all of, one or more sub-
contests for major rules infractions.

d.  Disqualification from the competition requires prior notice to the team and an opportunity for the team to
make an oral or written statement on its own behalf,

e. The Competition Manager shall notify all teams via the Yahoo Group when a penalty has been assessed

against any team. The notification shall include the identity of the team committing the infraction, a brief
description of the infraction, including its severity, and the nature of the penalty.

Official written protests may be filed by teams for any reason.
a. Teams are encouraged to communicate with the Rules Officiaf

complaints before resorting to the protest process. Protest 1;&?‘ d "‘ hled only if a) the team and the Rules
Officials are not able to resolve the dispute themselves: 148) the teXe{Mr the Rules Officials are too busy to

engage in discussions that may resolve the dispute.
b.  Protests must be filed within 24 hours of the actig

g protested. The fin "'%yg

NSt on the final day of ¢ e»;-%;

R\ ope and reads the protest in private. No
Rihorized during the Committee’s private

2a

)
0

12 Competition Manager if it would like to call any
SgMoetition Manager notifies individuals called for testimony.

Qomittee kafies the Competition Manager of its decision, and indicates
"'4’3'-“,% any, of the ?’i’h g fee has been refunded. The decision of the Protest Resolution
CommitteSgMgnal, and n@Arther appeals are allowed.

glves ghagbes to a team’s score or a refund of some, or all, of the filing fee, the

Competition Mahg -\3’3’:‘” es the Scorekeeper of the changes, and the Scorekeeper applies the
changes to the scorfiAdreadsheet.

Rule 3. Participation

The project is open to colleges, universities, and other post-secondary educational institutior}s. Entry is _
determined through a proposal process. All proposals are reviewed, scored, and ranked. Subject to the quantity
and quality of proposals, a limited number of teams will be selected for entry.
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Each team shall provide contact information for the team officers listed in Table 1 and shall keep the contact

information current through the duration of the project.

a. Evenifateam’s internal officer titles do not exactly match those listed in Table 1, each team shall still
provide the contact information for the person fulfilling each of the areas of responsibility described in the
second column.

b. Teams shall provide the contact information for one and only one person in each officer position; this
individual is responsible for forwarding information to any “co-officers,” as necessary.

An individual may have multiple officer titles,

d. Teams shall enter the required contact information into the Yahoo Group database designed specifically for
this purpose.

Table 1: Team officers

Title Responsibilities

‘ Faculty Advisor Obtam_s approprlat.e signatures on d &y equire the school(s)’s concurrence or
| authorization; participates in an agdw

Eroject Manager Responsible for the planning

Responsible for the planning

‘ i na . Ty
‘ Construction Manager and disassembly of the house W&

rProject Architect Responsible for tjiihg
Project Engineer Responsible for th
‘ Structural Engineer Approygs the house’s ;k,f;v,;
. it rgaliize i
Primary student contact . galiizers are routed to the appropriate
gaffl member
Safety Officer Respgisible fo ‘4"25:_1 and enforcement of the team’s safety plan
: , b
Public RelationsefS e eammy orks i DOE Qublic Affairs office to coordinate the team’s
contact L : ctionNgfh the me -
A CoHgiates v e organiZSeg@nstrumentation team to develop a plan to
Instrumentatiq@idgpntact | acco te thkgNipment used to measure the performance of certain aspects of the
' home du the co jtion
* Responsible&r compl&hg the Interconnection Application and working in
Electrical Engineer Aconjunction the Site Operations Manager to interconnect the house on the
- petition 5itd; license not required

Each team is responsible for the saf€ty of its operations.

a. Each team member and team crew member shall work in a safe manner at all times during the project.

b.  Each team shall supply all necessary personal protective equipment (PPE) and safety equipment for all of the
team’s workers during the project.

¢. During assembly and disassembly, a minimum level of PPE — hard hat, safety glasses, shirt with sleeves at
least 3 inches (7.6 cm) long, long pants and safety boots with ankle support — shall be used by each team
member and team crew member. Additional PPE or safety equipment shall be used if required for the task
being performed. .

d.  Children under the age of 13 are not permitted to be on the teams’ sites during assembly and disassembly.

¢.  Organizers may issue a stop work order at any time during the project if a hazardous condition is identified.
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[mproper conduct or the use of alcohol or illegal substances will not be tolerated. Improper conduct may include,

but i§ not limitgd to, improper language, unsportsmanlike conduct, unsafe behavior, distribution of inappropriate
media, or cheating,.

Team members and team crew agree to the use of their names, likenesses, content, graphics, and photos in any

communications materials issued by the organizers and event sponsors.

Exception_: If ateam submits content or images that it would like to be kept confidential, it should make that
request, with an explanation, in writing to the requestor of the content or images. Every effort will be made to

honor requests for confidentiality. All confidentiality requests expire on a date specified in the Yahoo Group
calendar.

a.  Content and images (graphics and photos) and any publicationsg S8 ch the content and images appear, may
be viewable and made available to the general public via the M
Web sites with unrestricted use.

b.  The organizers and event sponsors will make all reasog
images, although they may be published without craft&gdo ensure proper
teams should submit photos and graphics by foll¢§
Appendix G.

e of and credit for images,
# the instructions for shiiting images located in

Any team wishing to withdraw from the pr :‘i’v_’:’f ‘
withdrawals signed by a Faculty Advisor are Ngh

(Ming assem!S@Bnd disassembly may be driven on the grass portion of
&ee driven on an approved product designed to protect the grass.

d by the'Site Operations Manager, trailers and semi-trailers may be
dipetition site on the approved product designed to protect the grass.

Ground penetration is permitted aigor the installation of tie-downs needed to meet wind loading requirements
and for the installation of grounding means for the house’s electrical system. Tie-downs are limited to an 18-in.
(45.7-cm) vertical depth.

a.  Atcertain times during assembly, a qualified utilities locator will be on site to identify an acceptable location
near each house for the installation of grounding means. Grounding means shall be installed at a 45-degree
angle.

Low-impact footings shall be used to support all house and site components located.on the grass portion of the
competition site.
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a. Properly designed footings comply with the soil bearing pressure criteria specified in the Solar Decathlon

Building nge, but do not have an excessive safety factor that results in the load being distributed over an
unnecessarily large area.

Generators are permitted to power tools and construction lights during stand-alone assembly and stand-alone
disassembly.
a. Engine generators shall meet the National Park Service (NPS) noise regulation stated in 36CFR2.12. This

regulation allows a maximum 60 dB (A) at 15 m (50 feet) under full load. Note that a given dB level at one
distance can be converted to an equivalent dB at a different distance.

b. Operation and refueling of generators is limited to times approved by the organizers.

a. Generators must be equipped with secondary containment svfaHiE8bat can accommodate all of the oil, fuel,
and coolant that the generator contains at maximum capacigiesy

To protect a neighbor’s right'y
solar envelope shown in Figure

a. or Soggiwantig site components is the vertical distance from the
e perimelSagIMRe Site component(s) to the highest point of the site
b. and other similar components may be specifically exempted from

- %;u Ifbving congiiyons are met:
(i). The tea! *eki& &' the Competition Manager for an exemption.
(ii). The team ~“”"*‘§§;¢f pve to th W

Q:;:"v
significantly régEwring g AT

(iii). The Competition \ataeaP determines that the component is sufficiently unique in function and small
B mption
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_ Figure 2: 3-D views of solar envelope

Rule 6. The House

Each team shall submit structural drawings and calculations that have been stamped by a qualified licensed
professional.

a. By stamping the structural drawings and calculations, the licensed professional certifies that the structural

provisions of the Solar Decathlon Building Code have been met by the design, and that the structure is safe
for the public to enter if it has been built as designed.
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The architectural footprint, as defined below, shall not exceed 800 f? (74.3 md).

a. Both the building and the components involved in the building’s conversion of and shading from solar
energy are included in the footprint.

b. The maximum observed footprint of each component during jury tours, public hours, or the contests counts
toward the architectural footprint of record. For example, if a team deploys a motorized awning during public

hours to demonstrate its operability, then the additional footprint attributable to the deployed awning counts
toward the architectural footprint of record.

c¢. The footprint includes the entire area within the defined footprint perimeter. There are no exceptions for
“openings” or “holes” located within the footprint.

d.  The Rules Officials shall apply the following guiding principles to determine whether a particular
component is located within the footprint perimeter: ‘

(1). Incentivize the building integration of active solar (e.g
(e.g., shading) devices to reduce construction costs gff
residential buildings, or both. '

(i). Incentivize intelligent roof overhang design.

(iii). Simplify the measurements and calculati
e. The following components are exempt from Rule

(i). Vegetation and small pots

(ii). Handrails with open baluster/n

(iii). Most windows and doors

(iv). Site components that do not cast : i bove its finished floor height between 9
a.m. and 5 p.m. EDT on October '

The main & ‘ﬁg
street of the 5’3’3%,;

glowever, an accessible route leading from the main
the house must be provided.

Vegetation may be moved around the lot until the beginning of contest week, after which it shall remain
stationary until the conclusion of contest week unless the construction documents clearly show how some or all
vegetation is designed to be moved as part of an integrated system.

Grey water that may possibly contain organisms that may go septic shall not be used to water vegetation.
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Rule 8. Energy

a. Bare photo.voltaic cells must be commercially available to all teams by the beginning of the event at a price
not exceeding US $5 per peak watt at Standard Test Conditions [STC]. Teams may pay extra for cutting,
tabbing, or lamination of the cells.

b. Encapsulated photovoltaic modules must be commercially available to all teams by the beginning of the
event at a price not exceeding US $10 per peak watt at STC

c.  Substantial modification of the crystal structure, junction, or metallization constitutes manufacture of a new
cell and is not allowed

ry batteries (see Rule 8-4 for limitations)
are the only sources of energy that may be consumed in the opeg house without the requirement of

subsequent energy offsets.

a.  All other energy sources, such as AC grid energy, cg; g of the house must be offset by
an equal or greater amount of energy produced, og

Ny
Wity 5 23

Thermal energy storage devices located outge itet ML ; ) fully shaded from
direct solar radiation between 9 a.m. and 5 i '

: ) DN sizd) is limited to smoke detectors,
remote controls, therf{Qs ) yices that typically use small primary

b. “Plug-in” (non hard-wired (rechargeable) batteries that are designed to be
recharged heEthadl ’s elecEREIMETING I Mnputer), shall be connected, or “plugged into,” the

ouse at any time during contest week, portable
‘cations, such as cell phones and PDAs, are permitted on site
e hou |ectrical system.

N th small Secondary batteries are permitted, but their batteries may not

¢. Stand-alone, PV
exceed a total of

If a desiccant system is used, it Rigfoe regenerative.

a. To ensure that the desiccant has been fully regenerated by the conclusion of the Net Metering contest, the
desiccant material or device must be easily measurable.

b. In most cases, the material or device will be measured prior to and at the conclusion of the Net Metering
contest. In some cases, a measurement at the conclusion of the Net Metering contest may not be necessary.

c. At the conclusion of the Net Metering contest, the weight of the desiccant material or device shall be less
than or equal to its initial weight.

d. Some desiccant systems with very low moisture storage capacities may be exempt from this requirement.

Exemptions will be granted on a case-by-case basis.
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The organizers shall provide the village with an electric power
power from the houses.

grid that provides AC power to or accepts AC

a. The organizers shall provide the necessary service conductors and connect the conductors at the utility
intertie point.

b. A team shall notify the organizers if its house operates with an AC service other than 60 Hz, 120/240V split-
phase with neutral.

Rule 9. Water

Personal hydration

b. Trrigation
¢. Cooking.

A team may reuse greywater for irrigation o
a.  Greywater reuse systems shall comply w

for materials more commonly used as thermal mass.
?with any other substance.

a.  Water used forg

b.  Water used for thi%

%% ontained in a stand-alone system, which will be sealed off after the
initial filling, '

All communications materials produced by the teams concerning or referring to the project shall refer prominently

to the project as the Solar Decathlon and shall credit the U.S. DOE, NREL, and additional event sponsors as
indicated by the organizers.

& The Solar Decathlon shall be recognized with text and logo wherever other logos are used.
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b.  Information regarding current evert sponsors, artwork for the Solar Decathlon, and event sponsors logos are
available on the Yahoo Group.

Team sponsors may be recognized with text, logos, or both, but the text and logos must appear in conjunction

wi:ihlthe Solar Decathlon text and logo and may not be larger than one-third the size of the Solar Decathlon text
and logo.

a A tgam is responsible for the transport of its house, the house’s contents, and all necessary tools and
equipment, and shall be responsible for any damage to or loss of such items.

b. A team is responsible for procuring all necessary equipment, tools,

water).
A team is responsible for making its own reservations and

a. A team shall notify the appropriate inspector when 1t
request an inspection simultaneously, the order of inspceQ}
b.  Spot checks for compliance shall take i broughout co .
The Competition Manager shall check e A 19 ' i Ns, as indicated on the team’s official
inspection card, to determine which house¥g b iciplin the contest. All final inspections shall

be passed by the end of the inspectors’ workg
contest.

g

d. The opening of hous
Because open, partialiX
’ . » 2
will direct the inspectors Yg3%g
consequence, the house is i1}

p
i)

« Mality of the houses for the contest.
s . . .
Pie to closed, ¥ully-functioning houses, the organizers
ition be corrected so tours can occur, even if, as a

a. Toward the end of fedt week, the Competition Manager shall post a message on the Yahoo
Group message board i ours during which the occupancy rule is in effect the following day.

b. The occupancy rule is autQ suspended during jury tours and whenever the Comfort Zone contest

&
measurements are suspende
¢.  Organizers are not counted toward the number of house occupants.

The final project assembled on the competition site shall be consistent with the design and specifications
presented in the construction documents.

a. Ifthere are known inconsistencies between the final project and the construction documents, the teaxp .is
strongly encouraged to document these inconsistencies and submit the documentation to the Competition
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Manager as soon as possible after the inconsistency is known. The Competition Manager will then subriit
this documgntatlfm or a summary of the documented inconsistencies to the respective juries and inspectors at
the appropriate time,

b If undocumemeq inconsistencies are discovered during inspections, the Competition Manager will compile a
summary of the inconsistencies and submit the summary to the respective juries at the appropriate time.

a. Teams are required to provide an accessible route to all areas of the house and site that are available to the
public during tours.

b. Teams are permitted to give one and only one informational brochure/handout to each member of the general

public. No other handouts are permitted.
¢. Teams are prohibited from selling items to the general public on the@mpetition site.

e general public on the competition

Only organizer-approved vendors may provide food and beverag
site.

a. During contest week and special events specified
competition site or the site of a special event sha§
b. Team uniforms are exempt from Rule 10-3.
iacket, shirt, hat, or
form.

Each house shall be impounded on specified nig
members and team crew shallADEOC

¥

Teams shall show the Archite
Design juries, all,

a.  House cg ’3@» R, felt the oulSiMmef c3gsts, but were not seen by the jury during their
. Some eXaggles of reconfigurable features follow:

(0. ~ such as a room, wall, or bed
(ii). Sha¥y B nings or operable shutters
(iii). Towel® '
Hadbstruct views or reduce light levels.
b. If there is insufficient to dofBlife reconfiguration during jury tours, teams may use some other method,

such as photographs or ’5?\3%;,& Dw all reconfigurable features in their various configurations.

Reconfigurable features thatal not actually be reconfigured at any time during contest week need not be
reconfigured during jury tours.

¢.  All plug-in or portable appliances that may be used during contest week shall be in their fully deployed
locations and configurations during jury tours. Also be aware that juries may request that plug-in, portaple, or
hard-wired appliances be turned on so they can evaluate noise levels or other characteristics of the appliances

that may not be evident when the appliance is off.
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SECTION III:

CONTEST CRITERIA

The Solar Decathlon competition consists of 10 separately scored contests. Each contest contains one or more sub-contests. For example, Contest 6: Comfort Zone

the competition structure.

consists of two separately scored sub-contests: Temperature and Humidity. The team with the h%ﬁ.ﬁ

ey total points at the end of the competition wins. Table 2 shows

- = 2
- =}
¢2|, g2 i i %
E E A= E s E | Sub-contest FE 4
SZz|Z S Contest Name E & | Name « & | Sub-cont wpe ions of Subjective Evaluations and Objective Tasks
1 n/a Architecture 100 n/a n/a | Subjective es Construction Documents and final constructed project
v ey P BE ket Viability Jury o8 *s Construction Documents, Cost Estimate, and final
2 n/a | Market Viability 100 | n/a n/a wbjective 0 stcucied project
: e _
3 n/a Engineering 100 n/a n/a Engineering Jury evaluates Construction Documents and final constructed project
4 n/a Lighting Design 75 n/a n/a | Su ive ing Design Jury evaluates Construction Documents and final constructed project
. . Co! jcations Jury evaluates Construction Documents, Final Communications Plan
/. o s .
5 n/a Communications 75 n/a a | Subje Web d final constructed project
6 6-1 Comfort Z 100 Temper, Objectiv e: -p zone temperature in 72°F — 76°F range
6-2 omiort Zone Humidi 50 bjective d zone relative humidity in 40% — 55% range
v \ Deliver 15 gallons of water at average 110°F temperature within 10 minutes; 20 water
7 n/a | Hot Water 100 | n/a n/a bjective | T draws during contest week
8-1 rator ‘ T Mea ¥yt Keep refrigerator temperature in 34°F — 40°F range
8-2 ; 4¥| Obje asu Keep refrigerator temperature in -20°F — 5°F range
g 8-3 Appliances Clothes Objective Successfully wash a load of laundry; 10 loads of 6 bath towels during contest week
S . . Return a load of laundry to its original weight,10 loads of 6 bath towels during contest
8-4 Clothes Drye 40 gctive | Task week
8-5 ishwasher OBEChye | Task Successfully wash a load of dishes; 5 loads of 6 place settings during contest week
9-1 king Obje | Task Vaporize 5 1b of water in less than 2 hours; 4 cooking tasks during contest week
) 2 .. C9-2a: Keep work surface @ 50 foot-candles mimimum (5 pts), C9-2b: All interior and
9-2 Home Li Objective | Task/Measured exterior lights on at full levels at night (25 pts)
9 9-3 Entertainment 100 Dinin Subjective Host 2 dinner parties for 8 people; teams score each other
9-4 Public E Objective | Measured Operate TV, computer, and other exhibit devices
9-5 Home Theat Subjective Invite neighbors to watch a movie on the home theater system; teams score each other
10-1 Energy Balanc 100 | Objective | Measured Achieve zero net AC energy during contest week
10 Net-Metering 150 L Produce surplus net AC energy during contest week: 50 pts for team with max kWh
10-2 Energy Surplus 50 Objectlve I Measured surplus, other teams with surplus get x% of 50 pts, where x is % of max team’s kWh
TOTALS 1000 465 subj pts, 535 obj pts Total of 5 on-site juries
2009 Solar Decathlon Rules
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There are three ways to earn points:
¢ Task completion

o Measured performance

o Jury evaluation.

Sub-contests based on t.ask completion or measured performance are called obiective sub-contests; sub-contests
based on a jury evaluation are called subjective sub-contests.

Points for task completion are awarded as a function of “closeness to completion.” Points for measured
performance are either awarded at the end of each scored period throughout contest week, at the end of each day,
or at the conclusion of contest week when performance requirements are met or partially met.

The scoring of the sub’ective sub-contests is more flexible than the scoring of the objective sub-contests described
above. However, for the sake of fairness, it is important that there is consigtency, To increase the consistency of
the scoring in subjective sub-contests, the jurors shall use the evaluatiopg®i®hod described in Appendix B.

evaluating the team’s construction documents (see Apgefigh D) and by perform¥@ign on-site evaluation of the

competition prototype (see Appendix B). A G

e

&
&

Design and Implementation

¢ Was the team effective in its use of arch ’?%} il NC, but not limited to, the following: scale
and proportion of room and fagade featurc{3ndoagh @0, composition, and linking of various
home elements? ; W2

¢ Wil the design offer % 7',

Market Viability

)
%
X

A jury of professionals froqig ding industry shall assign an overall score for the house’s market

e p,_g,,: 3‘3’ ttion documents (see Appendix D) and competition prototype cost
estimate (see Appendix H), -T‘fi‘;igi’-‘f‘ an on-site evaluation of the competition prototype (see Appendix
B). 4

The jury shall consider the following specific criteria in its evaluation of the responsiveness of the design to the
needs and desires of a team-defined target market (see Table 3 for examples of target market descriptions):

Livability

* Does the design offer the occupant(s) a safe, functional, convenient, comfortable, and enjoyable place to live
(see Table 4 for examples of livability considerations)?

* Are the unique needs and desires of the target market met by the design?

Buildability )
*  Are the construction documents of sufficient quality and detail to enable a contractor to generate an accurate,
detailed construction cost estimate?
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e Arethe cqnstructio_n documents of sufficient quality and detail to enable a contractor to construct the building
as the design team intended it to be built?

Marketability

¢ Does the house exhibit curb appeal, interior appeal, and quality craftsmanship?

¢ Do the house’s sustainability features and strategies make a positive contribution to its marketability?

» Does the house offer potential homebuyers within the target market a good value?

Cost Estimate

Is the construction cost estimate for the competition prototype sufficiently detailed and accurate?

Table 3: Examples of target market descriptions

Market [.D. Parameter

Example #1

Example #2

Fxample #3

Location of permanent site

New Orleans, LA

Northeast sul,

Boston, MA

Housing type

Emergency relief

Single-

Investment property in & urban
collepe sclting

| # of Occupants

2

3

lor2

—
Occupant demographic

Middle-age married couplg

Os married couplc
ant

Undergraduate

Homeowner annual income $35,000 0,000 5,000
# of bedrooms 1 2 |
Naotes:

2. The target market description shall be included in 1§

3.

ption.

ich shall be located in the Project Manual (sce Appendix

e, yacation retreat, university housing, home

2009 Solar Decathlon Rules
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Tabie 4: Example livability consideratious (NOTE: This list is nof exhaustive, and «/{ considerations do not apply to «ll projects.)

Aesthetics

How well does the design respond to aesthetic tastes of the entire range of people within the target market?
How are the views to the outside?

Maintenance

Will snow block the PV or solar collectors? If so, how will the homeowner remaove the snow?

How do the exterior surfaces hoid up to environmental conditions? How frequent and convenient is regy ired maintenance?
How will water and dirt affect the floors and countertops? Are they easy to clean with standard hoyg
Are there interior surfaces, corners, or crevices that are difficult 1o keep free of dirt or dust?
How is the oven cleaned? How is the freezer defrosted?

How frequently must vegetation be watered? [s watering conventent?

Is the car protected in inclement weather?

Can appliances and furniture be easily moved for cleaning or maintenance?
Is mold or rust hikely to form anywhere in or on the house?

cleaming products?

Comfort

Are there any uncomfortable drafls?
Is there a uniform temperature distribution throughout the house?

Do any of the house systems or appliances generate annoyin,
1s the furniture comfortable? [s the workstation comfortable §

Privacy

Can all the fenestrations in the house be covered so the occupants¥e
Do the outdoor living spaces offer sufficient privacy?

Convenience

Are the appliances appropriately sized?
Is the toilet paper dispenser easy to opers

Functionality

4
a{i-
Does the smoke t,’j i

Special
Features

If people with disabilities are includ j
If young couples are included in the

bl house accommodate a baby”
If the design is targeted toward a niche

I Pre those unique requirements met?

Flexibility

Or needs, how difficult would it be to redecorate or rearrange the interior or exterior?

s, would less expensive appliances or furnishings detract significantly from the house’s appeal?
oughs in consumer electronics and/or home controls?

If the target market includes people with vary 'izc A
15 the house wired to accommodate future break

Safety

Is it dufficult for a potential thief to break in?
Do daily or seasonal maintenance tasks present any hazards?
Do appliances pose any hazard to children?

Is the warkstation ergonomically comfortable? Does the workstation offer a convement opportunity to relax one’s eyes after staring at the monitor for a while?
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Contest 3. Engineering

A jury of engineers shall assign an overall score for the design’s engineering merit and implementation by

evaluating the team’s construction documents (see Appendix D), and by performing an on-site evaluation of the
competition prototype (see Appendix B).

The jury shall consider the following specific criteria in its evaluation:
Functionality
Will the systems function as intended?

Efficiency
Relative to conventional systems, how much energy will the systems s "-;1- er the course of an entire year?

Innovation

e Were any unique approaches used to solve design challeng ¢

vy,

%

e How much maintenance is required to keep them ope

Documentation

o Did the construction documents enable o ALy i ginary evaluation of the design prior to its
arrival at the competition site? '

)
H %’

A jury of lighting designers an '%Ig, g2 shall ass 5’5}? an overall score for the lighting design’s merit and

implementation Feyaiing the ?s,, STt Rm, docuRENTs (see Appendix D) and by performing on-site

daytime and gigip#tine 3 ; Gty W (see Appendix B).

The jury stfa]]

Electric Lighting -

e Arethe Iighte i XA SPhave adequate light for tasks? Do they have good color
rendition? '

e Have human factors, such as pagsiology, perception, preferences, and behavior, been addressed?
e What are the effects of daylight on all materials, including furniture, artwork, and plants?

e Is the admission of direct and diffuse sunlight effectively controlled?

Ease of Operation

Is the operation of the manual and automatic lighting controls intuitive?

Flexibility

Can the lighting system accommodate all activities and aesthetic requirements in all seasons?

Energy Efficiency _
Do the lighting controls facilitate a reduction in lighting energy consumption throughout the year?
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Note: Only the energy efficiency attributable to lighting controls shall be assessed in this contest. The energy
efficiency of the lamps is evaluated in several of the objective contests,

Building Integration

Have the lu_minaires, fenestration, interior geometry and finishes, and manual and automatic lighting controls been
effectively integrated into the building?

Documentation

o Did the construction documents enable the jury to conduct a preliminary evaluation of the design prior to its
arrival at the competition site?

+ Was the constructed project on the competition site accurately reflected in the construction documents?

Contest 5. Communicatif)

communications plan (see Appendix B).
The jury shall consider the following specific criteri

Compliance
¢ Were the communications deliverables syb
¢ Does the Web site meet minimum codiAg g

¢+ Do the on-site communications materials ¥
Team Sponsor Recognition?

A does the plan reflect these analyses?
-
¥ its target audience?

byt

e Correct spellinkggd grammar B

¢ Originality or pro :!-'T’ ) :%E“ original content.
Presentation i 3
Has the teamed adhered to professi®nal best practices?

» Design: graphics, photos, colors, and typography

e Information architecture (Web site organization): usability, consistency, comprehensibility, simplicity,

representing the hierarchical structure of the Web site

e Web site graphical elements: easy to use, consistent, well integrated with content and design.
Is the on-site presentation for the public pleasant? Logical? Can appropriate information be locatec.i easily? Are
plans flexible enough to accommodate large crowds and long lines? Are waiting visitors engaged in the

presentation?

Branding

Did the communications materials help make the project identifiable or memorable in any way?
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Functionality

¢  Are the Web site and on-site presentation usable by people of all abilities?

e Is the intended functionality of the communications materials appropriate to target audiences, to delivering the

team’s message, and to the setting of the solar Decathlon solar village on the National Mall?
e Do communications materials function as intended?

Innovation

e What original and creative methods are used to control lines and wait times, and to engage visitors waiting in

line during the public hours? Are they effective?

*  What creative effort is being made to communicate with visitors to the village outside of the public hours
(after the houses are closed)? Is it effective?

» What creative effort is being made to engage public off site (i.e., arggf the U.S. and the world) in the team’s
participation in the event? 4

on the Web site?

All available points are earned at the conclusion of each s¢

bulb temperature between 72.0°F (22.2 °C) #76.0°F (24.4
i,

cmveraged interior dry-
8D Appendix A for the

a.

b.
: /i Poims 72°F (22°C) s Temperature s 76°F (24°C)
i+ N
% A68°F (20°C) < Temperature < 72°F (22°C)
3 i
2 76 °F ( 24°C) < Temperature < 80°F (27°C)
§ Temperature s 68 °F (20°C)

70 75 Temperature 80°F (27°C)

Temperature (°F)

All available points are earned at [#€ conclusion of each scored period by keeping tpe time-averaged interior

relative humidity between 40.0% and 55.0% during the scored period. See Appendix A for the schedule of scored

periods and for the number of available points per scored period.

a. Reduced points are earned if the time-averaged interior reiatiYe humidity is betv.veeg 25.0% and 40.0% or
between 55.0% and 60.0%. Reduced point values are scaled linearly, as shown in Figure 4,

b. In multi-zone houses, the zone humidity deviating farthest from the target humidity range is the zone

humidity of record.
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% & Full Points Full Points: 40% s Humidity s 55 %
g : Reduced Points: 25 % < Humidity < 40 %
g ' or 55% < Humidity < 60 %
_{é’ No Points: Humidity s 25 %
: 0 26 40 6‘0 8'0 100 or Humidity 2 80 %

Relative Humidity (%)

Figure 4: Scoring function for the Humidity sub-contest

Hot water draws will occur at the approximate times specified i
(U.S.) (56.8 liters) of hot water shall be delivered in no moregghig
points are earned by delivering an average temperature of gfi2
00°F (37 8°C) earns no points. For temperatures betw gt

A For each draw, at least 15 gallons
intigMyo qualify for points. All available

a. These hot water draws are designed to simulate mosRG ing ing%G WS that would take place
in a typical day. Note: Dz’shwash:‘ng and clot}zes washiree: 147 1 %z e hot water draws

;“\

S

b.  The schedule for hot water draws will

home,
¢.  The maximum number of hot water draws 1 x’, D ee, but they may occur
consecutively, i,;;;v“”t,‘ :
: edules

d. For fairness, allteam D

1

§ ! Full Poinlts \
5 J Temperature 2 110°F  { 43.3°C)
¢
3 (378°C) < Temperature < 110°F  ( 433°C)
| . .
& Temperature £ 100°F  ( 378°C)
&
g |

90 100 110 120

Temperature {°

All available points are earned at the conclusion of each scored period by keeping the time;averaged interior‘
temperature of a qualifying refrigerator between 34.0°F (1.11 °C) and 40.0°F (4.44 °C). during the scored .gerled.
See Appendix A for the schedule of scored periods and for the number of available points per scored period.

4. Reduced points are earned if the time-averaged interior refrigerator temperature is between 32.0°F (0.00 °C)
and 34.0°F (1.11 °C) or between 40.0°F (4.44 °C) and 42.0°F (5.56 °C). Reduced point values are scaled
linearly, as shown in Figure 6. . ,

b.  The refrigerator volume published in the manufacturer’s specifications shall be a minimum of 6.0 ft’ (170 L).

¢. The refrigerator may be used to store food and beverages.

, 20
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—§ Full Points: 34°F (1.1°C) s Temperature s 40°F ( 44°C )
2
g Reduced Points: 32°F (00°C) < Temperature < 34°F ( 1.1°C )
4 or 40°F (44°C) < Temperature < 42°F (56°C)
2 X
,§ . No Points: Temperature s 32°F  ( 0.0°C)
30 35 40 45
Refrigerator Temperature {°F} or Temperature 2 42°F (586°C)

Figure 6: Scoring function for the Refrigerator sub-contest

All available points are earned at the conclusion of each scored period b

Sacping the time-averaged interior

temperature of a qualifying freezer between -20.0°F (-28.9 °C) and 5.

a. Reduged points are earned if the time-averaged interior fro@feg A exture is between -30.0°F (-34.4 °C) and
-20.0°F (-28.9 °C) or between 5.0°F (-15.0 °C) and 15.03 (Y . ReMced points are scaled linearly, as
shown in Figure 7. &

b. The freezer volume published in the manufacture ; Muimum of 2.0 f* (57 L).

c.  The automatic defrost function may be disabled. 1Y
d.  The freezer may be used to store food and only enoug¥

Z 5°F (-150°C)
g ) < Temperature < -20°F ( -289°C)
g | by, Temperature < 15°F ( -94°C)
g . Temperature £ -30°F ( -344°C)

-40 -20 0 20 Temperature 2 15°F { -84°C)

Freezer Temperature (°F

e Freezer sub-contest

All availabl3pdints are earned i ndry by running a qualifying clothes washer through one or more
complete, uninfted, “normal” e cycle(s) within a specified period of time, during which a
temperature sensoRpPaced in the disiig Mach 110°F (43.3 °C) at some point during the cycle. See
Appendix A for sped® i 3 the number of points per clothes washing task and the time periods
designated for clothes g
a. Half of the available p
110°F (43.3 °C).

b. A load of laundry is defined %@ organizer-supplied bath towels.

c.  The clothes washer shall operate automatically, have at least one wash and rinse cycle.

One or more complete, uninterrupted, “normal” (or equivalent) cycle(s) in an automatic clothes washer shall
be used to wash the laundry.

e. On several days during contest week, two loads of laundry are required to be washed. Teams have the option
to combine double loads and wash them in one clothes washer cycle.

f.  For redundancy, 2 temperature sensors shall be placed in the clothes washer for each test. The higher of the 2
readings is the temperature of record, unless it is determined that the sensor with the higher reading is
defective, in which case the lower of the 2 readings is the temperature of record. .

g. The drying function in a combination washer/dryer shall be disabled until the completion of the wash cycle

and removal of the temperature sensors.

if the temperature sensor reaches 105°F (40.6 °C), but does not reach
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h. Cycle “interruption” includes tbe adjustment of supply temperature or flow in a manner not anticipated by
the manufacturer or addressed in its operation manual.

i. Cycle completion shall be confirmed by the observance of an audible or visible signal.

j. The orgz’i,nizer.s will consult the operation manual to identify appropriate cycle settings. “Normal” or
“regular” settings shall be selected, if available. Otherwise, settings most closely resembling typical
“normal” or “regular” settings shall be selected.

All avai%able points are e'amed by returning a load of laundry to a total weight less than or equal to the towels’
total we}ght befc?re washu?g. Clothes drying shall be completed within a specified period of time. See Appendix A
for specific details regarding the number of points per clothes drying task and the time periods designated for

laundry tasks

a. Reduced points are earned if the “dry” towel weight is between
weight. Reduced point values are scaled linearly, as shown i

b. A Ioaq of laundry is eligible for clothes drying points onlyddb® 0% perienced a complete, uninterrupted
cycle in an automatic clothes washer. However, scoringg

N towels to be visible must

oy e

“.i:,:

d. s have the option to
g
)
& Weight < 100 %
Q
?c; 7 Weight < 110 %
'._
g Weight 2 110 %
g

0
o

90

pA a qualifying dishwasher through a complete, uninterrupted, “normal”
3 &iod of time, during which a temperature sensor placed in the

229 some point during the cycle. See Appendix A for specific details

20 ashing task and the time periods designated for dishwashing tasks.

arned if the temperature sensor reaches 115°F (46.1 °C), but does not reach

regarding the number of poini X

a.  Half of the available points a
120°F (48.9 °C).

b.  For redundancy, 2 temperature sensors shall be placed in the dishwasher for each test. The higher of the 2
readings is the temperature of record, unless it is determined that the sensor with the higher reading is
defective, in which case the lower of the 2 readings is the temperature of record.

¢. The dishwasher shall operate automatically, have at least one wash and rinse cycle, and have a minimum
capacity of 6 place settings according to the manufacturer’s specifications.

d.  Ifthe dishwasher has a heated drying option, this option shall be disabled.

e.  Cycle “interruption” includes the adjustment of supply temperature or flow in a manner not anticipated by
the manufacturer or addressed in its operation manual.

f.  Cycle completion shall be confirmed by the observance of an audible or visible signal.
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g. :l:he orginizex:s will consult the operation manual to identify appropriate cycle settings. “Normal” or
‘regular settings shall be selected, if available. Otherwise, settings most closely resembling typical
“normal” or “regular” settings shall be selected.

h.  The dishwasher may be run empty, partially loaded, or fully loaded; the load may be soiled or clean.

Contest 9. Home Entertainment

All availab.le })oints are eamed’by using a kitchen appliance to vaporize 5.000 pounds (80.00 ounces or 2.268 kg)
of water within a specified period of time. See Appendix A for specific details regarding the number of points per

cooking task and the time periods designated for cooking tasks.

a. Reduced points are earned if between 1.000 pound (16.00 ounce
ounces or 2.268 kg) are vaporized. Reduced point values are s

b. Any kitchen appliance may be used, but it must operate in g5

Ry

water,
Full Points

x .
3
g z 51
g : < 5
3 : < 11b
n : i
S - +
no- N H Ll T k]

0 1 2 3 4 5

Weight of Vaporized Water (b}

Q ¥ period by keeping the time-averaged workstation
g the scored period. See Appendix A for the schedule

(i). Re :“- i 1 gveraged work surface light level is between 25.0 footcandles
¥x). Reduced points are scaled linearly, as shown in Figure 10.

LightLevel =2 50fic ( 538 lux)

Reduced Points: 25 ftc { 269 lux ) < Light level < 50ftc ( 5381iux )

No Points: Lightlevel < 25ftc ( 269 lux )

4

0 10 20 30 40 50 60
Workstation light level (fc)

Figure 10: Scoring function for the Workstation Lighting sub-contest

Paints per scored pericd

b. House Lighting
All available points are earned for keeping all interior and exterior house lights on dur_ing §peciﬁed penods.of
time. See Appendix A for specific details regarding the number of points per House Lighting task and the time

periods designated for House Lighting tasks.
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(i). All Qimmers shall bg adjusted to their highest positions and all other lighting control equipment shall
be disabled or overridden so that the controlled lamps are fully and continuously on during the
specified periods.

(ii). Pani.al.cr'edit \.'v'ill bﬁ awarded for partial compliance. However, a team is only eligible for partial
credit if it notifies its observer before turning selected lamps on or off.

Each team shall host two dinner parties for its neighbors during contest week. See Appendix A for the dinner
party schedule and the number of available points per dinner party. Each pair of guests from a guest team shall

assign a score to the host team after each dinner party. The quality of the meal, ambiance, and overall experience
shall be considered in the evaluation.

a. To maintain consistency among the subjective contests and sub-contesls, guest teams shall use the scoring
methodology described in the “Phase III: Deliberation” section o B5Pndix B. Each of the 3 guest teams
shall submit 3 percentage integer scores, i.e., 1 score for qualifyéiitgfical, 1 score for ambiance, and 1 score
for overall experience, to the Contest Officials by 10 p.m. Tgs: pres will be averaged and multiplied by

QMeralciglipal score for each dinner party.

the maximum available points in the scoring spreadsheet 182
iyible score) (NERR % (highest possible score).
ighhgipood consists of four

Percentage integer scores may range from 0% (lowesig :
b. The village will be organized into five small “neigdEgy

hole from each of the three

My ouests and two team

#

neighboring houses. The guest list for the dinner g
neighboring houses. Each host team shall prepare dN

members. \

¢. Whereas take-out and prepared over- tiepimitted, dinner ests are
encouraged to assign higher scores to tdg _,' \ Keents to prepare the meal and prepare/cook
the meal entirely in the house. o \

d. The meal shall be served and eaten indoors "is AN io R in the construction documents.

e. Before and after the dinngPoMhg of the par "'{‘.; iy ikgybut not required, to serve hors
d'oeuvres and/or beve il crogf 5 .

f.  Teams are required to izers. The organizers will review the
menu for compliance. If to meet all the safety requirements, a team must
submit an upda

g.  Teams hgg

oY
(ii). ored, used in meal preparation, served, or used in a meal in any

‘!ﬁ' . Y ‘\;q, (“3\ A
(iii). All b used for cooN@Aand drileng shall be drinking water purchased in sealed containers
Tz, B

(iv). All dish&hd cookwar B 1] be washed with hot water and soap and rinsed prior to use

A<t be stored properly and according to the instructions on the packaging.

For example, beverqg® and foods marked “refrigerate after opening” must be refrigerated

appropriately after opening

(vii). Some dinner party guests may have food allergies. Common food allergies are: milk/dairy products,
eggs, peanuts, tree nuts (walnut, cashew, pecans, etc.), fish, shellfish, sy, and whe.rat. To help
prevent allergic reaction, teams create a list of ingredients for each of the items being served at each

meal.

Immediately following the Communications jury tour, the power draw of a qualif ing TV, gualifying computer,
and other devices used during the jury tour and public exhibit will be measured over a 30-minute period to

establish the baseline power draw of the dedicated exhibit circuit(s). All available points are eamed by operating

these devices during specified scored periods and drawing at least 90% of the baseline power during the scored
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gerfod. See Appendix A for the schedule of scored periods and for the number of available points per scored
period. I

a. TheTV sha.ll be a minimum of 19 in. (48.3 cm) according to the manufacturer’s stated display size. The
computer display shall be a minimum of 17 in, (43.2 cm) according to the manufacturer’s stated display size.
The computer may be a notebook, laptop, or desktop computer. The computer and video displays shall be
able to be operated simultaneously and controlied independently of each other.

b.  Small mobile devices containing rechargeable batteries shall not be recharged on the dedicated exhibit

circuit(s). The batteries in these devices shall be recharged at appropriate times on another house circuit so

that the devic_es are useable at all times during public hours. The organizers and gbservers will conduct spot
checks to verify that this requirement is being met.

c.  Some scored periods will occur prior to the Communications jury tour and the establishment of the baseline
power §raw of the dedicated exhibit circuit(s). Points earned during tRese scored periods shall be awarded
retroactively, after the completion of the final Communications juyd .

d.  Teams shall notify the organizers prior to the event of any exh
likely to fluctuate outside of £10% of the 30-minute averaogd

e.  Teams with continuous audio loops may request specialp
Architecture, Market Viability, Lighting, and Engin
reduction is solely responsible for reducing the exjifis
restored for the affected scored periods. \

g#Vices that, under normal operation, are
vower draw.

uce the volume of the audio during
ours. If the &xghnizers determine that the volume
fower draw below "%} 0% threshold, points will be

. See Appendix A 1 the movie night
Nt team shall assign a score to each host
mbiance, and overall experience shail

Each team shall host a movie night for its s during con
schedule and the number of available point A
team after the movie. The quality of the homeX

be considered in the evaluation.

a,  To maintain consistency Zi{fiMie subjecti I ontesK@ypest teams shall use the scoring
methodology Qrﬁfi’?’* ' poendix B. Each of the 3 guest teams
shall submit 3 percentZeainteger SOk, i.e., @Phome theater system and design, 1

eall expericA¢A to the Contest Official by 10 p.m. These 9 scores will

g availabehpints in the scoring spreadsheetto generate a final

ay rAgBe from 0% (lowest possible score) to 100%

e

"hoods.” Each neighborhood consists of four
each guest team shall spend at least 15 minutes during the

L

Prior to the event, team MeMNbEreS¥ened up for the Yahoo Group will have the option to vote for one of three
movies selected by the orgahigg. The movic receiving the most votes shall be provided by the organizers on
the day of movie night and shall be the movie shown in all houses on movie night, The selected movie shall
be available in several of the most popular video formats, so that each team may request the format most

suitable for its home theater system.

Contest 10. Net Metering

All available points are earned at the conclusion of the specified net metering period (see Appendix A for the net
metering schedule) for producing a net amount of AC electrical energy of 0.0 kWh or more.
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a. Reduced points are earned if the net AC energy is between -10.0 kWh and 0.0 kWh. Reduced points are
scaled linearly, as shown in Figure 11.

£-4

<

0 kWh

0 kWh

-10 kWh

3 100

2 80 -

‘5 ©

52 60 - Full Points: Net AC Energy
§§ 20 - Reduced Points: -10 kWh < Net AC Energy
% @

2 £ 0 ’ e No Points: Net AC Energy
8 =30 -20 -10 0

Net AC Energy Production (kWh)

Figure 11: Scoring function for the Energy Balgnce sub-contest
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nction fo y”ﬁg Energy Surplus sub-contest

s
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Appendix A Event Schedules

A-1,

Overview Event Calendar

2009 Solar Decathlon Rules

Sunday § Monday | Tuesday Wednesday Friday Saturday
This schedule may not be complete or up-to-date. It is subject to Day ¢ Day 2 Day3
change at any time. Refer to the Detailed Event Schedule in REGISTRATION 18 STAND-ALONE STAND-ALONE
Appendix A of the Solar Der':ath!on i_iu!es foy_a comprehensive, up-to- R g ASSEMBLY ASSEMBLY
date list of daily activities. {24 hours) {24 hours)
Last Updated on February 29, 2008
Day4 Day$s Day 6 Day 8 RP#v.9 Day 16
STAND-ALONE STAND-ALONE STAND-ALONE or - CONTESTS > CONTESTS * -~
ASSEMBLY ASSEMBLY GRID-TIE 72 »qw urs) {24 hours)
{24 hours} {Msdnight~8a.m.} ASSEMSELY 5. PUBLIC YOQRM k“gu I
STAND-ALONE or {24 hours 4 {11a.m. {103.m. =5 pm}
GRID-TIE DINNER PARTY #1
ASSEMBLY {Fpm.—-3pm)
{8 a.m. - Midnight} OPENING
WATER DELIVERY o
{8am.—6pm}
3 vuaqg and VP fouas,
OPENING RECEPTION
tém p.sa.)
Day 11 Day 12 J Day 15 Day 16 Day 17
© CONTESTS - = CONTESTS oV < CONTESTS ENGINEERING hgggy&;ggg;_g
(24 howrs) ;"’", z ; o 54 {Midnight - 16 p.m.} RESULTS and (10 a.m.~5p.m]
B ARCHITECTURE and COMMUNICATIONS TEAM—ONLY OPEN LIGHTING DESIGN AWARDS VICTORY
MARKET VIABILITY RESULTS HOUSE RESULTS CEREMONY RECEPTION and
MOVIE NIGHT RESULTS Qa.m. = 1 5 pm.-iTp.m.) {10 am. - 10:30a.m} {10am.~11am) TEAMAVIP OPEN
{Fpm-Spm]} iy (10 3.m.~10:302m) R PUBLIC TOURS v PUBLIC TOURS. . | 6 BY HOUSE
- B m. {{1am.~3pm) (11 a.m. ~3 p.v} {5p.m, ~10p.m}
mo-3pm)
. DINNER PARTY #2
{5 5.7
Day 18 Day 19 3 Day 21 JURY TOURS DAY %1 DAY 582
5 . .3 & Architecture Fri, Doy 9 08001710 Sav,Day 1D  0800-145¢
L 2324 |  DISASSEMBL pREMBLY DISASSEMBLY | yiacket viability  Fri, Day 3 0800-1710  Sat,Day 16 D800-1450
(10am ~5p.m] {24 haurs) 4 hours) {24 hoursy Commumications  Fri, Day 9 0800-1710  Sat,Day 16 0800-1450
DISASSEMBLY Lighting Design Mon, Day 12 0900-2155 Tue, Day 13 0900-2155
{5 p.n. — Midnight) Engineenng Mon, Day 12 0900-1650 Tue,Day13  0900-1650
Impound Hours: 10:15 p.m. =7 a.m.
Duration: Day 7/8 through Day 17/18
N March 21, 2008



A-2. Scoring Chronology

300 100%
EERE Objective Points HEESl Subjective Points PercentComplete
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T 200 g‘
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L 150 : : 50% o
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IE g
a 30% O
O
3
20% ©
®
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o
10% S
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g AEIHS 20 g8 3k EHEIR A HHHE -
582 3 AF: 31818 i oo HEEHEEH IR HEHHAS
g2)3 23 EIEE g~ gggggg ~— 23|28 (315 ~
S ESEIEs HE] Bl2ialste] |2l ok |aa
. M - 112:00 AM 12:00 AM i 12:00 AM
._11- o - 112:30 AM 12:30 AM $2:30 AM
| 1:00 AM 1:00 AM 1:00 AM
130 AM ai 1 1:30 AM 1:30 AM
21 2:00 AM 2:00 AM
3 - 1 2:30 AM 2:30 AM
o0 3.00 AM 3:00 AM
3 330 AM 3:30 AM
Y 4:00 AM
' 4:00 AM
AN §:00 AM
30 A 530 AM
600 AM £:00 AW
B30 AN 6:30 AM
7.00 7:00 AM
7 30 AM
» (OB, AM
AM 3
9:00 AM et
530 AM 930 AM
10,00 AM 10:00 AM
10:30 AM 10:30 AM
11:00 AM 1100 AM
1130 AM 11:30 AM
12:00 PM | 12:00 PM 12:00 PM
E 12:30 PM 1230 PM 12.30 PM
T Trooem 1:00 PM 100 PM
P 130 PM 1:30 PM 1:30 PM
2:00 PM 2:00 PM 2:00 PM
230 PM 230PM 230 PM
3:00 PM 3:00 PM 3:00 PM
330 PM 330 PM 3:30 PM
400 PM 400 PM 400 PM
£30 PM 4:30 PM 430 PM
5,00 PM 500 PM ST T s00 Pu
530 PM 4 1530 PM S T Tsaorm
6:00 PM 600 PM ) 5 &:00 PM
630 PM 8:30 PM 2 6:30 PM
7:00 PM 7:00 PM 15 7:00 PM
7:30 PM 7:30 PM 5 730 M
6:00 PM 8.00 PM 2 8:00 PM
B:30 M B30 PM a 8.30 PM
o
200 PM 00 PM 2 9:00 PM
9:30 PM 9:30 M ¢ 9:30 PM
10:00 PM  110:00 PM 10 00 PM
10:30 PM  [osopm | 10,30 PM
11,00 PM {11o0PM| (& 11:00 PM
1430 PM I 11:30 PM

5

a[NPpaYOS JUIAT pajIeIaqg




= - s1=
h D 28| comes | Tawen [238[233 HEEHHHHEBHEHHHEHEHEHHHEHEHEEHE
Thurs (Day 8) (23| e | s |355 |25 HEHEHEEEEEEEEEREBEEEEERBEEBHE
hd »5“53& “lofo|alale|glo|cld|dlr|r|a|la|alo|dlr|clo|ojo|mj~|w|o]e]|x
Refrigerator] C8- MEAS 0.000 366 34 - e -
Freezer] C6-2 | MEAS 0.000 366 34 X
Temperature] C6- MEA 0,000 258 8 .
Humidity] C6-2 MEAS 50.000 258 ] 5
Dishwasher} C8-5 TASK 20.000 5 1 K
Computer| C8-§ TASK 20.000 160 26 5 H H N
Workslation Lighting| C9-2al  MEAS 5.000 36 12 1 i H
Clothes Wzshcf‘ <83 YASK 20000 10 1 8 N
Clothes Dryer] C8-4 TASK 40.000 10 1 X
Cooking] C3-1 TASK 20.000 4 1 .
FotWaled C7 | TASK 100,000 26 2 ; ; i
Video[C9-4b]  TASK 15.000 a0 10 . oot xk g -
Evening House Lighting[C8-2b]  TASK 25.000 36 3 4,167 mﬁu%mmwmwmmw T —
DAILY AVAKABLE POINTS 42824 WEAERRAE SET g e
CUMULATIVE AVAILABLE POINTS 43.824 Bz el e
Net Meterin begmst%&*&%@%ﬁ%%%%%%m T [X N
Team/Organizer meeting k28 7 26 %% Cd UG ELHE P Bl 1 e
QOpening Ceremony arass rencarsal J68 E51 8 %5 Wb B »
Opening Ceremony Line-up BoR SRR 483 &8 R PN ~
Spening Ceremony BN S RQ IR BN &S
Medta Open House and house tours for Cpening Reception invilees gmm et oY oy
Opening raception §5% (631 PeE o BE Y
Chservers 21 hrs o statsTalalsl
inng obsarver
e Brxw|Okw ,
Fri(Da 9) _'g'g Contast Total Pis 3§§ ;Eg o e Ezgiff%iéggggzagg -
y 8| Twe | Aveiabe [EEE|Z3 5 gl218181818(818|8|8(8|8|2|2i3 3|8 b:hadt:
k- X . T njvinioleiviviciclolniNinicleole BIE -
Refrigerator| C8- MEAS 10.000 366 311 - N O 2 Aa e
Freezer] CB-2 MEAS 10.000 366 1. oy X
Temperature] C6-1] _ MEAS 56.000 258 3 7 3b4 *
Humidity] C6- MEAS 50.000 258 38 34
Computer] CS- TASK 20.000 160 25
Workstation Lighting| C8-2a] MEAS 5.000 85 18
Hot Water} C7 TASK 100,000 o 3 15,
Video{ C9-4b| TASK 15.00 1.501
Clothes Washer| C8-3 TASK 20 4,000
Clothes Diyer| C8-4 TASK 10 000
Dinner Party| C6-3b] __TASK 2 1 3 ETT)
DAILY AVAILABLE POINTS £ 2
CUMULATIVE AVAILABLE POINTS s LA,
Aschitecturs [u Y E ummmm@gmmwww
Market Viabity jury (SN 68 % J68 B! ik i o3 20) w500 0 SO 0
Communications jury four 1% 08 B2 85 B e
TeanvOrganizer meeting 1
Ob: 119 hes
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= = = <
Sat(D 10 ;E Contest Total Pty ;2“; i;n ‘2:::{; et o - e = %gggggéégggggggégggééégi §§¢§
k4 £y Y’ 5 - - - = £ - -
At RN s s:2 27252 82 5 2 2 HHHEREEEEHHEEEEEEEEEEEE qH
Refrigerator] CB- MEAS 0.000 366 4 1.31 -1 4= ki
Freezer] C8- MEAS 0 000 36 4 31
Tempecature] C&~ MEAS 0.000 25 3 .20
Humdty] C62] _ MEAS 56.000 25 3 ¥
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Appendix B  Subjective Sub-Contest Guidelines

B-1. Juror Guidelines

A ]uror’s evaluation of each team’s project consists of the following 3 phases:
1. Deliverables review
2. Scheduled jury tours
3. Deliberation

Table 5 indicates the time commitments jurors are expected to make per team for each of the first two phases of
the evaluation. Teams will be asked to consider these respective juror time commitments as they determine how
much information to present to the juries in the narrative portions
scheduled jury tours.

Table 5: Juror time commitments for deliverableg

Time Commitment for ' Time Commitment for
Jury Deliverables Review | (see Appengf¥ R Scheduled Jury Tour
(per team) : (per team)
Architecture 10 to 20 minutes’ 30 minutes
Market Viability 1t02 30 minutes
Engineering 1to2 Pne  CoNuiction specifications 30 minutes
< Ay erjg@nalysis and discussion
. eering design narrative
Construction drawings
L . ¢ roject Manual 30 minutes (day)
Lighting Design 1 'to 2 hou e Construction specifications 10 minutes (night)
' e Lighting design narrative
1. Website
2. Final Communications Plan
Communications 1to2 3. Construction drawings 30 minutes
(see Appendix D for Communications
deliverable requirements)

Phase 1: Deliverables Review . '
The deliverables review offers the jurors an opportunity to explore the relevant det_ails of each‘ team’s project via
the deliverables outlined in Table 5. If questions arise during the deliverables review phase, jurors may address

those questions to the appropriate Contest Official before or during the gvent.

N

Phase 2: Scheduled Jury Tours

The scheduled jury tours take place on the
verifications of information presented in the

competition site and offer the jurors an opportunity to make visual
deliverables and to ask the Decathletes for clarification of questions
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that may have ar'isen during the deliverables review. The logistical details of the scheduled jury tours will be
provided to each juror by the Contest Official prior to the juror’s arrival on the competition site.

Phase 3: Deliberation

STEP #1

During the deliberation phase, which takes place after the completion of scheduled jury tours, each juror is
encouraged to plac-e each team into one of 4 classes based on each tear’s performance relative to the contest
criteria. Contest criteria are included in each contest description. The 4 classes are:

Class #1: ECLIPSES Contest criteria 91 — 100% of available points
Class #2: EXCEEDS Contest criteria 81 ~ 90% of available points
Class #3: EQUALS Contest criteria 61 — 80% of available points
Class #4: APPROACHES Contest criteria 0 — 60)&@)available points

Jurors are not required to place a uniform number of teams in all ¢l
class. For example, if a jury determines that no teams are worthy, @it

the allowed range of the particular class is encouraged
the range associated with the class. If it is not possible 5

have belghncurred. The Scorekeeper will
Eotering the percentages into the scoring

g
gt

spreadsheet.

STEP #3

Names of the tfifeg] ol be 8g8ounced during a regularly scheduled media
announcemefit: 38 ) g ouncement schedule). Pending the jurors’

»

ey

(¢}

— A
=

o
LA

availabElity‘ Aorganizers will Ny to make t¥ announcement. The scores for all of the teams will be

Ay following theSggignounchy

2 ¥ summary J? coring justifications for each team to the Contest Official. A summary
of the jury’s justifications % 3} k as feedback to each team s0 it might better understand why the jury

evaluated the team as it did. o

B-2. Team Guidelines

a. It is ultimately the team’s responsibility to ensure the house is cleareq of visitors, and the team is rea.dy for
the arrival of a jury at the time indicated in the schedule (see Appendxx A). A Solar I?ecathlon organizer or
staff person called a “runner” will deliver a warning 30 to 60 minutes prior to the arrival of the jury and will
help the team clear the house of visitors and manage the lzpe qf peopl_e waiting to tour.the housg. A team
shall not start clearing its house prior to the runner’s warning in anticipation of the arrival of a jury, because
public tour times must also be maximized. o o '

b.  Show the Architecture and Market Viability, and, if appropriate, 1hg Engmeermg,.Lxgmmg Design, and
Communications juries all possible configurations of the house during the respective tours. House
configurations that could affect the outcome of contests and that were not seen by the‘Jury during their tours
are prohibited during contest week. Some examples of reconfigurable features follow:
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* A significant moveable component, such as a room, wall, or bed (safety plan must also be in place)
o Significant shading devices, such as retractable awnings or operable shutters
e Towel-drying locations

e Window coverings that may obstruct views or reduce light levels.

If you do not have time to do a live reconfiguration during the jury tours, you must use some other method,
such as photographs or video, to show all reconfigurable features in their various configurations. If you are

not planning to actually reconfigure qualifying features at any time during contest week, you do not have to
show the reconfiguration to the juries.

All plug-in or portable appliances that may be used during contest week must be in their fully deployed
locations and configurations during all jury tours. Also be aware that juries may request plug-in, portable, or
hard-wired appliances to be turned on so they can evaluate noise levels or other characteristics of the
appliances that may not be apparent when the appliance is off.

c.  Uptosix (6) Decathletes may give tours to the juries. Team Crpgiih
member may be a silent observer during the tours. ;

schedule is twofold. First, to ensure each team recei
of fairness among all the teams. And second, any dgg
on other events planned during the days the jurie &g
schedule set for the juries could result in a very di Mﬁh@;_
competition. If a team is not ready for a jury to begin$eQ
the jury spends in that team’s house wilj

Jyal visitatio e by the juries to maintain a sense
P00 from the sche¥@ywill have an immediate effect
&all deviation in the

€. The juries will have 30 minutes to visit cgQ} i QGA-minute period to travel to the next
house. During the 30-minute visit, 20 mintg & oWy teams to lead the juries through a tour

L

X
i

they have just seen.
f.  The Lightin -‘,% 5
visit, the Jehyx
travel agéﬁr“ et
highli3Raf the electric ITg

visit. Th e house to provide the jury with a S-minute private discussion
period B 0

g. A Solar Decath i"i‘."r,_‘ ord appropriate comments to be passed on as feedback to the teams.
This information v eedback to each team so it might better understand why the jury

presentation boards or otherSg S| media expanding on the topics summarized in the handouts or
construction documents are permitted to be on display during jury tours.
i.  One of the six participating Decathletes may audiotape or videotape the jury tour as it is happening, but
taping of the jury discussion period is prohibited. .
Areas of the house not located on the accessible route may be accessed by the juries and considered in their
evaluations. o
k. The organizers will provide all juries with summarie§ of important rule and.code violations for each team so
that juries are aware of violations before giving credit for aspects of the project that are not in compliance.
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Appendix C  Objective Sub-Contest Guidelines

C-1.

The “measured performance” sub-contests listed in Table 6 are cl
awarded in the scoring spreadsheet based on measurements col

Measured Performance Sub-Contests

Table 6: Sensors used in “measured performance” sub-contests

assified as such because points are automatically
lected by each home’s datalogger.

Sub-contest(s) Sensor Type Vendor Item Number Agp‘mx.
rice
6-1. Temperature Temp and humidity probe w/ | Campbell
6-2. Humidity custom radiation shield Scientific $425
. Thermocouple inserted in
8-1. Refrigerator rubber “Super Ball” for mass Omega $75
Thermocouple inserted in
8-2. Freezer rubber “Super Ball” for mass Omega §75
9-2a. Workstation
Lighting Photometer mounted on base | LI-COR $450
. R¥iscontinued
. - AC Watt-hour meter and “ontinental 5
9-4. Public Exhibit current transformer (CT) o] Systems 5225
10-1. Energy Balance | AC Watt-hour meter and tine: Y-208-P-030Hz (discontinued $250
10-2. Energy Surplus | current transformer ((o49)] ol Systd
TOTAL | $1500

the scoring spreadsire

A

ition equipment

d to collect sensor readings and transmit the data to

. Approx,
Equipment Desc Ven Item Number lf’)rice
Datalogger enclosure i Campbe § Igentific ENC14/16-DC-NM $275
-5 T-SW- i i CRI10X is still used i
Datalogaer ampb  ntific CR1000-ST-SW-NC {discontinued is still used in $1400
g8 SD)
Power supply Caragp¥ll Scientific 100-SW $225
Transformer Campbell Scientific 9591 $50
Solid-state multiplexer Campbell Scientific AM25T-ST-SW 3950
Switch-closure module Campbell Scientific DM-SWBA-SW $275
_— Radio: RE401-8T (discontinued RF400 is still used in SD) $475

RF radio and antenna Campbell Scientific Antenna: 14204
Sensor wire and miscellaneous Various Various $350
parts

TOTAL $4000
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One or more drawings containing the following information shall be included in the construction drawings to
facilitate the planning and installation of the competition monitoring system:
¢ Proposed locations for the datalogger and Watt-hour meter enclosures
» Proposed location(s) for the temperature and humidity probe(s)
o Refrigerator/freezer location
e Workstation location
¢ AC load panel location and circuit schedule
» Proposed wire routing paths:
- Temp/humidity probe(s) to datalogger enclosure
- Refrigerator/freezer thermocouples to datalogger enclosure
Photometer to datalogger enclosure
AC load panel to Watt-hour meter enclosure
Watt-hour meter enclosure to datalogger enclosur

Teams shall be mindful of the following considerations when de eXe required instrumentation drawing(s):

t

i

General Comments

Measurements of temperature, humidity, electric power, i
Solar Decathlon scores. The following guidelines desg i
how teams can help facilitate this work.

The location of sensors is determined via a negotiation betNgdy ] M. The organizers

negotiate in good faith and try to achieve angaui - '

regarding location and wiring details. The f¢ggiiio i ) efore the event, but some details may be
L% N RgIxcations as their house designs progress.

N a significant portion of the
motall in teams’ houses and

sors must be installed, or teams

Accommodating instrument ‘ﬁg&%“ irectly pan
Ty, the organizers suggest that teams

can't get a score in the “mezSjipet pert3
accommodate the sensors e&%
e

[n the following sections, the P& oy \ itoring system are described.
Datalogger ' . -
The datalo nfy high, and 8 in. (20 cm) deep. It weighs about 12 Ib

: il organizers are currently planning to use wired (as
XM\provided for running sensor wires from each sensor location to
gted through the conduit bushing in the bottom of the
A in conduit. The datalogger box is usually mounted in a
it to a wall surface at a height above the floor that provides convenient
¢ datalogger box is in a utility room or closet. The box can be mounted
offny orientation is not available. The datalogger requires a small amount of

the datalogger. \Kg
datalogger box.

horizontally or upside down¥ BidTe

electric power (approximately @] . i
about the same. A standard 120 VW& receptacle is usually used to supply this power. The organizers

N,
communicate with the datalogger via a wireless modem located inside or adjacent to the data.logger box. An
external antenna may be required for successful wireless modem communication. However, in the past, no

external antennas were required.

Temperature and Relative Humidity Probe(s) .
All of the scoring in Contest 6: Comfort Zone is derived from the measured d.ry bulb temperature and relatl_ve.
humidity inside the house. The organizers plan to use a temperature and relatw? hurmdity sensor mo'umed inside a
radiation shield to make this measurement. The sensor will be placed in a location that is representative of the
temperature and humidity conditions through the entire house. This Iocgtion \jvill usually be between 4 and 5 ft (1
and 2 m) above the floor in the largest open room of the house. A location adjacent to a standard house thermostat

is typical. In a closed bedroom, on an exterior wall, near the floor or ceiling, or near a window are all highly

undesirable locations. If there is clearly more than one zone in the house, the organizers will install more than one
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sensor. Tt,te objective of Contest 6 is to heat and cool the house (not to heat and cool the temperature sensor) and
to maintain comfort conditions throughout the entire space.

Thermocouples

The temperatures inside the refrigerator and freezer will be measured with thermocouples. These measurements
typically require the placement of a small wire through the refrigerator or freezer door so that the gasket closes
around the wire. This approach was used in the past with satisfactory results. The organizers will identify a route
for the thermocouple wires to be run from the datalogger to the refrigerator and freezer. If a team is concerned
that jamming wires in the door will significantly impair the thermal performance, note that all teams are subject to

the same installation approach. If a team is going to use a nonstandard door gasket, the organizers need to be
made aware of it.

Light Sensor

Sub-contest 9-2a requires that a minimum average illuminance be mainjg
during certain hours. The organizers will install a photometer on the g

%! on the workstation desk surface

on the horizontal work surface. The photometer with its base is a p. (8 cm) in diameter and about 1 in, (3
cm) high and requires a wire to connect it to the datalogger. ThegRhiRg Awill negotiate with each team to
determine a specific location that is representative of the tasjulj @ WA nmodates other normal activities
on the desk. ' %

AC Watt-hour Meters

The net AC energy of the public exhibit circuit(s) and ANEM
9-4 (Public Exhibit) and Contest 10 (Net Metering). The AR
panel box. The box is 15 in. (38 cm) wide, 20no.

Each watt-hour meter unavoidably uses a smal ™G iRs each) from the house, with the
burden on each house being the same. For the inN@}ation SR W, helpful to have extra room for the

Sub-contest 9-4 requires tyffH
circuits (see Sub-contest 9-4 that no other electric loads are

& onnected to circuits other than the dedicated exhibit

C-2. Task Completion Sub-Contests

The “task comple sub-contests [KIM] in Tab% are classified as such because points are earned by
successfully comple B rved by, and the results of which are recorded by, an observer:

T2 le 8: Equl u ent used in "task completion" sub-contests

Sub-contest(s) lnstrumen Vendor Item Num ber‘{f ;r;;:j
Contest 7. Hot Water gxlg:rvnrgrer:::e/r o Omega/ Fluke 1\41;%3 L)SA-P ke | e
. 8-3. Clothes Washer | Non-reversible temperature label Omega T1-5-105-10 $10
8-4. Clothes Dryer Scale Acculab
! 8-5. Dishwasher Non-reversible temperature label Omega TL-5-105-10 $10
9-1. Cooking Kitchen scale Salton | 1008 $50
{ 9-2b. House Lighting | Visual inspection n/a n/a n/a
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Teams are encouraged to download the video and accompanying PDF file posted at
fip://ftp2.nrel.gov/pub/solar_decathlon/DayInTheLife/ to learn more about the tasks to be completed during a
typical day during contest week.
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AppendixD Construction Documents

The Construction Documents consist of the drawings and project manual and serve the following important
functions:

¢ The Construction Documents shall demonstrate compliance with the Solar Decathlon Building Codeand
the Solar Decathlon Rules so that the inspectors will be able to grant final on-site approval by simply
verifying that the constructed project on the competition site was accurately represented by the
Construction Documents,

» The Construction Documents shall clearly describe a team’s proposed assembly and disassembly
procedures. The Site Operations Manager will review the teams’ procedures to identify and address
potential conflicts among the teams. Each team is encouraged to consult with the Site Operations
Manager as the relevant sections of the Construction Documenjgaty being developed.

¢ The Construction Documents shall provide a residential ¢
generate an accurate, detailed cost estimate and to efficig,

S with all the information it needs to
grruct the building as the design team

shall assume that the contractor has had no prior cg e design team, has no prior
knowledge of the design, and has little or no exp Exprmance residences.

¢ Since the juries have a very limited opportuni dgiects on the competition
site, the Construction Documents provide the orf§EMs %‘;? iled presentation of its

58y purpose of the juries’ visit to the

&led on the competition site, was accurately
represented in the Construction Docunteg) e
during the evaluation of the design via 1%

D-1. Formatting Requirements

& . 4
Drawings i
O ANSI“B"(11in. X 17in. N mm) sheet size
0 Complia :
0 Packagf ormatting requirements)
Project Man \
1 ANSI“A” (R m X 297 mm) page size
O Organization ang atting of ¢ ‘\}t ruction specifications in compliance with MasterFormat 2004 Edition
0 Packaged into sin ppendix G for PDF formatting requirements)

N

D-2. Project Manual Content

Complete set of constructioy@eciﬂcaﬁons (including links to manufacturers’ data sheets)

Summary of changes since last Construction Documents submission

Content (other than drawings) required to demonstrate compliance with the Solar Decathlon Rules (see
Appendix D-3) and the Solar Decathlon Building Code

Structural calculations

Detailed water budget

Summary of unlisted electrical components

Interconnection Application

Energy analysis results and discussion

Architecture design narrative

Oogooooo g oo
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[0 Market Viability justification
O Engineering design narrative
0 Lighting design narrative

D-3. Content Requirements for SD Rules Compliance Check

¥ Rule Description

- Content Requirement(s) " IR A
Drawmg(s) showing the assemb y and dlsassembly sequences and the

0 4-2 Construction Equipment
: : movement of heavy machinery on the competition site
0 4-2 Construction Equipment Data sheet(s) and/or specs for heavy machinery
O 43 Ground Penetration Drawing(s) shf)yving_the locations and depths of all ground penetrations
on the competition site
O 4-4 Impactonthe Turf Drawing(s) showing the loc' 5
O 4-5 Generators
0 4-6 Spill Containment
O 4-6 Spill Containment
00 4-7 Lot Conditions
O 4-7 Lot Conditions
0 52 Si?]ar E{lvelope
Dimensions
o 52 Solar Envelope . List of w

Dimensions i, and draw 3

> & the complete electronic Construction
'n[. uments t % been or wi¥ be stamped by the structural engineer
“fi e hard copNamped structural submission; the stamped
iesion shall {gh ist entirely of sheets or pages that also appear in
kg’ e CO ""[mw ectiai)y Construction Document set

«éw- awmg(s) SRaMeo 11l information needed by the Rules Officials to

O 61 Structural Desugx '*w
Approval ~

o 62 {.;. ire the arc ctural footprint electronically
O 62 N Drd “&'b, (s) showing all movable components that may increase the
- A\ footprietd operated during contest week
. % hading calculations and/or diagrams for components that DO NOT
qa ) | ade the building above its finished floor height between 9 am. and 5
O 6 Maximum A ghgctura ¥ m. EDT on October 1* (shading calculations and/or diagrams aren’t
Footprint ecessary for components that are either shorter than finished floor
iy height or obviously do not shade the building)
O 63 gAinimum Conditioned Drawing(s) showing space conditioning means in primary living spaces
pace
Drawing(s) showing the accessible public tour route and the ground
O 6-4 House Entryways surface area that will be covered by organizer-provided walkway
material
Drawing(s) showing the location of all vegetation and, if applicable, the
0 7-1 Placement movement of vegetation designed as part of an integrated mobile
system
. - Drawings showing the layout and operation of greywater irrigation
O 7-2 Watering Restrictions systems
O s8-1 PV Technology Data sheet(s) and/or specifications for photovoltaic components
Limitations
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‘% Rule #%

Rule Description

«z Content Requirement(s) -

PV Technology ao
O s-1 Limitations Retail price quote for photovoltaic components
O 8-3 Thermal Energy Storage Drawing(s) showing the location of thermal energy storage components
O 83 Thermal Energy Storage ?:spsl:]eetfs) and/or specifications for thermal energy storage
onents
0O 8-3 Thermal Energy Storage (S:(l)lrz;dpinr% cilciul;ations anrdxf)or diagrams for thermal energy storage
onents (if necessal
O 8-4 Batteries Ip)orjvvggg(;) sihowing the location(s) and quantity of stand-alone, PV-
evices
O 8-4 Batteries (l?ezg?czl;eet(s) and/or specifications for all stand-alone, PV-powered
0 8-5 Desiccant Systems Drawing(s) describing the opegalin of the desiccant system
O 8-5 Desiccant Systems Data sheet(s) and/or speci s for desiccant system components
O 8-6 Village Grid Completed Interconneciife cation Form
O 8-6 Village Grid Drawing(s) showing t nt the photovoltaics, inverter(s)
terminal box, metuLg serviegiquipment, and grounding means
O 56 Vilage Grid it on 8 hsing s SRS, and s o
O 8-6 Village Grid One-line elect¥dindiagram &
O 8-6 Village Grid Calculation of se ’5,_. eede ,."’-‘q NEC 220
O 8-6 Village Grid Sitem{an showing th&i Y ¥Cks, ramps, tour pat, and terminal box
A , x“i"?‘“r. s 3 t , tilit
O 86 Village Grid (IjSllSC : \ ;vt;lr;% ;l; 13: t;g:n;ne er housing, main utility
\"ti, : :«.;1.' R ", X . . t.
0O 9-4 Rainwater Collection g,r;;vr:, *? 8 he layo e operatlon of rainwater collection
A sait '.q.a,_
O 9-6 Thermal Mass wi”’: Drawing '*";, h;___“ ns oXfater-based thermal mass systems
T, . N RGEN ter-based th 1 system
O 96 Thermal Mass %o PecifiCRRoNy for water-based thermal mass sy
Event Sponsor ﬁ; » the dimensions, materials, artwork, and content of
0 102 Recognition, baterials, including signage
Teaht:Sporsar? \in%e dimensions, materials, artwork, and content of
O 103 Recolni 12, L5, N qONy materials, including signage
O 11-4 Pubhg Tours M),  [REMRr and exterior plans showing entire accessible tour route
"?"" %A DraW "hu showing the dimensions, materials, artwork, and content of
O 11-4 Publi¥} Ldurs ) 8
- ) i the handd
O 114 PublicT "?" 5 N rawmg(s) showing the dimensions, materials, artwork, and content of
- ublic Tours
\ faghe team uniform
a 117 House Conﬁgu Ay ;* for g4dist of reconfigurable features and procedures for demonstrating these

Jury Tours

features to the juries

‘\;ig!'
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Appendix E Communications Deliverables

E-1. Preliminary Communications Plan and Web Site

The Preliminary Communications Plan shall reflect the planning process for the team’s fund-raising, media-
outreach, and all other communications activities, including those required to participate in the Communications
contest. The contents of the plan shall not consist of more than 20 pages.

A preliminary Web site URL to a site consisting of at least three pages shall be submitted with the Preliminary
Communications Plan. The preliminary Web site shall be evaluated by communications professionals at the
National Renewable Energy Laboratory (NREL) to ensure compliance with the Minimum Web site Coding and
Accessibility Standards provided in this appendix. Each team shall be notified by 5 p.m., mountain time, on June
18" regarding changes they are required to make to the site for compliance. This begins a “conversation” between
NREL and each team resulting in the team’s Web site being fully compli iz As team’s Web sites meet
comphance the 51tes are 1mked to from the mam Solar Decathlon Weldutd”By 5 p.m. mountain time on August

Web site. Any Web site not linked to by this deadline shall not befedsaty
significant changes (e.g., significant changes, new features, 3¢ '.; 4on) are made to the teams’ Web sites
between August 19, 2008, and the competition in 2009, NRELS By
reviews upon request.

The Planning Process

A plan is the result of a process. No two fund-raising, med S planning processes
are the same. y

Each team is highly encouraged to engage fieziomh Wi - may be available wit in their school and

community. [ndmduals representmg these re %"u

1) budget and funding? What types and quantities of finding do
A donations)? What are the fund-raising milestones?

i and quantify the media coverage you want to receive and by when.
e ﬁf
achieve that res "G"’f? A by when?
e [dentify the baseline—what are you doing now, who’s doing it, what’s going well, and what needs to
change and by when? .
e Conduct audience analyses—all communications efforts are driven by the needs and requirements of the

audience:

o Fund raising: Identify key donors (cash and in-kind); who are they?; what do they care about?;

what motivates them?

o Media Outreach: Identify media outlets to contact; how can you shape your messages to interest
their readers, users, and viewers? i
Communications: Who are the users of your Web site? What do they expect to find on your site?
Who are the “off-site” spectators, and what do they want to know about your team? Who are the
visitors to the solar village, and how can you best communicate with them?

O
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o Dratt key messages—what is the best way to say what you want to say to specific audiences, based on
what you know about those audiences?

o Messages are delivered through design and graphics as well as the written word.

o Establish a means and schedule for evaluating the effectiveness of your messages and changing
them as needed.

* Identify and describe tactics—the means, tools, and specific products by which you will reach target
audiences:

o Fund raising: What is the best way to reach donors; Web site, mailing, phone calls, special
events? _

o Media Outreach: What is the best way to reach media outlets; personal contacts, news releases,
special media events?

gls¥or effective management of your
tg#nd off the National Mall? How will
you engage and educate visitors to the solar villag¢€EHBeh during and outside of public hours?
How will you incorporate your communicationg EMh the overall design and presentation
of your house?

e o

¢ Identify, describe, and schedule a means of me s}}fﬁ‘f‘_ the effectivene¥&Y
or focus groups before full production. Gathegglat#’on tactics preceding tRghompetition and apply what
you have learned to your efforts at the competihgMCollect both quantitativSgid qualitative data about
your efforts and be prepared to report that data. 4 ; .

s Develop a fund-raising/media outrey - ﬁ‘a thin your overall Sgr Decathlon team;
define roles and responsibilities; dexglogmie “hfw will team members work together and

e}

o Perfi

The CommunTczgns Plan will ’ i _ it M, It is a living document. Each team shall submit a preliminary

A

following—a plan r& ..~.~‘. a: to do aPa given time, and a report describes what you did and the
results of your actions. %3

&

3l
HATK
X

nigh

and links to more inform elsewhere), including your team’s vision, mission, and overall goals and
objectives for the project (not just the fund-raising, media-outreach, and communications efforts).

e Scope: Describe the limits or “boundaries” around your fund-raising, media-outreach, anfi '
communications efforts—roughly, what these efforts will and will not consider, accomplish, or include.

o Budget: What’s the overall budget for everything in the plan? What's the budget for ﬁlnd‘rai§i:}g, media
outreach, and communications, separately? What’s the budget for chunks of work and/or individual
projects?

¢ Description of targeted audiences

e Description of key messages

e Description of the team’s brand—Ilook , feel, key messages; may incl
guide

ude graphical and content style
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Minimum Web site Coding and Accessibility Standards

Description of project clients, contributors, and stakeholders and their needs: Whom do you have to
answer to (make happy)? Whose contribution is important or essential to these etforts? Who else can be
affected by your efforts that you must consider? Who are the reviewers for your efforts?

Project Objectives:
o Fund Raising: how much money do you need to raise by when?
¢ Media Outreach: How many impressions and stories do you want to get?

o Communications: How many users and/or visitors do you want to reach? What impacts do want
to have?

Boles? and Responsibilities: Describe who’s going to do which chunks of work or specific projects, and
identify (as much as possible) who else has to be involved. It’s handy to repeat budgets for the chunks and
individual projects in this section.

Description of fund-raising, media outreach, and communicatig ‘;;;: tics. Please note that it is especially

All team Web sites shall comply with Rule 10-2; ¢

The minimum coding standards were seiecte standards that apply Yq
U.S. Department of Energy’s Office of Energy¥éficiency and Renewable (EERE) as well as from

4 ; s to relevant sections of
1 explanation ofeglyequirements with

the icon €. Where applicable, tho - £g¥ Section 508 have als®been noted with the
symbol B ror more information N T Y isIMND //www.section508.gov/.

Common Elements:
* A text or graphical }j tinlg

% v

Nq2D as a graphical or text link on the home

3 2.2., no horizontal scrolling is necessary to view the full width
tion. (800 x 600 resolution is also acceptable.)

Directories and Files: K&
o File names do not contain upper-case letters, spaces, or special charactets (e.g., & or $).

HTML Syntax: '
o HTML syntax follows HTML 4.01 transitional standards or higher and has been validated by

the W3C Validator, &
Row and column headings have been provided for all data tables. i)

Links:
o All links work throughout the site.

o Hypertext links are used in content throughout the site are underlined to indicate they are

links.
Scripts/Applets/Dynamic Pages (CGl, JavaScript, Java, etc.):.
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= Forms:
o)

»  Graphics:
o)
o

o}

s Multimedia:
@]

o}

Every script works correctly in the standard browser set. €3 €3
Content produced by scripting languages is accessible or has an accessible alternative.

i

Pages requiring a&;ieIS or plug-ins must provide a link to an accessible page where they can
be downloaded.

[f a timed response is required, the user can request more time to complete an operation. B

Back button functionality is not impaired.

Forms include text labels that correspond with form controls and markup to associate the two.

o

Graphics have meaningful "alt" tags. (Use {1
unimportant graphics.) '

Alt descriptions are used with all

All

.‘ Wer without a plug-in downloaded. (Ensure the
\yhat the animation works when loaded.)

Edlible equivalent to the Flash animation. (1)

W

»  All PDFs%# stored in a subdirectory labeled "pdfs.’
s References to PDFs within the HTML document us¢ a consistent format and link scheme

throughout the site (e.g., PDE 54 KB). e

» Every page with a PDF link also inciudes a link to download Adobe Reader
(httn://www.adobe.com/nroducts/acrobatfreadsten2.htm!) with the text “Download Adobe

Reader.” k%
Native file formats ' o
« Native file format documents are placed in a separate subdirectory, such as a "docs

subdirectory. ' ‘
«  References to native files within the HTML document will use the following format and
fink scheme throughout the site: Title of Document (Software 54 KB). Examples:

2009 Solar Decathlon Ru
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* The Value of Renewables (MS Word 54 KB)

* The Value of Renewables (Exce| 54 KB)
¢ The Value of Renewables (PowerPoint 54 KB)

v Testing:
o For quality-control testing, test the site in the standard browser set: €Y
* PC
* Internet Explorer 6.0 and 7.0
* Firefox 2.0
* Mac
¢ Safari 2.0

E-2. Final Communications Plan and Web Site

The Final Communications Plan shall reflect changes and progrg
and communications efforts since the Preliminary Communicat 1&g )
exceed 20 pages (excluding proofs) and shall include but OYlimited to: "G

pam’s fund-raising, media-outreach,

*  Progress of fund-raising activities—what is thy gt quantity of cont %:: (cash and in-kind)? What
WAL final fund-raising activi@yare planned?

¥
!

7k ? ; My P worked? What i)ally going to be

Sk
e N N
A "0

* The final URL for the Lot

Wb site submitted with the Preliminary

The final Web site shall ”., A
(¢ evaluations of teams’ Web sites at the same time

Communications Plan. The i”-“z;; unicatigpd j
that assembly begins on the Natfag?
E-3. Communications Report

s

NS wiions Report "ﬁ‘;ﬁ r‘?-, of the team’s fund-raising, media-outreach, and
%5Del1 not ¥{Med 20 pages (excluding artwork) and shall include but is not
% e

The Commu

§k,

¢ Results of furd-Paising activm Final quantity of contributions (cash and in-kind); final project budget
: )

~dwhat went well, what didn’t, what would you do differently?

o

i B

estimates); assessment of e visitors’ experiences (include qualitative data); lessons learned—what went
well, what didn’t, what would you do differently?

s FEvaluation of the team’s Web site—number of hits, unique visits, and any other user statistics; lessons
learned—what went well, what didn’t, what would you do differently?

o Team perspective on the effectiveness of the organizers’ communications on-site efforts—team members
have more experience with individual visitors than anyone on site, and the organizers appreciate learning ‘

from that experience.
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AppendixF  Safety Plan
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Appendix G Deliverable Submission Instructions

!?eliverables are co’nsidered to be on-time if they are received by the Competition Manager by 5 p.m. mountain
time on the respective due date. Refer to the “Event Lists” tab in the Yahoo Group calendar for deliverable due
dates and required file formats for each of the respective deliverables.

G-1. Hard Copies

The structural drawings and calculations are the only required hard copy submissions. Please mail these
deliverables to the Competition Manager at the following address:

Mike Wassmer

National Renewable Energy Lab
1617 Cole Blvd

Golden, CO 80401

Please do not submit hard copies of any other deliverables.

G-2. Web Site URL
Web site URLSs shall be Emailed to the Competition n_;'!:‘;’yq at sdmles@nre%

Rl
G-3. Required PDF Specifications

IO BE DETERMINED %

G-4. Required Graphics File Specifications

O BE DETERMINED \
P ... Y

G-5. Electronic File Nammg Instructions
‘ F-?g\ onic "’%igﬁ &

R
& i o

RAJ u&wsww _[SUBMISSION DATE (YYYY-MM-

Mines submitted by Arizona to the organizers for follow-up

Minnesota to the organizers OR, ;*'0 would have the following file names:
UMN_GRAPHIC_1_2008-06-03.tif% ¢
UMN_GRAPHIC_2_2008-06-03.tif

UMN_GRAPHIC_3_2008-06-03.ai
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Team Name ABBF’(FEEV‘.;XITION %Deliverable Name :;;’égg?:_g[é&
The University of Arizona UAZ preliminary Communications | pge; 1\ COMMPLAN
Cornell University CORNELL Design Development Drawings DD
Technische Universitit Darmstadt TUD Construction Drawings CD
g;x;zgn"“”i“"is at Urbana- uIue Project Manual MANUAL
fl?evzﬁns()t;i;;fniversity of Science and ISU Safety Plan SAFETY
University of Kentucky UKY Final Communitions Plan FINALCOMMPLAN
University of Louisiana at Lafayette LAF COMMREPORT
Universidad Politécnica de Madrid UPM GRAPHIC_[FILE #]
University of Minnesota UMN

Missouri University of Science and
Technology

The Ohio State University

The Pennsylvania State University

Universidad de Puerto Rico

Rice University

Santa Clara University

University of Calgary / SAIT "R
Polytechnic / Mount Royal Collegd: M

Boston Architectugglé&o ege / Tufts ity #REshls
. . m .5 15 Py o W
University B g

University 0}}' oo / Ryersagiy,
University /Sinfun Fraser Universigy

Virginia Polyteshilty Institute and Sﬁ\ \
University B, 8

G-6. Electronic File Submission Options

Electronic files smaller than 5 MBThay be Emailed to the Competition Manager at sdrules(.a,}n‘rel.gov or uploaded
to the Solar Decathlon Dropbox at http://dropbox.yousendit.com/SolarDecathlon, Electronic files larger than 5.
MB shall be uploaded to the Dropbox. Teams wishing to reduce file uptoa'd tifnes may archive electronic files in
ZIP files. Please verify that files in ZIP archives can be extracted using WinZip.
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AppendixH Construction Cost Estimate
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