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Abstract

Design and Life Cycle Cost of a Vertical Ground Source Heat Exchange System for the
Smith College Field House

by

Xinyi L. Li

Committee: Denise A. McKahn
Aaron J. Rubin

Committed to becoming a carbon neutral campus by 2030, Smith College is transitioning to-
wards geothermal energy for campus heating and cooling. Energy Consultants have been hired to
conduct an economic and phasing analysis to prepare a district energy master plan. In conjunction
with this planning effort, this thesis designed and evaluated the life cycle cost of a vertical ground
source heat pump system for the Field House as a pilot demonstration project.

A building energy model of the Field House was constructed in Trace 700. A sensitivity anal-
ysis identified eight sensitive unknown design parameters, including wall construction, ventilation
and infiltration rate, window, wall and floor u-factor and wall height. The model was validated with
existing oil usage data. The calibrated model estimates a total annual energy consumption within
4% difference from the oil data.

With this model of building heating load, a ground-source heat pump (GSHP) was designed.
The design included the calculation of five key parameters, namely the total and individual borehole
flow rate, borehole thermal resistance, total borehole length, number of boreholes and the power of
the water and heat pumps. Two methods of borehole length calculation were compared, and a final
design was proposed that detailed three boreholes at 600 ft, with a flow rate of 2.4 gpm per well
coupled with three heat pumps of 0.6 tons.

A life cycle cost analysis was conducted over a period of thirty years for four design options,
including (1) the existing oil-based system, (2) a GSHP system, (3) a GSHP system with medium
level building retrofit and (4) a GSHP system with deep level building retrofit. While remaining on
oil requires the least cost over the next 30 years, that solution does not meet our carbon neutrality
goals and offsets are not being considered as a viable path. As a result, the GSHP only option ranked
the least among the three remaining options in terms of the total converted present worth at year 30,
$285,000, closely followed by GSHP + Deep, which also reduced the annual heating demand by
28.9%. Economically, it is not worthwhile to retrofit a load bearing masonry building unless a deep
retrofit is conducted.

Future work is recommended to improve system efficiency and reduce total life cycle cost.
Specifically, work is identified in areas of thermal modeling to provide more accurate temperature
profile of the system. A PV system is also recommended to provide electricity for the geothermal
system heat pumps. This framework provides a useful way to compare potential carbon tax policy
frameworks.
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ACH ...
ASHRAE ...
BHE ...

CAD...
COP...
DN...

GCHP...
GSHP...
HDPE ...
HVAC...
HW ...
LCC...

MT eCO;...
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PV ...
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SDR. ..
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VAV ...
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Symbols

To differentiate theoretical and modeled values, x, from measured data or variables calculated using
measurements, X, an overbar is used. Derivatives are denoted as d()/d().

A list of variable and parameter symbols, definitions and units is provided below, any deviations
from these units will be explicitly stated in the text:

A... contact area (m?)

cp... specific heat at constant pressure (J/kgK)
d,D... diameter (m)
Moody friction factor (unitless)
convective heat transfer coefficient (W/m*K)
interest, discount rate ()
thermal conductivity (W/mK)
length (m)
mass flow rate (kg/s)
period of time (years)
sensitivity analysis output (unitless)
pressure (Pa)
energy in the form of heat (J)
heat flow rate (J/s)
radius (m)
thermal resistance (Km/W)
Reynolds Number (unitless)
sensitivity coefficient (unitless)
temperature (°C)
velocity of the fluid (m/s)
volumetric flow rate (m>/s)
energy rate in the form of electricity (J/s)
X, or horizontal direction (unitless)
sensitivity analysis input (unitless)
thermal diffusivity (m?>/day)
density (kg/m?)
viscosity (Ns/m?)

Q2

Q.
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=
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A list of the subscript and superscript symbols and definitions is provided below:

avg...

b...
cond...
cony...

f...
fitting ...
friction. ..
g...

gr...
h...

i...
in...
out ...

p...
pi...
po...
S...
total . ..

w,water...
1m...

10y...
6h...

average

borehole

related to conductive heat transfer
related to convective heat transfer
circulating fluid

pipe fitting

friction

ground

grout

hourly

index

input

monthly

output

pipe

pipe inner rim

pipe outer rim

contact surface

total

center-to-center distance between pipes
water

yearly, annual

one month

ten years

six hours

at infinity
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Chapter 1

Background and Introduction

This thesis presents a design and life cycle cost analysis of a vertical ground source heat pump
system for the Smith College Field House. In this chapter, global and institutional context of the
utilization of geothermal energy are discussed and an introduction to the technology of harnessing

geothermal energy is included.

1.1 Global and Institutional Contexts for Geothermal Energy

The issues surrounding climate change continue to be a major global concern. In 2015, the United
Nations has called the world to “ensure access to affordable, reliable, sustainable and modern energy
for all” after adopting the 2030 Agenda for Sustainable Development and its Sustainable Develop-
ment Goals (SDGs)[[17]. In countries around the world, sustainable energy conversion technologies
have been fast developing, policies have been established to provide incentives for the use of re-
newable energy and goals have been set by institutions as well as corporations to reduce carbon
emissions. While progress has been made, climate change continue to be an imminent threat. As
identified by a report from the Intergovernmental Panel on Climate Change (IPCC) in 2018, a re-
duction of average earth temperature of 2 °C before 2030 was adjusted to a new goal of 1.5 °C,
which can only be achieved given “unprecedented and urgent action”[24].

In this context, research institutions and organizations have been invested in developing carbon
neutral conversion technologies and improving system efficiency for thermal and electricity gener-
ation. Efforts have also been made to make renewable energy systems more financially accessible.
Figure [I.I] shows the main sources of renewable energy, including solar, wind, marine, hydro,
bioenergy and geothermal energy. In terms of energy potential, if fully developed and converted,
these sources possess an equivalent of 3078 times the current global energy needs, as shown by
Figure

Throughout the world, the use and application of geothermal energy has been increasing over
the past years. According to reports from the World Geothermal Congress 2010 in Bali, Indonesia
([31ID), by the end of 2009, a total of 48,493 MWt was generated for worldwide direct utilization of
geothermal energy, an increase of almost 72% from 2005 and growing at an annual compound rate

of 11.4% [14]. Geothermal energy has served as a capable replacement of fossil fuels, leading to
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Figure 1.1: Types of Renewable Energy Sources|[5]].
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Figure 1.2: The Potential of Renewable Energy Sources. Geothermal energy resources, if all con-
verted to useful work, could meet the needs of current global energy needs by five times. The circles
here indicate relative magnitude of available resources [3]].

a reduction of 55 TOE (tons of oil equivalent) of fuel oil for both electricity generation and direct
use, and a total of 50 TOE of carbon emission [14]. Geothermal energy installations have been
increasingly adopted in the United States as well, which ranks number one in the total electricity
produced and number two in direct use of geothermal energy in 2009 and 2010, respectively [[7].
Some limitations and advantages exist for the utilization of geothermal energy. One of the major
limitations for geothermal power generation is location. System efficiency is highly dependent on

several variables, one of which is the thermal condition of the ground at the chosen location. High



subsurface temperature is needed for electricity and power generation, which limits the location of
geothermal based power plants to places with naturally higher temperatures. Figure [T.3]shows the
geothermal resources in the United States that are ranked based on temperature profile from 3 to
10 km below the soil surface, a depth that is needed for power generation. The level of favorabil-
ity decreases as location shifts from west to east, making States like Oregon and California ideal
locations. Despite the requirement on deep ground temperature profiles for power generation, the
direct use of geothermal energy to meet heating and cooling needs is more accessible to all, as it
only requires heat from the “shallow” surface of the ground, commonly from 200 to 500 ft [12].
In addition, geothermal energy also has advantages in terms of having the largest capacity factor
(the number of hours a power plant can produce per 24-hour period), not dependent on weather

conditions, and having an inherent storage capacity and a relatively low operating cost [7].

Geothermal Resource of the United States
Locations of Identified Hé/drothermal Sites and
Favorability of Deep Enhanced Geothermal Systems (EGS)
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hydrothermal
sites or USGS
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* Source data for
deep EGS
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Southern Methodist
University Geothermal
Laboratory [Blackwell & Richards,

temperatures 2150°C) performed by
NREL (2009).
B - Source data for identified hydrothermal
sites from USGS Assessment of
Moderate- and High-Temperature
Geothermal Resources of the United
States (2008).
« "N/A” regions have temperatures
less than 150°C at 10 km depth
and were not assessed for
deep EGS potential.
« *Temperature at depth
data for deep EGS in
Alaska and Hawail not
available.
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Figure 1.3: Geothermal Resources of the United States [29]]

1.1.1 Sustainability Planning Efforts at Smith College

Smith College has been actively involved in sustainable planning efforts for the past few years.
After signing the Carbon Commitment (Formerly known as the American College and University



Presidents’ Climate Commitment) in 2007, Smith College published a Sustainability and Climate
Action Management Plan (SCAMP) in 2010 to achieve carbon neutrality by 2030 [4]. The SCAMP,
a detailed plan analyzing our current sources of carbon emissions, shows that the burning of fossil
fuels for campus heating and cooling accounts for 23800 MT eCO, (metric tons of carbon dioxide
equivalent), or 85% of all college carbon emissions. Carbon reduction strategies were then imple-
mented which enabled the construction of a large laboratory and research building, Ford Hall, to
come online with no added carbon footprint. In 2016, the Smith College Study Group on Climate
Change evaluated carbon mitigation strategies and the feasible options for transitioning to a non-
carbon based energy infrastructure in consultation with Integral Group [8}, 23]]. They identified the
utilization of ground source heat exchange as one instrumental step toward carbon neutrality and
evaluated the degree to which the existing distribution system remains centralized [8]].

At the start of the Fall 2018 semester, the College selected energy consultants, MEP and Asso-
ciates, to develop a District Energy Master Plan that evaluates phasing opportunities and life cycle
costs as the College transition toward a geothermal heating and cooling system. A pilot project that
involves drilling of a test borehole near the athletic fields has been developed to evaluate the soil and
hydraulic characteristics as well as provide an understanding of the ground conditions essential for
the design of the geothermal system. A grant was received by Constellation, an Exelon Corporation,

to fund geologic and thermal modeling research on the pilot system.

1.2 Geothermal Energy Conversion Strategies

Geothermal energy is energy available in rocks and ground water beneath the soil surface. The
temperature of the earth remains stable, on average 15°C for the first 100 m, in comparison to the
ground surface temperature, which greatly varies throughout the year. This thermal stability makes
the ground a perfect heat reservoir, capable of heat extraction and rejection. Starting at around 10
meters, or 32 feet, the temperature of the earth follows a relatively linear increase with respect to
depth. This linear relationship, characterized by the geothermal gradient, is about 30°C every 1 km,
in general. Heat can be extracted from or rejected to the ground via a heat exchange system, where
a circulating fluid, called the geothermal working fluid, circulates through the ground and returns
back to the surface. Heat is transferred between the geothermal fluid and the ground such that the
fluid increases in temperature when heating is needed and decreases in temperature when cooling is
needed. The contact length (often expressed as depth) for which the geothermal fluid needs to be in
contact with the ground directly affects the heat extraction/rejection rate, which is controlled by the
demand of heating/cooling or electricity generation.

Common ways of utilizing geothermal energy are: 1. direct use for heating and cooling and
2. electricity and power generation. Combined electricity and heat generation, a method that uses
waste heat from power generation for district heating, is another common option. Figure shows
ways of utilizing geothermal energy based on ground temperature. Generally speaking, direct usage

of geothermal energy is not confined to low or medium temperature, but rather fits the category as



long as geothermal energy is used directly owing to its temperature [3]. However, direct use, pri-
marily in the form of geothermal heat pumps (68.3% of all installed geothermal capacity globally),
is less demanding of the ground temperature (between 10°C to 25°C) and depth, and is widely used
for residential building space heating and cooling [14]. Geothermal based power plants, on the other
hand, rely on heat engines, which can employ a Rankin Cycle to convert high temperature (at least

100°C) ground heat into electricity. In the following sections, system setup for the direct-use and

AN

power generation will be discussed in detail.
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Figure 1.4: Utilization of Geothermal Energy based on Ground Temperature [3]]

1.2.1 Geothermal Power Plants

Currently, geothermal based power generation relies on the use of hydrothermal resources, which
have three components required for electricity generation: fluid, heat and permeability [[19]. There
are three main types of geothermal power plants: binary, flash steam and dry steam. A binary power

plant is the most common type, feasible for temperatures up to 175°C. In a binary power plant, the



geothermal fluid remains in liquid phase. After circulating through the supply wells, as shown in
Figure [I.5] the liquid-phase fluid exchanges heat with a lower-boiling-point working fluid which
then gets expanded in the turbine and condensed back to liquid phase, in a closed loop. A path for
the working fluid would be 4 —+ 4’ — 1 — 2 — 3 — 4. On the other hand, a flash steam power plant,
shown in figure [I.6] uses two-phase fluid separated from single-phase geothermal fluid in the sepa-
rator. The steam fraction then goes through a typical expansion in the turbine and a condensation in
the condenser. This system operates in an open loop, where the condensed water returns back to the
geothermal reservoir through an injection well. The water fraction from the separator, also called
waste water, condenses and can be utilized for potential direct heat uses. A dry steam power plant,
only exists in a few locations worldwide, is similar to a flash steam power plant but uses geothermal
fluid that is in superheated vapor phase when extracted from the wells. This configuration has the

highest requirement for both well depth and ground temperature.

—
Turbine/ :
expander ¥ ]
O+ w—r —— .
e i Cooling tower (wet)
A i Sl R I Qond:anser f
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([ geosupply| Optional preheater ™"~ s Q —
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' Working fluid pump
Geothermal Geothermal
supply injection
well well

Figure 1.5: Schematic of a Binary Power Plant [3]]

1.2.2 Direct Uses of Geothermal Energy

When geothermal energy is used directly for thermal purposes, as opposed for conversion into an-
other form of energy such as electricity, the process is called a direct use. There remains debate
about whether geothermal heat pumps belong to the direct use category. For instance, Chiasson
argues that since a heat pump is needed for temperature amplification, which indicates that the
resource temperature is not high enough to be used directly, it should be its own category [3]. How-
ever, for the sole purpose of separation from power generation, geothermal heat pumps are included
as applications of direct uses of geothermal energy in this work.

Other than geothermal heat pumps, the most popular way to leverage direct use geothermal re-

sources includes swimming pools and spas, space heating and greenhouse heating, as illustrated by
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Figure 1.6: Schematic of a Flash Power Plant [3]

Figure [I.7] together making up about 45% of total geothermal energy use [14]].
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Figure 1.7: Percentage of Total Geothermal Energy Use by Types Worldwide [14]

Geothermal heat pumps, often known as ground source heat pump (GSHP) systems, is the most

popular and accessible way of directly using geothermal energy, and involves coupling of heat



pumps with low temperature thermal energy from the earth. This type of heat exchange is achieved
by pumping geothermal fluid to the ground through a channel, most often pipes, and having heat
to travel from or to the fluid due to temperature difference between the fluid and the ground. Heat
is then pumped and distributed from the heat pump above the ground to various locations. As
technology develops, nowadays, ground source is not only restricted to the earth, but also includes

groundwater, surface water and other forms of reservoir.

Ground Heat Exchange Configurations

There are five main ground heat exchange configurations for ground source heat pump systems, as
shown in Figure A groundwater well (Figure [1.8p) is an open loop system where under-
ground water is pumped to a heat pump or directly to usage from the bottom of a borehole, and is
discharged to a suitable receptor, such as an aquifer, to an unsaturated zone. A standing column
well system (Figure [I.8b) is a semi-open-loop system where ground water is pumped to a heat
pump from the bottom of a deep borehole, but is returned to the same borehole after use. These
boreholes are usually up to 15 cm in diameter, and allow water infiltration throughout the length of
the borehole.

The horizontal Slinky (Figure [1.8d) and the surface water closed loop (Figure [I.8f) are
similar in borehole orientation and the mechanism of heat extraction/rejection. A circulating fluid
travels in horizontally laid pipes to exchange heat with either the ground or an open channel, such
as a pond, lake or other water reservoir. A slinky shape is popular for maximizing contact area for
heat exchange.

For close-loop systems, a vertical borehole heat exchange system (Figure [I.8), also known
as a vertical borehole heat exchanger (BHE), is the most commonly used configuration. A vertical
BHE features a closed-loop HDPE pipe installed in a vertical borehole ranging from 60 to 90m (200
to 300 ft), though drilling conditions may have it go over 150m (400 ft). A standard HDPE pipe has
a diameter betweem 25 to 40mm (3/4 to 1 1/4 in). Two configurations of the pipe are common, one
of which is a single U-tube, in which the medium, usually water, circulates the ground through a
u-shaped tube; the other is a coaxial tube, featuring one single pipe in the center of the borehole and
water flowing into the ground from the annulus/central to the central/annulus. Both configurations
and flow direction are illustrated in Figure [1.9]

For larger heating or cooling loads, multiple boreholes are connected in parallel to form a
geothermal BHE field. These boreholes are designed to extract or reject thermal energy to/from
the ground at a temperature called T, using the medium fluid, with an average temperature 77 of
inlet T;,, and outlet T,,,. The space in between the borehole and the pipe is usually filled with grout,

materials with low thermal conductivity such as bentonite, to prevent heat intervention between

pipes.
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Figure 1.8: Schematic of Ground Source Heat Pumps: (a) groundwater well, (b) standing column
well, (c) vertical closed-loop borehole, (d) horizontal Slinky, and (e) surface water closed loop [3]]

1.2.3 Geothermal Heat Pumps

For geothermal BHE based space heating and cooling projects, after exchanging heat with the
ground, the circulating fluid is amplified via heat pumps and directed to residential houses or build-
ings, to complete its heating or cooling cycle through another heat exchange with that environment.
For instance, in heating modes, when room temperature is lower than ground temperature, the circu-
lating fluid travels from the room/building, to the heat pumps before entering the BHE wells. With
relatively low Tj,, it extracts heat from the ground in the pipe, returns to the ground, being pumped
into the building and heat the room. A graphic illustration of this example is shown in Figure

A geothermal heating/cooling system can be centralized or decentralized, depending on current
heating system configuration, as well as land availability. A centralized geothermal field features

one complete field that generates and distributes heat through pipes that reach the entire campus
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Figure 1.9: The two common BHE Pipe Configurations: U-tube (left) and Coaxial pipe (right) [3]]

while a decentralized field comprises several fields, each responsible for heating of a local region.
An example of a decentralized field at Smith College would be a field at Athletic Field heating the
main campus and a field at the Quadrangle residential area for its own heating.

1.3 Contributions

This project details the design of a a vertical ground source heat pump system with u-tube con-
figurations and provides a design to be implemented in the summer of 2019 as a pilot project for
demonstration and research purposes. This work also guides the phasing and economic analysis for
the District Energy Master Plan. This modeling and analysis framework could be incorporated into
retrofit analysis with carbon tax policy implications to evaluate alternative energy systems [26]].

In Chapter [2] a building modeling process of the Field House is explained, including model
development, sensitivity analysis, model calibration and validation and a annual heating load is cal-
culated. Chapter [3|presents the design process of a vertical ground source heat pump system and
illustrates detailed assumptions and calculations that are used to generate design parameters, such
as borehole length and heat pump power. Chapter [ presents a life cycle cost analysis of the GSHP
system design and closely quantifies the cost-benefit balance of four design options. Chapter [3]

10
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Figure 1.10: An Schematic of a Vertical BHE System Coupled with Heat Pumps for Heating [16]]

concludes the work and identifies future directions.
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Chapter 2

Building Energy Modeling of the Field House

In this chapter, an energy modeling process for the Field House will be presented. Trace 700, a com-
mercial software for building energy modeling, is used to simulate the annual energy consumption
of the Field House. Sensitivity analysis of building parameters is conducted for model calibration
with existing oil consumption data of the boilers and to account for uncertainties from unknown

building variables.

2.1 Building Energy Modeling in Trace 700

Trace 700 is a Windows based energy software developed by TRANE®, for building performance
modeling and existing load calculations for building envelope, air conditioning, electricity con-
sumption. It can also be used to generate suggestions for system design parameter values, as well
as economics calculation and life cycle cost.

Users input weather data when creating a project, by selecting the location of the building.
Weather is then incorporated from an internal library. Users can also override library data by man-
ually changing variables such as dry/wet bulb temperature. Three major components in the Trace
700 main project navigator, shown in Figure are the Create Rooms, Create Systems and Create
Plants tabs. In Create Rooms, users construct a virtual building by creating rooms and inputing val-
ues and setup options for various building components in each room, including basic dimensions,
walls and envelopes, internal loads, airflows and indoor partitions and other structures. A overall
building energy consumption profile is then calculated.

In Create Systems, users define the HVAC (Heating, ventilation, and air conditioning) air dis-
tribution system by choosing the type of heating and cooling systems that serve in the buildings.
Users can choose from a list of systems including unit heaters, fan coil, radiation, single zone, VAV,
water source heat pump and so on. Once a system is selected for heating and cooling, users can fur-
ther specify details of these systems in terms of the dedicated outdoor air (OA) system, temperature
and humidity, and fans and coils. Trace 700 will then calculate corresponding power and electric-
ity loads on the air distribution system based on previous total energy consumption calculated in
Rooms. Users also need to assign rooms to air distribution systems so that potential zones can be

created to reflect the reality of the building.
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In Create Plants, users choose and setup configurations for building cooling and heating equip-
ments, including air-cooled chillers, boilers, gas-fired heat exchangers and others. Users can further
setup details, such as boiler efficiency, about these utilities in the Heating/Cooling Equipment tabs
or setup base utility such as domestic hot water load in the Base Utility tab. Users can also assign

air distribution systems to plants to designate heating/cooling loads on these plants.

Alternative 1

Enter Project Infarmation

Select \Weather Information | Chicopee, Massachusetts

Create Templates 7 Templates

Create Fooms 9 Rooms

Create Systems 1 Spstems

Assign Flooms to Systems | 5 Assigned Rooms
2 Plants

Create Plants

s R System Assignments

DR e i N[; utility rates defined

Calculate and View Results | 04/02/2019 - 05:03 PM

=

Figure 2.1: An Overview of Trace 700 Main Project Page.

2.2 Model Development and Calibration

In this section, a building model of the Field House is developed and calibrated in Trace 700. The
process and result of obtaining known building parameters are discussed and unknown parameters
are identified to calibrate the model. A sensitivity analysis is conducted for all unknown building pa-
rameters and configuration options in the Create Rooms section. Sensitive building parameters are
identified and assumptions are made to approximate them with greatest precision possible. Addi-
tional adjustments and assumptions for unknown air-side system configurations, domestic hot water
usage and modeling the geometry of the basement are also be discussed. The building model is tuned
to match the total energy converted from oil usage by the boilers within a reasonable percentage
difference.

13



2.2.1 Acquiring Building Information

A building model for the field house is constructed in Trace 700 based on information about building
parameters acquired from a variety of sources, including field investigation, personal conversations
with the facilities staff, existing documents about building structures and envelopes, CAD draw-
ings, as well as reasonable assumptions based on similar building types (complete model input see
Appendix [A). Since the Field House has already been built, challenges remain for fully obtain-
ing information on the building, especially for undocumented building dimensions, as well as wall
and attic composite materials. In the following paragraphs, the initial modeling process based on
known parameters is discussed. Unknown parameters are listed and a sensitivity analysis is con-

ducted. Sensitive unknown parameters are then calibrated based on reasonable assumptions and a

final building energy model is developed and compared to existing annual oil consumption of the
Field House.

Figure 2.2: The Building Exterior of the Field House.

The Field House is a load bearing masonry [9], three-story (basement, first floor and attic) house
located on the athletic field, as shown in Figure [2.2] It is primarily used by student athletes for
equipment storage, gathering and occasional showering. Figure [2.3]shows the layout of the first

floor, with a floor area of 3116 f2. Trace 700 defines a room as the smallest space for which a user
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can calculate loads and recommends that a user create one room for every single space surrounded
by walls (detailed definition see Trace 700 manual in Appendix [B.I). Therefore, five rooms in total
are created for the first floor. “Office Area”, “Kitchen”, and “Lounge” are existing rooms labeled
on the drawing. A room called “Middle” is designated to the area to the left of the lounge, with a
dimension of 37°3” x 20’7 1/2”. Similarly, a “Stairs” room is created for the closed area on the left
right corner, with a dimension of 34’10 1/2” x 22°1/2”. The dimension of the attic and the base-
ment is not available from any existing CAD drawings or any other documented sources. The total
area of the attic is assumed to be equal to the total area of the first floor. Assumptions about further

geometry and energy modeling regarding the basement will be discussed in Model Calibration.
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Figure 2.3: A CAD Drawing of the First Floor of the Field House.

Observations suggest that the thermostat setpoint on the first floor are the same and the overall
temperature change is insignificant between rooms. Therefore, no partitions have been created for
rooms, which corresponds to the suggestion by Trace 700, saying that “It is not necessary to model
a partition if there is not a significant thermal difference between the spaces adjacent to it.” (detailed
definition see Trace 700 manual in Appendix [B.2)). All rooms on the first floor are grouped into one

zone, for the same reason. From observation, there are no thermostats in the attic or the basement,
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or any other type of conditioning system. Therefore, the attic and the basement are grouped into
unconditioned zones. Information about building interiors, including the material of roof, doors,
interior partitions, lighting, flooring and ceiling is acquired from the Building Attribute Spreadsheet
documented from past building energy efforts in [9] and [10].

Information about the building air-side distribution system, such as the heating source, the heat-
ing distribution system and the heating end devices is acquired from [9]. Existing boiler specifics
are obtained from personal field investigation at the Field House (scanned notes in Appendix [H.T).
Information about domestic hot water usage inside the Field House, such as sports team shower

schedule is obtained from conversations with sports team members and coaches.

Figure 2.4: Boilers for Heating and Domestic Hot Water at the Basement of Field House.

The Field House is not connected to the college central steam system, but entirely relies on oil
fired steam boilers in the basement shown in Figure [2.4][9]. There is also no cooling system for
the Field House. However, due to restrictions of Trace 700, energy consumption reports can only
be generated if heating and cooling plants are available. Therefore, boilers are added to heating
plants to simulate the boilers in the basement, and default equipments are added to the cooling
plant, with pump capacity reduced to zero. Additionally, fans are also configured as to cycle with

heating load only. This precaution has been verified by Current Annual Energy Consumption Re-
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port (Appendix which suggests that energy consumed by cooling load is only 0.3% of total
energy consumption.

All known information is inputed to the building model following the categorization of Rooms,
Systems and Plants. Unknown parameters remain as default to allow sensitivity analysis to be done

before they are categorized as sensitive or non-sensitive and tuned.

2.2.2 Sensitivity Analysis

Sensitivity Analysis is used to identify unknown building details that significantly influence heating
load. For the Rooms setting, there are parameters that are not specified in documents but can be rea-
sonably assumed based on existing information or buildings of similar settings, such as the u-factor
of walls and floors, the infiltration rate, and the unknown dimensions of the attic and the basement.
There are other parameters that are harder to assume, such as the acoustic ceiling resistance, heat
gain of the lighting system, and the time lag of the room due to thermal mass. In addition, there
are several other characteristics of the Field House that are not available in Trace 700, such as the
unique geometry of the basement, or a geothermal ground-sourced heating system.

Therefore, a sensitivity analysis is conducted to determine and calibrate unknown variables that
have a significant impact on model behavior. A sensitivity analysis measures the variance of an
output given a variance of the input of a parameter. An initial input, X;, which generates an output
P,, is changed by a certain fraction, §X, to an input with error, X;, which generates an output with
error, P.. The sensitivity coefficient, S; , is defined as the ratio of the fraction of change in input
to the fraction of change in output, illustrated by Equation [2]. Therefore, a high sensitivity
coefficient indicates a sensitive parameter, where a percentage change of its output is much greater

than that of its input.
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A sensitivity error analysis is conducted to all variables in the Create Rooms section. Initially,
this analysis is done to all variables from room to room. An example procedure would be to change
the wall u-factor in Kitchen by 5%, keeping the wall u-factor in other rooms constant, and calculate
a corresponding sensitivity coefficient, before repeating this process for every variable and for every
room. After this is done to every room, variables with S; > 0.005 (which is the third quartile of the
total sensitivity coefficients) are selected to proceed to an overall sensitivity analysis.

An overall sensitivity analysis entails the same process done with an uniform variable change
in all rooms at the same time. An example procedure would be to change the wall u-factor by 5%
in every room simultaneously before calculating the sensitivity coefficient. A justification of this
process is that since seven out of the eight variables selected from before are the same for all rooms,
when one variable changes, this influence carries out to all rooms. It is therefore more representative
of reality to quantify and compare the influence of each variable on all rooms. The only variable

that varies from room to room, namely the glass/window percentage, is excluded from this round of
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analysis since there would be no real-life implication of doing so.

Table [2.1] shows the result from the overall sensitivity analysis of seven of the eight selected
variables. All textual options, such as types of window and floor has been converted to numeri-
cal values in the form of u-factor, and therefore refer to the level of insulation they provides. For
Window Type, 0.6 Btu/hr-f12-°F is the u-factor of a double clear 1/8” and 0.28 Btu/hr-f12-°F is
the u-factor of a triple 1/4”. For Floor Type, 0.2666 - ft>-°F is the u-factor of a 2” wood floor and
0.09599 - f12-°F is that of a 2” wood floor with 2" insulation. For the purpose of consistency with
the nomenclature of Trace 700, original labels, such as Window Type and Floor Type are kept in the

table and the graph, but refer to u-factor and levels of insulation rather than the type, as explained

before.
Table 2.1: Sensitivity Analysis Results*
Building Parameter X; X; P (kBTU) P (kBTU) S;
Window Type (Btw/hr-f£>-°F) 0.6 0.28 227210 177404 0.4110
Wall Height (ft) 8 10 227210 245629 0.3243

Wall Construct (Btu/hr- f£2-°F)  0.12207 0.04511 227210 209388 0.1244
Floor Type (Btu/hr-ft>-°F) 0.2666  0.09599 226957 137751 0.6142
Ventilation (cfm/person) 20 21 266461 268415 0.1467
Infiltration (ACH) 0.7 0.3 226957 210917 0.1237

* Glass/Window Percentage not included.

Figure [2.5|compares the sensitivity coefficients from six of the seven most sensitive building
parameters, with Glass/Window Percentage data omitted due to its uncomparable nature. Based
on the graph, window type, wall height and floor type are the top three most sensitive parameters,
and all seven of them, including Glass/Window Percentage, will be carefully calibrated in the next

section.

2.2.3 Parameter Calibration and Assumptions

For Glass/Window Percentage, a site evaluation of the dimensions of the windows was made to
compare the ratio of glass to wall area. Different rooms have slightly different percentages because
they have a different window surface area. For instance, as shown in neon blue color in Figure [2.3]
the lounge generally has at least 4 units of windows per wall, while the stairs area only has one unit
of window on one side and three on the other. The average of window percentage is set to 30% with
fluctuations based on the specific number of windows per wall.

Window Type, or the u-factor of windows, is determined by observations of windows on site,
which indicates a double pane model. Thickness is assumed to be 1/8”, as opposed to 1/4”, which
is the other option in Trace, based on a best estimation by eye of the windows.

Similarly, based on personal conversations and existing facility building attributes sheets [9]],

wall height is set to 8 ft, wall composite is set to 4” HW Concrete with 2” of insulation and floor
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Figure 2.5: Sensitivity Coefficient for Six Most Sensitive Unknown Building Parameters

type is set to 2” wood floor, without any insulation.

The ventilation system in the Field House is a somewhat complicated matter. There is a set of
exhaust heat recovery ventilation ducts in the attic, as shown in Figure [2.6]and [2.7] but the specifics
of which is not documented in any existing facility sources available. The condition of these ducts
are unknown and there are no testing reports indicating its performance. Due to lack of information,
no exhaust heat recovery system is setup in the model and the ventilation rate is estimated based on
a most basic ventilation system, which includes a ventilation method of “equal to the sum of outdoor
air”. In Etta’s thesis, ventilation rate for load bearing masonry is assumed to be 0.08 cfm/f1> [9].
This estimation is also supported by the ventilation rate of a warehouse, which is setup in Trace with
a similar ventilation schedule, one that is relatively constant throughout the day and non-dependent
on its occupants, and has a ventilation rate around 0.05 cfm/ ft2. Therefore, the ventilation rate of
all rooms, except the basement, is set to be 0.08 cfm/ft2, while the basement is set to be zero, based
on field observation.

Infiltration rate is determined based on existing blower door tests for Morris and Lawrence
House in 2010. Two blower door tests were done for each building, one before and one after a
retrofit. An estimated annual infiltration rate before any sealing is 0.63 ACH for Morris and 0.53
ACH for Lawrence. These two buildings are identical to each other in design and construction. Both

number are slightly smaller than the estimated infiltration rate for design for these houses, which
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Figure 2.6: Ventilation Ducts in the Figure 2.7: Ventilation Ducts in the
Attic-1 Attic-2

has an average of 0.65 ACH (full blower door reports see Appendix [C). Based on field observations
and personal conversations, a conservative estimation of 0.7 ACH is used for all rooms.

During the field investigation, it is also observed that the boilers also provide heat for domestic
hot water usage, a portion of energy that is not yet determined. Domestic hot water is mostly used
by water taps in the kitchen, and showers in the bathroom. Personal conversations with sports team
managers suggest that these showers are rarely used by student athletes, only once to twice every
month and occasionally when teams from other regions come visit and play. Originally, based on
an estimated usage (100 gallon/hr) that is more frequent than what the manager suggests, only an
increase of 42 kBTU (out of 280,000 kBTU) in annual energy usage is noted. Therefore, domestic
hot water usage is assumed to be negligible in this model.

The geometry of the basement is another challenge for the model, in that there is no existing
geometry setup in Trace that is capable of fully describing its space layout. In addition to a regular
space estimated to be about 21 ft x 15 ft, there are two hollow spaces that are about 6.5 ft above
the ground, extending from the west and east side of the interior wall into the ground. Figure [2.§|
shows one of these spaces.

Several modeling approaches are used, and the best method is selected based on how close the
energy consumption value is compared to the oil data. In the selected method, the basement is di-
vided into three sub-rooms: a large room with the dimensions of 21 ft x 15 ft, and two identical
small rooms with the dimensions of 10 ft x 10 ft. Partitions are created for the large room for all
five directions (north, south, west, east and top ceiling). The ceiling is set to be adjacent to the
Middle room on the first floor while the west and east partitions further divide into four: two that
are adjacent to the ground, and two that are adjacent to the small rooms. The ceiling shared by

the basement and the Middle room is assumed to have a smaller than average u-factor. Floors and
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Figure 2.8: One of the Two Irregular Spaces in the Basement

partitions for the small rooms are also created, where the top ceilings are set to be adjacent to the
Kitchen room and the Lounge room, according to the orientation. A drawback of this method is the
mistreating of the open entrance of the two small spaces as an additional partition. To amend for
this problem, a maximum u-factor of the partitions is chosen to simulate heat convection through
the openings.

After model calibration, a final annual energy consumption of the Field House is calculated by
Trace 700 to be 286,498 kBTU/yr.

2.2.4 Model Validation

The building model is validated by the total energy generated from the boilers in the basement.
Existing data shows the consumption of number 2 fuel oil for the academic year 2014-2015 and
2015-2016 to be 2031 gallons and 1928 gallons, respectively (obtained from personal conversation
with Gary Hartwell). An average heating value of 139400 BTU/gal for a number 2 fuel oil is used
[32]. An average annual energy usage of the Field House is then calculated to be 275,942,300
BTUl/yr, or 275,942 kBTU/yr. The Trace 700 building model, which generates an annual heating
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load of 286,498 kBTU/yr, is within 4% of difference from the oil data, and is therefore validated.
(Full report in Appendix [E.T).
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Chapter 3

Ground Source Heat Exchange System Design
for the Field House

This chapter documents the system design process of a vertical ground source heat exchange sys-
tem for the Smith College Field House. Given the heating load estimated in Chapter [2| here the
ground-source heat pump (GSHP) system design variables are identified, in order to calculate the

required bore length, number of boreholes, required fluid volumetric flow rate, and heat pump size.

3.1 System Overview

This section introduces the system configuration and main components of a ground source heat
exchange system. Generally speaking, a complete heating and cooling system using geothermal en-
ergy consists of three major components: vertical ground-coupled heat exchangers, or simply called
the ground loops, heat pumps, and the distribution system. A basic system configuration illustrating
these three components is shown in Figure (3.1

As discussed in Chapter [T, a GSHP system consists of one or multiple borehole heat ex-
changer(s) (BHE) that are connected in parallel or series. Ground-coupled heat pump (GCHP) is a
subcategory of GSHPs, and refers to closed-loop ground-source heat pumps. The most popular is
the vertical GCHP, or more commonly called the vertical BHE. The design of these heat exchangers
depends on a variety of system variables, such as site conditions, including ground thermal prop-
erties, heating/cooling loads, geothermal fluid properties, borehole dimensions and configurations,
such as borehole length, number of boreholes needed and average temperature of the geothermal
fluid, and the size of heat pumps, including their power input and electricity consumption. Addition-
ally, though not included in this design, borehole plumbing diagrams and system wiring schematics
are also part of a final design package.

For geothermal based heating and cooling system for a residential building where borehole wells
are located near the building, heat pump unit(s), connecting to the output of the vertical BHE:s,
amplify and pump the heat to an optional heat storage unit or directly to the building.

The most popular option is the water-to-air heat pump, where heat is exchanged between the

geothermal fluid from the ground loops and the liquid refrigerant in the water coils in the pumps,
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Figure 3.1: Configuration of a Vertical Ground Source Heat Pump System [13]]

and is ultimately distributed from an air-based fan to the distribution system inside the building,
usually a forced-air system. Similarly, a water-to-water heat pump uses water on both the ground
loop coil and the building loop coil, and is often used for hydronic heating and cooling, dedicated
domestic water heating, and outdoor air preconditioning [12]. The schematic for both heat pumps
is illustrated in Figure [3.2] A third type of heat pump is a direct-expansion GCHP, which uses a
buried copper piping network as one of the heat pump coils, through which refrigerant is circulated
and heat is exchanged. Heat is then distributed inside a building in a variety of ways. Currently,
Smith uses steam pipes to carry heat from the central heating plant, which is then distributed inside
buildings through baseboards. Other distribution systems such as radiant heating systems are also
commonly used.

This design focuses on the vertical BHEs and the heat pump sizing, and only discusses potential
sizing of the distribution system based on existing information. A hydronic loop is currently located
below the first floor subfloor, between the joists, in the Field House. This layout is a sub-optimal

radiant system that would be removed and require installation of a new distribution system.

3.2 System Design

The design of a vertical ground source heat pump system have several inter-related variables that
have an influence on the overall system thermal performance. However, it is also economically
unjustifiable or technically impossible to obtain information on every variable. In some situations,
exact value of some variables, such as the thermal conductivity of the ground at 400 ft, is often

unavailable until a costly drilling and thermal response test is conducted. In other situations, as-
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sumptions about other variables must be made based on reliable evidence and common practice, in
order to efficiently proceed with necessary calculations. Therefore, the following sections strive to
present a comprehensive, yet efficient design process that has taken both the economic and technical

constraints into consideration.

3.2.1 Design Variables and Process

The performance of any geothermal-based heat exchanger relies on the heat exchange process be-
tween the ground and a circulating fluid. Therefore, understanding the thermal performance of a
BHE and variables that significantly contribute to its performance, is crucial for designing a system
that meets the heating load adequately and efficiently.

A typical vertical BHE with a single U-tube, as shown in Figure [3.3] comprises of a cylindrical
borehole that has a U-shaped tube inside, with grout filled between the pipes and the borehole wall.

There are two types of heat transfer involved in the thermal performance of a BHE: heat con-
duction and heat convection. Heat conduction occurs when a thermal gradient is present, across or
within solid material, where as convection occurs, in this application, between the surface of a solid
and the surrounding fluid. Convection occurs from the working fluid in the pipe to the surface of
the pipe wall while conduction occurs through he pipe and grout. Both conduction and convection
occur from the grout to the rock and/or ground water.

For this design, conduction is assumed in the horizontal x direction, as described by the follow-
ing equation.

aT

Qcond = ka (31)
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Figure 3.3: Schematic Diagram of a geothermal borehole heat exchanger (BHE) comprised of a
single U-tube grouted in a vertical borehole. [3]]

Heat convection occurs between the circulating fluid and the pipe walls, and is summarized by
Equation [3.2] where 7j is the temperature at the contact surface of the fluid and the solid, and T.. is

the temperature infinitely far away from the contact surface (at the middle of the pipe).

Qconv = hA(Ts - Too) 3.2)

Based on these heat transfer mechanisms, parametric studies have been done to identify vari-
ables that most significantly influence BHE thermal performance. Eskilson [6] and Hellstrom [[11]
identified five most important design parameters for the thermal performance of a borehole heat

exchanger as follow:

the ground thermal conductivity,

the borehole thermal resistance,

the undisturbed ground temperature,
the heat extraction/rejection rate, and
the mass flow of the circulating fluid.

ARl

Since many design variables have an inter-dependent relationship, such as mass flow of the fluid
and the borehole thermal resistance, some variables need to be assigned pre-determined values so

that others can be calculated. Figure [3.4]represents the relationship between variables and sequence
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of calculations.
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Figure 3.4: Flowchart of the Calculation Procedure for Total Flow Rate, Borehole Resistance, Bore-
hole Length and Heat Pump Sizing.

Table summarizes the values used for pre-determined design variables, which are catego-
rized into ground heating loads, ground properties, fluid properties and borehole dimensions. The
following sections will discuss specific assumptions in obtaining these values and explain the pro-
cess to calculate borehole flow rate, borehole thermal resistance, total borehole length, number of

boreholes and the power of the heat pumps.

3.2.2 Total Borehole Volumetric Flow Rate

As Equation stated, the total mass flow rate, 1, is dependent on the total energy leaving the fluid
Q.,u, the specific heat capacity of water ¢p, and the change of temperature of the fluid 7,,,; — T;,. For
this design, 80% of the hourly peak load ¢, (values in Table is used for Q,,;. This assumption
is made in correspondence with MEP Associates. Mass flow can then be converted to volumetric

flow using Equation (3.4

Qout = Cpm(Tout - Tm) 3.3)

1= Vioal - P (3.4

To determine values for inlet and outlet temperature, 7;, and 7,;, some assumptions are made.
For this design, it is assumed that the fluid only engages in heat transfer for the downward trip,

which is a distance of roughly the length of a BHE, 600 ft, and remains at the temperature it reaches
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Table 3.1: Design Parameters for a Vertical BHE.

Design Parameters Values
Ground Heating Loads (80%)

Annual Load g, (W) 11661
Monthly Peak Load g, (W) 17283
Hourly Peak Load g, (W) 19200
Ground Properties

Average Soil Thermal Conductivity kg, (W - m~ 1K~ 4
Thermal Diffusivity o (m?-day™") 0.086
Undisturbed Ground Average Temperature 7, (°C) 15
Fluid Properties

Specific Heat Capacity of Water C, (J - K~ Tkg™ 1) 4180
Density of Water p (kg - m™>) 1000
Viscosity of Water p (N s-m™2) 0.001307
Convective Heat Transfer Coefficient for Water h (W - m—2K~') 1000
Temperature at BHE Inlet 7;, (°C) 4
Temperature at BHE Outlet 7,,, (°C) 14
Average Temperature of Circulating Fluid 7;,,, (°C) 9
Borehole Dimensions

Borehole Radius 7}, (m) 0.0762
Pipe Inner Radius r; (m) 0.013
Pipe Outer Radius r, (m) 0.016
Pipe Thermal Conductivity k, (W - m~ 'K~ 1) 0.46
Grout Thermal Conductivity kg, (W - m~ 1K) 1.6
Center-to-Center Distance Between Pipes L, (m) 0.051

at the bottom of the pipe for the rest of the upward trip. Another important assumption is that the
average fluid temperature, 7,,,, is the arithmetic mean of the inlet (7;,) and outlet (7,,) fluid tem-
perature, and is calculated as W Again, this is an oversimplification. Numerical and analytic
methods, not included in this design, have been studied in the past for more accurate temperature
profile modeling that provides methods for average temperature calculations. Temperature of the
working fluid at the inlet of the BHE, T, is determined based on case studies of GCHP designs by
Philippe [28]] in a similar heating setting. The system was designed for a temperature difference be-
tween inlet and outlet of 10 °C. Outlet temperature, T, and arithmetic average fluid temperature,

T,vg, are calculated accordingly, as shown in Table

3.2.3 Borehole Thermal Resistances

The borehole thermal resistance, Ry, is analogous to that for a circuit and is significant in optimizing
the thermal performance of a BHE, in that the smaller the total borehole resistance, the shorter the
total borehole length needs to be. The way a single borehole is configured can be seen as equivalent

to a circuit, where the ground, the grout and the pipe form a series circuit and the total resistance can
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be calculated by adding all the resistances together as if in a series circuit. Hellstrom [11] developed
a model for calculating borehole resistance, which states that the total borehole resistance, R;, for a
single borehole is equal to the sum of the resistance of the grout, R,,, and the total resistance of the

Pipe, Rp,total [28] .

R, = Rgr + Rp,total (35)

where the total resistance of the pipe as half the sum of the convection thermal resistance and the

conductive thermal resistance of the pipe.

Reom +R
Rp,mml = % (3.6)

Equations for calculating the convective resistance, R, , thermal resistance of the pipe, R;, and

the grout, Ry, are:

1

Rconv = 37
27Trp,-h ( )

()
= ok, (3.8)

P 2rk,

1 rp rp kor — kg (’7;)4
for = )Ty, ! 3,

g 47rkgr[n(rp0)+ n(Lu)+kg,+kg n(<rb)4_(%)4)] (3.9)

Some assumptions need to be made regarding the estimation for the thermal conductivity of the
ground, the grout and the pipe, as well as for borehole dimensions.

Without a thermal response test, the exact thermal conductivity of the ground cannot be deter-
mined. Therefore, an average soil thermal conductivity is determined based on existing information
about ground composition at the Field House provided by Professor John Brady from the Geosci-
cence Department at Smith. Figure [3.5]shows that red sandstone has dominated more than half
of the existing 40 m of the ground, as schist takes over after that. Average thermal conductivity
of sandstone and schist is given by [12] as 3.5 and 4.5 W - m~'K~!, respectively. Therefore, an
average of 4 W - m~ 'K~ is used for this design.

Undisturbed ground temperature, T, is another variable that cannot be fully determined with-
out a thermal response test. Chiasson [3]] provides an average ground temperature vs depth graph,
as shown in Figure [3.6] which indicates that average temperature for winter experiences rapid in-
creases starting from 5 °C to 15 °C at around 10 ft, but increases at a steady rate of 3 °C per 100
m after that. According to this figure, at 600 ft, which is the borehole length for this thesis work,
temperature is expected to reach 21 °C. In addition, [12] also suggests using ground water temper-
ature as a reference. Figure shows an average ground temperature in the west Massachusetts
area of around 50 °F, or 10 °C. An average between 10 °C and 21 °C, 15 °C, is used for this project,
which is slightly lower than the average shown in [3.6 because Massachusetts is in the north and
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Vertical Exaggeration 7.5x 100 m

Figure 3.5: Ground Composition of the Field House (marked within the red square) up to around
320m. (John Brady)

potentially has lower surface temperature.

Borehole dimensions are determined based on a variety of sources. Personal conversations with
Professor Aaron Rubin provided information on borehole diameter (6 in) and pipe nominal diameter
(1 1/4in). A DN32, SDR 11 HDPE pipe is selected based on known criteria, and inner pipe radius
is calculated given minimum pipe thickness of a SDR 11 HDPE pipe, provided by P.E.S, Industrial
and Productive Company [27]]. The thermal conductivity of a HDPE pipe is determined by taking
an average of three thermal conductivities of HDPE pipes, provided by INEOS Olefins & Polymers
USA [33]. Similarly, a variety of thermal conductivity of bentonite grout are provided by the [12]
and an average of 1.6 W - m~ 'K~ is used.

For the thermal diffusivity of the ground and center-to-center distance between pipes, default
values are used based on case studies provided in [28].

ASHRAE has developed a borehole thermal resistance calculator that is used in this project to

estimate these thermal resistances [[12]].

3.2.4 Borehole Sizing

Borehole sizing refers to the calculation of the total borehole length, L, required to meet a certain

heating load. Method One states that L is a function of volumetric flow rate, V.., building heating
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Figure 3.7: Ground water contour map of the New England area.

loads, g, (g and gy, are optional depending on the method), borehole thermal resistance, R;, (other
borehole thermal resistances over a different time period are optional), average temperature of the

fluid, 7,4, undisturbed temperature of the ground, 7, and an optional temperature penalty, 7}, as
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characterized in

R
[ — D% (3.10)
Tave — Ty

Philippe[28]] adjusts Equation [3.10|and introduces a slightly more extensive Method Two for

borehole length calculation that incorporates annual, gy, and monthly loads, g,,, as well as effective

thermal resistances for various durations of time periods, in

_ 9nRs + gyR10y + gmRim + iR
Tavg — (Tg +Tp)

where T), is the temperature penalty, are effective ground thermal resistances for 10 years, 1 month

L 3.11)

and 6 hours of heat load. Temperature penalty, 7, is used to account for the effect of thermal in-
terferences, and recommended for the calculation of more than 4 boreholes. Equations for Ry,
Rim, Rep and T), can be found in [28], which also provides access to a spreadsheet tool developed
by ASHRAE that is used in this project to calculate borehole length L from Equation Results
calculated using Method One and Two are compared in Section [3.3] where a final borehole length
L is selected.

For heating loads, as discussed before, 80% of the hourly peak load, g;, is used for Equation
Original heating loads values are obtained from reports generated by Trace 700 (Appendix
in different units. Annual load, g,,, is converted from kBTU to W, over a duration of the total
heating season, which is assumed to be 8 months, instead of 12 months. Monthly peak load, g,,, is
manually chosen to be February, based on monthly oil consumption displayed in the Monthly En-
ergy Consumption Report in Appendix This value is then converted from therms to W over a
duration of a month. Hourly peak load is also manually selected to be the fifth hour on weekdays in
February, based on Hourly Energy Consumption Report in Appendix This value is converted
from BTUh to W, over a duration of an hour. Converted g,, and g,, are then used for Equation
[3.T1] All heating values that are used to size the borehole (namely 80% of their original value) are
summarized in Table Assumptions for Ty, is discussed in Section where as assumptions
for Ty is discussed in Section [3.2.3]

The number of boreholes is calculated by dividing the total borehole length L by the length
per borehole, which is 600 ft. Volumetric flow rate per borehole can then be calculated by equally

dividing the total V;,;,; with the number of boreholes needed.

3.2.5 Heat Pump Sizing

Figure [3.8]shows a basic heat pump unit in heating mode. The Coefficient of Performance (COP)
describes the relationship between the electricity input, W;,, and the energy output, g, which is
80% of the hourly heating load, and indicates the level of efficiency at which a heat pump operates.
The larger the COP, the less amount of electricity is needed to pump or amplify a fixed amount of
heat. For all heat pumps in this project, COP is assumed to be 3, which is likely to be an underesti-
mation, since MEP Associates suggest a possible COP of GSHP to be around 6. Equation [3.12]is
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used to calculate the power of each heat pump for the three BHEs needed. It is also assumed that

each BHE is coupled with one heat pump.

cop= 1" (3.12)
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Figure 3.8: Schematic of a Heat Pump in Heating Mode [3]]

For a closed-loop system, the power needed for the water pumps to circulate the fluid in the
boreholes is equal to the pressure loss due to irreversible friction losses in the pipes and ducts.
This is because for a closed-loop, the velocity and elevation of the inlet and outlet are the same.
Therefore, the total power of a water pump is described in Equation [3.13] where the total loss due
to friction can be further expanded into pressure loss due to friction with the pipes, and from the
fittings [3]. Since APyiying is really small, it is neglected in this design process. It is also assumed

that each borehole has its own water pump.

W = VAPfriction = V(APpipe + APfitting) = VAPpipe (313)
where V is the volumetric flow rate of the fluid. AP,;,, can then be calculated using Equation m

fLpV?
2D

In this equation, f is the dimensionless Moody friction factor (one way of calculating which is

APipe = (3.14)

shown in Equation [3.T3)), v is the fluid velocity (m/s), L is the length of the pipe, and D is the pipe

inside diameter.

f=1(0.79-In(Re) —0.64) 2 (3.15)
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The expression for Re, the Reynolds number, is shown in Equation

_ PVD fiuia

U
where v is the velocity of the fluid, Dy, is the diameter of the fluid, and u is the viscosity of the
fluid.

Re (3.16)

3.3 Design Results

The total mass flow, m;,;4;, is calculated to be 0.46 kg/s, which is equal to 7.3 gpm of total volumetric
flow rate, V, ;a1

Borehole thermal resistances are calculated using the ASHRAE tool spreadsheet [28]] as follow:
Reony =0.012 mK/W , R, = 0.069 mK/W, R,, = 0.097 mK/W and R;, = 0.138 mK/W.

Method One gives a total borehole length L of 442 m, or 1449 ft. This results in a total of three
borehole wells. Based on this result, initially, temperature penalty was not used for Equation [3.11]
Using Method Two, ASHRAE calculator [28]] generates a total borehole length of 1114 m, or 3655
ft, which results in 6 borehole wells. This result is a bit of a surprise, since the number of wells has
doubled from results calculated with method One. In addition, since the number of wells is larger
than four, temperature penalty should be taken into consideration. Therefore, additional parameters
required for calculating the temperature penalty are added, namely distance between boreholes as
6.1m, and the borefield aspect ratio as 4 (meaning wells are lined up in 1 x 4 configuration). After
taking into account the temperature penalty, the number of wells is reduced to 4, with 603 ft per
well for a total of 735 m or 2413 ft.

Overall, Method Two (including the temperature penalty) produced a much larger total borehole
length than Method One. This is mostly because Method Two has incorporated multiple heating
loads across a variety of time frames, which greatly increases the numerator in Equation |3.10

For this design project, calculated results from Method One is used, which generates a volu-
metric flow rate of 2.4 gpm per well (full spreadsheet Appendix [D). Although, it is important to
acknowledge that for systems that are intended to last for years, and especially for geothermal sys-
tems that have a significant imbalance between heating and cooling load, understanding and taking
into account the thermal performance over a long period, in addition to short-term performance, is
crucial in properly sizing the BHEs.

Assuming each BHE has its own heat pump gives a total of three heat pumps of 2133 W/well,
or 0.61 ton/well (full calculation see Appendix [D)). Also assuming that each BHE has its own water
pump generates a total of three water pumps of 1.1 W/well to ensure the circulation of water within
the BHESs (full calculation see Appendix [D)). Energetic needs for the distribution system within the
house are not discussed in this design process.
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Chapter 4

Life Cycle Cost Analysis

System designs are often justified and implemented by evaluating the economic impact. In this
chapter, a life cycle cost calculation is conducted for the vertical GSHP design from Chapter [3|to
provide an economic scope of work. Life cycle costs for additional retrofit options are also con-
ducted and compared with that for the current system design to shed some light on the decision
making process for a most cost-beneficial option for future design projects. The key driver for this
analysis is determining the life cycle cost based on the degree of the building retrofit in order to

guide capital planning.

4.1 Overview

In this section, a basic procedure of a life cycle cost calculation is presented, and its significance
explained. Common practice of a building retrofit is also described to provide some background
information about the process, such as the components it usually entails, and specifically, about the

impact of retrofits on capital cost.

4.1.1 Life Cycle Cost Calculation

Life cycle cost (LCC) analysis provides a framework of assessing the total cost of a project during
a set period of time. Generally, any cost, including capital cost and costs generated in the future,
is included in the calculation to provide as thorough an analysis as possible. A LCC calculation is
useful in many ways. First, it provides an economic perspective in evaluating the effectiveness and
the benefits of a project. For any design project to be implemented in real life, the cost of it is an
important factor, which lead to its second benefit. A LCC is especially useful in design selection of
several options that are similar in the technical aspects but differs in their benefits and costs.

Overall, a basic LCC calculation is captured in Equation [4.1]

LCC=C+M+E+R-S .1

where C is the capital cost, or the initial cost of a system, M is the sum of annual maintenance cost,

E is the sum of annual energy cost, R is the sum of all anticipated equipment repair and replacement
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cost, S is the salvage value of the system at the end of the LCC period [15]. For this system, LCC
is comprised of three main categories - capital cost, annual cost and salvage, which then correspond
to three types of value: present worth (P), annual cost or revenues (A) and future worth (F).
Present worth is what the cost is, in today’s dollar value. All capital costs that one pays once at
the beginning of a project, including installation, drilling, construction and so on, are present worth.
Annual costs include the cost for annual maintenance and energy consumption, and other forms of
cost that occur every year. Salvage refers to a recuperated value, if it were salvaged at the end of the
LCC period. For instance, if the salvage rate is 20% of the capital cost at present worth, then that
would be the amount one would receive in the last year, n. Not every project has materials that are
worth salvaging as salvaging itself also means an extra output of labor. At end of life, there is no
significant difference between salvage value of these systems. Therefore salvage value is neglected.
It is important that all future costs are converted to their present worth. Equation and are the
two most common calculations that converts between present worth, future worth and annual cost.
Equation is used to estimate annual cost that are predicted to escalate at a rate that is different

from the inflation rate [15]].

F
p:A.l—Ulﬂ" “3)
A (FE g HEEw
P=A- (e (1= () (44)

where P is present worth, F is future worth, A is annual worth, n is the period of time over which a
certain cost happens and i is the interest, or discount rate.

There are also pre-calculated tables that provide conversion factors at certain discount rates that
allow the process of converting all costs to one type of value to be more efficient. Figure §.T]is an
example of this type of tables provided by the FE Reference Handbook 9-5 [18]]. The letter on the

right indicates the original type of a value while the letter on the left indicates the target.

Factor Table -i =1.00%

n P/F P4 PG F/P F/4 AP A/F AG
1 0.9901 0.9901 0.0000 1.0100 1.0000 1.0100 1.0000 0.0000
2 0.9803 1.9704 0.9803 1.0201 2.0100 0.5075 0.4975 0.4975
3 0.9706 2.9410 29215 1.0303 3.0301 0.3400 0.3300 0.9934
4 0.9610 3.9020 5.8044 1.0406 4.0604 0.2563 0.2463 1.4876
5 0.9515 4.8534 9.6103 1.0510 5.1010 0.2060 0.1960 1.9801
6 0.9420 5.7955 14.3205 1.0615 6.1520 0.1725 0.1625 24710
7 0.9327 6.7282 19.9168 1.0721 7.2135 0.1486 0.1386 2.9602
& 0.9235 7.6517 26.3812 1.0829 £.2857 0.1307 0.1207 3.4478
9 09143 8.5650 33.6959 1.0937 9.3685 0.1167 0.1067 3.9337

10 0.9053 9.4713 41.8435 1.1046 10.4622 0.1056 0.0956 4.4179

Figure 4.1: A Screenshot of an Interest Rate Table ati= 1% [18]
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4.1.2 Background on Building Retrofits

In the United States, buildings consume more than 40% of the total energy produced, out of which
32% is for space heating and cooling [25]]. While it is very difficult to eliminate heat loss from build-
ings, a building retrofit can improve the condition of the building and significantly reduce heating
and cooling energy consumption. As building envelope material degrades overtime, the exterior
surfaces of the building, called the building envelope, degrades, resulting in greater heat loss. In
battling with heat leakage, residents have to increase the total amount of energy required to heat
the building. Retrofitting existing buildings, therefore, provides an opportunity to improve building
performance. At Smith College, with well over 100 buildings on campus, approximately 2 build-
ings a year undergo a significant retrofit. Retrofits, then provide the college an opportunity to reduce
campus heating load, but at a significant cost. As a result, buildings are retrofit not just to reduce
heat load, but also to address deferred maintenance and improve accessibility. Often, retrofitting an
existing building is more cost-beneficial than building a new building, since retrofits often improve
building heating and cooling efficiency and reduce energy demands.

With a model of heat load for a design alternative as shown in Chapter [2} the LCC of scenarios
can be calculated to evaluate retrofit options. By inputing typical methods of retrofit to an existing
building model, and comparing results in terms of both energy reduction and efficiency, total LCC
calculations can be compared.

There are several degrees of retrofits that target different heat transport mechanisms. One of the
most common and least labor intensive is sealing. Sealing a building targets convective heat trans-
fer and minimizes unwanted air movement across the building envelopes through gaps in materials.
In fact, sealing can often reduce up to 30% of total heating and cooling cost [20]. A blower door
test is often conducted before sealing is done, to quantify the amount of air leakage a building has.
Weather stripping and caulking holes can be conducted simultaneously with blower door tests to
determine whether sealing has achieved its target infiltration rate [9].

A significantly more invasive retrofit is to add wall insulation. The ability to conduct heat in
building envelope materials is measured by the so-called “R-value”. R-value is used to quantify
the thermal resistance of building insulation and indicates the resistance to conductive heat transfer
[21]. The larger an R-value is for a material, the more resistive it is to heat conduction. Building
envelope insulation has a major effect in reducing building energy consumption, but is also very
costly, as the next section will illustrate. Additional changes to the attic insulation, namely increas-
ing the R-value of the attic, is also practiced to specifically reduce the unwanted heat gain through
the roofs in the summer. For building with wall cavities, like wood-framed buildings, insulation can
be added by accessing wall cavities from the exterior. The degree to which wall and attic insulation
can be added is very dependent on the building construction and occupied space finishes.

Window replacement is another way of reducing conductive and convective heat transfer
through the building envelope. Typical window configurations include single, double and triple pane
glass windows, representing an increasing resistance to heat conduction. Pressurized gas or vacuum

is often used as a filling between the panes, to further increase thermal conductivity. Convective
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heat transport is reduced by setting the window within the structure with improved sealing.

4.2 Cost Benefit Analysis for Design and Retrofit Options

In this section, four design + retrofit options are created and their LCC calculated. Four different
options are evaluated, namely the LCC over a period of 30 years for:

1. the current oil-based heating system

2. a geothermal GSHP system with no building retrofit

3. a geothermal GSHP system with medium level retrofit, which includes window replacement
and attic insulation to R42

4. a geothermal GSHP system with deep level retrofit, which includes window replacement, attic
insulation to R42, an overall sealing of the building and wall insulation to R21

The specific details and assumptions about cost components and LCC related parameters, such as

discount rate, is included in the next section.

4.2.1 Acquiring Cost Information and Assumptions

Overall cost components are divided and discussed based on the category they fall into. Capital
costs include the overall cost for the geothermal GSHP installation, window replacement, attic in-
sulation and sealing, envelope insulation and sealing. Annual cost includes annual oil consumption
and electricity consumption for the pumps in the GSHP system. Additional assumptions about an-
nual maintenance costs and salvage value is discussed. Discount rate, i, for capital cost, oil and

electricity are calculated or obtained from reliable sources, which are also included in this section.

Table 4.1: Building Dimensions and Pump Power of the Field House

Parameters Value
Building Length (ft) 92.125
Building Width (ft) 36.83
Floor-To-Floor Height (ft) 8
Tilted Roof Length (ft) 52
Gross Area (f1?) 6781
Roof Area (f1?) 1872
Total Wall Cavity (ft?) 4126.56
Number of Windows 34

Oil Consumption (gal) 1979.5
Total Pump Annual Energy Consumption, Geothermal only (kWh) 36870

Total Pump Annual Energy Consumption, Geothermal + Medium (kWh) 30778
Total Pump Annual Energy Consumption, Geothermal + Deep (kWh) 27846
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Capital Cost

The overall installation cost for a geothermal GSHP system, including the cost of drilling, piping,
labor, as well as the cost for heat pumps, is estimated via two methods. Review has been done
to examine the overall geothermal GSHP installation capital cost in existing projects for a simi-
lar institutional context. Technical and economic parameters in geothermal systems in 17 college,
universities and other institutions have been evaluated, and an average cost for the overall capital in-
stallation cost is $50,000 per well (complete spreadsheet in Appendix [F). Estimates have also been
made by MEP Associates to be about $46,000 per well (at a depth of 600 ft per well). Both numbers
agree fairly well and a capital cost of $ 46,000 per well is selected, since there is a consistency in
borehole depth per well between this design and MEP’s.

Total installed window replacement cost of $1500 per window is obtained through personal
conversation with Professor Denise McKahn and Facilities Management staff based on previous
contracts for windows of this size (notes see Appendix [H.2). According to the CAD drawing,
there are currently 36 windows at the Field House. A field investigation indicates that there are two
windows that have been removed, shown in Figure There is one extra window on the attic
that is not documented in the CAD drawing, and two that half-size in comparison to the others,
shown in Figure and is adjusted to half of a regular window in terms of cost. Therefore, the
adjusted number of windows is 34. In Trace 700, window replacement is done by adjusting the
u-factor of each window. Pre-retrofit, the u-factor of a double-pane clear 1/8” window is set to 0.6
Btu/hr - ft*>-° F. Post-retrofit, the window u-factor is 0.3 Btu/hr - ft>-° F, based on local building
code regulations on building retrofit thermal performances [30].

Insulation cost is estimated, based on information obtained via personal conversation with Pro-
fessor Denise McKahn shown in Appendix at an installed cost of $15,000 for insulating a
1400 f1? building with spray foam to achieve R21 at 3.0 inches thick. A cost per square foot is
calculated, see Appendix by dividing $15,000 over the total area of wall cavity and roof, and
is equal to $4.55/ft>. Total building wall cavity is calculated using existing building dimensions
shown in Table The cost for wall sealing, which is one of the actions for a deep retrofit, is
calculated by multiplying $4.55 with the total wall cavity surface area. In Trace 700, wall insulation
is done by adjusting the u-factor of wall material. R21 is added in series to the original R-value of
0.122 Btu/hr- ft>-° F for a 4” HW Concrete with 2" insulation and converted to a u-factor of 0.034
Btu/hr- ft>-°F. It is important to note that this cost does not account for building false walls within
the interior of the load bearing masonry building, which currently has no wall cavity.

For attic insulation, the rate of $4.55/f12 is doubled and applied to the total roof area of the attic,
to achieve R42. Adjusted attic roof u-factor is calculated by adding R42 in series with the original
roof u-factor, 0.157 Btu/hr - ft2 -°F, as 0.02 Btu/hr - ft2 -° F. In addition, when adding insulation,
spray foam is also applied as part of the process, which reduces the infiltration rate in the attic,
from 0.7 ACH to 0.3 ACH, an average post-sealing rate based on blower door tests for Morris and
Lawrence House (Appendix [C).

Additional cost for overall building sealing (excluding the attic) is estimated based on personal
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Figure 4.3: One of the Two Half-Size Windows (left) at the Field House
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conversation with Professor Denise McKahn (notes in Appendix [H.2). The overall schedule is as-
sumed to be two days, with 8 hours of work per day, done by three people at a rate of $30/hr. This
results in a total cost of $1440 for overall building sealing. In Trace 700, an overall building sealing
is reflected by adjusting infiltration rate of all rooms, except for the basement, from 0.7 ACH to 0.3
ACH, for similar reasonings as the attic sealing.

For discount rate, it is assumed that this project is federally funded and all capital cost follows
federal discount rates, which is about 2.5% based on reports by the Federal Reserve Bank of New
York [22].

Annual Cost

The schedule and components for annual maintenance for both the oil-based or the geothermal-
based heating system are assumed to be the same, regardless of the degree of retrofit. Therefore,
there is no calculation of annual maintenance cost in LCC calculations, since all four options have
the same rate.

For the oil-based heating system, the costs for #2 oil is $2.75/gallon, based on personal con-
versation with Karl Kowitz. The total oil consumption is 2031 gallons for academic year 2014 to
2015 and 1928 gallons for academic year 2015 to 2016 (obtained from personal conversation with
Gary Hartwell). An average of 1979.5 gallons is used and assumed as the annual oil consumption
for thirty years. An escalation rate is manually calculated using data provided by the EIA database.
The rate for #2 oil on April 16th, 2009 is $1.422/gallon, while the rate on April 16th, 2019 is $2.082
[1]]. Equation {.4]is used to manually calculate the escalation rate, which is 4% for #2 oil.

The consumption of electricity for the heat pumps and water pumps is calculated for options 2,
3 and 4 in the same way as described in Section by assuming these pumps are in operation
full day for the entire heating season of 8 months, which is likely to be an overestimation. After
buildings have been retrofitted, an efficiency increase and a drop in heating demand may lead to less
number of borehole BHEs. The cost of electricity is $0.155/kWh and will escalates to $0.187/kWh
in year 20 (obtained from personal conversation with Karl Kowitz). An approach similar to oil
discount rate calculation is used and a discount rate is calculated manually using Equation [4.2] as
1%.

4.2.2 Results and Comparisons

Figure illustrates the total present worth for all four design and retrofit options. A medium
retrofit reduces 17.2% of total annual heating demand (Appendix [E.2)), while a deep retrofit reduces
28.9% (Appendix [E.3)). The total present worth of three geothermal design options are ranked from
high to low as Geothermal + Medium >Geothermal + Deep >Geothermal only, which indicates that
a medium degree retrofit is both costly, on average $6/f¢> more than a geothermal-only option, and
inadequate in effective energy reduction, more than 10% less energy reduction than a deep retrofit
option (Full LCC calculation table in Appendix [G).
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Current |Geotherma| Geothermal + Medium |Geothermal + Deep
Capital Cost
Installation $138,000.00 $138,000.00 $92,000.00
Retrofit $68,035.20 $88,251.05
window replacement $51,000.00 $51,000.00
attic insulation/sealing $17,035.20 $17,035.20
envelope insulation / $18,775.85
envelope sealing $1,440.00
Total Capital Cost $0.00| $138,000.00 $206,035.20 $180,251.05
Annual Cost

Oil Purchase $5,443.63
Electricity Purchase $5,714.84 $4,770.55 $4,316.12
Total Annual Cost $5,443.63 $5,714.84 $4,770.55 $4,316.12

Present Worth

Capital Cost - > Present Worth $0.00| $138,000.00 $206,035.20 $180,251.05
Annual Cost -> Present Worth $94,131.16| $147,486.79 $123,116.97 $111,389.04
Discount Rate for Annual 4.00% 1.00% 1.00% 1.00%
Present Worth Factor for Annual 17.29 25.81 25.81 25.81
Total Present Worth $94,131.16| $285,486.79 $329,152.17 $291,640.09
S.F. Cost $13.88 $42.10 $48.54 $43.01

Figure 4.4: Life Cycle Cost Calculation for Four Design + Retrofit Options

Figures [.5|and [{.6]show the overall comparison of present worth and present worth per square
foot of the four options. Cost per square foot is very close for a system with only the geothermal
system and that with a deep level retrofit. This is achieved because the amount of heating reduction
a deep retrofit is able to accomplish is enough to reduce the number of wells from three to two,
which reduces the overall electricity consumption of the pumps. Specifically, while the capital cost
is higher for a deep retrofit option, due to a total cost of $88,251 on the deep retrofit, annual elec-
tricity consumption of the pumps drastically reduces compared to the options with three heat pumps
as specific heat pump power is shown in Table

Overall, there are several points worth noticing. First, the total cost of any geothermal system
is significantly larger than the original oil-based system. This is due to a shift from oil to electricity
as well as a capital investment for the GSHP system, where as the initial installation of the existing
boilers system is not included in the LCC calculations and still has significant life remaining.

For future geothermal system designs, borehole configurations with higher efficiency and con-
trol methods such as system dynamic control and thermal modeling should be considered in order
to maximize system thermal performance to reduce unnecessary annual and capital cost. In order to
optimize the cost-benefit relationship between building retrofit and building system design/upgrade,
thorough simulation of building retrofit consequences should be made and quantified in terms of en-
ergy reduction as well as life cycle cost reduction. This ties into the third point, which is that based
on results from the LCC and cost-benefit studies of the four options, a medium level building retrofit

is not recommended as an action towards effective energy reduction nor cost reduction, as the total
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cost for a medium option ranks the highest among the four options over a period of thirty years.
Perhaps, an “all or nothing” strategy should be adopted. Load bearing masonry buildings should
not be retrofit at all, unless a deep level retrofit is performed. The reasoning for a geothermal only
system is its economic viability, while a deep level retrofit is beneficial from both the environmental

and economic perspectives.
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Chapter 5

Conclusion and Future Work

This chapter concludes the thesis work on building energy simulation, ground source heat pump
system design and life cycle cost analysis for the Field House. Directions for future work are also
identified.

5.1 Conclusion

The goal of this thesis was to (1) design a vertical ground source heat pump system for the Smith
College Field House and (2) conduct life cycle costs analysis over a period of thirty years and
compare calculated cost-benefits of four different design coupled retrofit options.

A building energy model of the Field House was constructed in Trace 700 following a procedure
of 1) information acquisition, 2) sensitivity analysis of unknown parameters, and 3) model calibra-
tion. The model was validated against oil consumption data. A sensitivity analysis identified eight
sensitive unknown design parameters including wall construct, ventilation and infiltration rate, win-
dow, wall and floor u-factor and wall height. Assumptions about these parameters are made, with
additional adjustments made for the geometry of the basement and the domestic hot water usage.
The model was tuned to existing oil usage data for academic year 2014-2015 and 2015-2016. A
calibrated model estimates a total energy consumption of 286,498 kBTU/yr, which is within 4%
difference from the oil data.

The design and calculation process of a GSHP was discussed and two of the five most im-
portant design variables were selected as the borehole thermal resistance and the mass flow of the
circulating fluid. The overall design included the calculation and assumptions for five key parame-
ters, namely the total and individual borehole flow rate, borehole thermal resistance, total borehole
length, number of boreholes and the power of the water and heat pumps. Two methods of borehole
length calculation, one that incorporates only one set of heating demand and the other accounts for
three heating demands over a different period of time, were compared. The effect of thermal inter-
ference was briefly addressed quantitatively by the temperature penalty. A final design specifies the
system setup of three boreholes at 600 ft, with a flow rate of 2.4 gpm per well coupled with three
heat pumps of 0.6 tons.
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A life cycle cost analysis was conducted over a period of thirty years for four design options,
including (1) the current oil-based system, (2) a GSHP system with no building retrofit (3) a GSHP
system with medium level building retrofit and (4) a GSHP system with deep level building retrofit.
The GSHP only option required the least total converted present worth, $285,486, among the three
geothermal based design options, closely followed by GSHP + Deep of $291,640, which also re-
duced the annual heating demand by 28.9%. Recommendations regarding the level of retrofit were
given for future design projects. Specifically, an “all or nothing” strategy was proposed that sug-
gested either not to retrofit or retrofit at a deep level. Additional observations were also made about
the significant increase in cost from an oil-based system to a geothermal based system, which could

be alleviated by designing systems of higher energy efficiency.

5.2 Future Work

Three potential directions for future work are identified. First, a thermal modeling of the borehole
temperature profile is recommended, to provide a quantitative study of the thermal behavior of a
BHE. More specifically, a control-oriented model can be used to monitor and respond to system
changes quickly, which has the potential to improve the system efficiency. Temperature sensoring
along the depth of the borehole wells to obtain more accurate thermal profiles of the ground is also
an area for future work. It is expected that a borehole will be drilled and instrumented during the
summer of 2019. These results have influenced the decision not to retrofit the building prior to
installation of the GSHP system.

In addition, other renewable energy sources can be incorporated in the design. For instance, the
electricity needed for the three 0.6 ton heat pumps can be generated by a PV system. Prior design
of a PV system for electricity generation has been made for the Field House, the documentation of
which is attached in Appendix [ for future reference.

Finally, as analyzed in Chapter [] a deep level retrofit has the potential in reducing both system
cost and energy demand. Future work is recommended to study the benefits of a deep retrofit at a
more detailed level. For instance, studies can be done to identify the most optimal framework in
devising a retrofit plan and selecting building attributes to retrofit. Life cycle cost analysis can also
be conducted to compare more retrofit options, such as area-specific retrofits focusing on only the

mechanical or the ventilation system, or a complete rebuild of a facility.
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Appendix A

Trace 700 Model Inputs

A.1 Weather Information

;’o Neather

(= | &[]

Altemnative 1

L

a

L 4

Weather location

IEhianpee. Massachusetts

Overrides... | 0K I

LCancel

A.2 Rooms

A.2.1 Kitchen
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Altemnative 1

Apply

Foom desciiption |Kitchen ~|
Templates... Length Wwidth
Foom [Defaut v Fea. iz r iz & New Rloam
Intemal |Defaut v] Red. &0 r [0 o |
Airflow | Medium | " Equals floor Dee |
Tstat  [Defaut =l
Const IMedu'n ;I Wall...
Description  Length (ft]  Height () Direction % Glass or Gty Length () Height (ft) Window
[wal-1 12 s o [ oo [0 Fil
| i |8 |0 o o [ o r
I o Is jo o Jo Jo o r -
Internal loads... Airflows...
People |4— Im Cooling vent |I1lJB |cfm)sq ft ;l
Lghng [0 [wisah ] Heatngvert ~ [008 [ch/saft =]
Miscloads [0 [wrsaft | CoolingVaY min [0 [% Clg Aiflow =]
Heating V&Y max | | % Cig fiflow |
GingicShee |  Fooms | Roos | wak | Imloaks | Aitows L

Altermative 1 Apply |
Room description Ichhen LI B,
Templates... Size... Codingdybub  [75  °F
Room [Defauit ~] Length B Healingdwbub  [70 °F New Roor |
Intemal | D efauit ~| Width P Relative humidity ~ [50 % o |
Airflow | Medium | Height.. Themmostat...
Tstat |Defaul ~| Floortofloor  [10 # Cooling diftpoint ~ [B1 °F ﬂl
Constr [Medium ~] Plenum [ Heating drftpoint ~ [64° °F
Apovegond [0 Codling schedule | None -
Duplicate...  Floor multipler  [1 Heating schedule  [None |
Rooms per zone '1— Sensor Locations...
Room mass/avg time lag ITirne delay based on actual rnaZI Thermostat |Zone EI
Slab construction type |12" L' Concrete =] C02 sensor INone -l
Room type | Conditioned ~| Humidity...
Acoustic celling resistance W hr-[&*F/Btu Moisture capacitance IMedium ll
Carpeted | Humidistat location Iﬂogm ll
 SingleSheet | Roofs | Walls [ itlosds | Aiflows | Patn/Floors
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o) &
Altemnative 1 Bpply |
Room description Ichhen l]
Templates... Raaf...
Floom | Defaul | Tag | Construct | NewRoof |
|l'tell’ld|DEfeu|l LI € Equals floor U-factor Il] Copy |
; " € Length [0 ; d —
Aiirflow IMeduTl EI Pitch IU €a Delete |
Tetat [Defat ~] Widh [0 Direction [0 deg -
Constr |Meciu'n ll
Skylight.. [~ Focfaea [0 % Type | |
I~ Length IU U-factar II]
Width IEI Sh. Coef II]
Quantity ID Ldto RA II] %
Shading...
Internal I ;I
Single Sheet | Rooms Hoofs! [ Walls | intloads | giflows | Paitn/Floors

Altemative 1 Apply
Foom description |Kitchen |
Templates... wall...
Floom | Defaul =l Tag [Wal-1  Construct[4 Hw Concrete, 2" Ins = New
Intemal [Defaut ~ lengh [12 Udactor [0.1220; Blu/hft-F L
Biflow [Medium ~] Heigt [8 Tk [0 deg Copy
Tstat  [Default | B Direction [0 deg e
Constr IMe:iu'n ;I Pct wall area to underfloor plenum I_ % Wall
Openings...
Tag IW & Window ¢ Door New
W Walaea[30 % Type  [Double Clear 178" -
™ Length l[]_ ft Height l[l_ll Quantity IU_ D&Tﬂg
Ufactor [06  Btwhfe'F ShCost [088  LdtoRA[0 % boe
Shading... Opering
Mote: Internal shading ovenarites the u-factor and Internal INone ;l
shading coefficient of the window.
Extemal | Dverhang - None |
Single Sheet | Rooms Roofs Walls! | Intloads | diflows | Partn/Floors
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Altemative 1 Apply
Room description |Kitchen ~|
Templates. ..
Room |Defaut _v| People... Activiy |I:Iassroarn v| Densiy |4 IF'eople ~|
Intemal | D efaut =l Schedule [Base Uti - Lodging =l
Aitflow | Medium ~| Sensble [250  Btu/h Latent 200  Btuth
Tstat  |Defaul | ‘Workstations..
Constr |Medium ~| Density |1 | workstation/person |
Lights... Type IFIuolescmt, hung below ceiling, 100% load to space EI
ASHRAE Space/Area Type | |
Heatgan [0 |w/sqft ~|  Schedule |Base Uti - Lodging ~|
Miscellaneous loads...
Tag [Misc Load 1 Twpe  |None | Mewload |
Enegy [0 [wisqit ~|  Schedule [Base Uti - Lodging | Copy |
Energy meter |None ;l Diata Center Equipment m T |
__ SingeShest | Rooms | Roofs | Walls intioadss |  Aiflows |  Parn/Floors

Akemative 1 Adjacent air ransfer from room Hp—:ul
Room description |K.itchm ;I I((Nu adjacent air trans>> ;I | Close I
Templates... Main supply... Auiliary supply...
Foom | Default ~|  Cooing | [Tobe calculated | Cooling | [Tobe caculated =l
Internal [Defat ~|  Heating | [Tobe calculated | Heating | [Tobe caculated =l
Aitlow [Medium ~| Ventiation... Std £2.1-2004-2010...
Ttat IDefauIl ZI Method |Surn of Outdoor Air ;I ClaEz ICustam d I_ %
Constr | Medium ] Type | warehouse -l HigEz  |Custom = |
Cooling |IJ.IJB Idmfsq ft ;l Er IDefau!t based on system typ _v] I_ %
Heating  [008 [chm/sqht ~] DCVMnOAInake [~ [Nome =]
Schedule  [Avalable (100%) v|  Roomeshaust..
Infiltration... Rate IU Iail changes/hr ;I
Type | Pressurized, Poor Canst. | Schedule  [Available (100 ~|
Cocling |07 |ail changes/hr > vavcontl..
Heating |07 |air changes/ht ~] CgVa¥min [0 [%Clasiflow =l
Schedule  |Avalable (100%) | Hig VAV max | | cig ifiow ~|
Schedule  [Available (100%) ~|
ARAE = All room air exhausted Type |Default ;l
___ Single Gheet | Rooms | Roofs | Walls | IntLoads ifiows. | Pan/Floors
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Altemative 1

Apply
Fioom description [Kitchen ~|
Templates... Partition...
Room |Delaut ;l Tag | Adjacent space temperature. .. New Palliﬂ'
Intemal [Defaut ~] Length [0 Metod [ ] o |
s =~ Hest [B] Coolng | Delete Part |
Tstat  [Detout =~ Constr | = Heatng| —
Constr IMedu-n ;l U-factar II]—
Adj raoml ;I
Flaar...
Tag  |Floor-1 Extemal temperature. . Mew Floor I
# Exposed " Slabon grade Melhndlm Copy Floor I
Constr | 2"wood Floor ~| Cooling | F Demnwl
Aea  [154 Udactor [0266E Btu/hfE'F  Heating|  F
Peim [0 Factor [T BuwheitF
Adj room I <<No adjacent room>> ;I
__ Single Shest | Fooms | Roofs | Walls [ Intloads | Airtlows
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A.2.2 Lounge

Altemative 1

oo |

Room description |Lourge

Templates...
Room |Defa|.lt
Internal |Default
Airflow IDefauIl

Tatat IDeFaull

Constr IDeFaull

Length

=

‘Width

Cloze |

pply
Copy |

v Foa. [ r [B New Room |
¥ Redk. &0 n Jo
| " Equals floor
;l Delete |
Wall...
-l Desciiption Length (f) Height (1) Direction % Glass or Oty Length (f) Height (i) Window
fwal-1 |3 [¢ [o [ [o Fil
[wall-2 |34 B E N CE o v
[wial-3 |34 8 j180 [0 Jo o o vV ~|
Intemal loads. .. Airflows...
People |4— lm Coaling vent [0.08 |cim/sqft -]
Lighing [0 [wisalt =] Hestngvert  [008  [cm/saft =]
Miscloads [0 [wrsah | Cooling VAV min | [ Cig sitlow =]
Heating VAV max | % Cig diflow = |
SingisSheotl | Boome | Feob | Wak ] imloak | Ailows | Pamroms

Altermnative 1 Apply
Fioom description |Lounge ~|
Templates... Length Width
Room | Default | Fea. 3 R Bk New Roorn
Intemal | Defaut v Ret. &0 r o Copy
¢ c
Ailow | Defalt | Equals floor s
Tstat |Defau|t ;I
Wwiall...
Constr |Defau|t ;l
Description Length [ft] Height () Direction % GlassorQty  Length [ft] Height [ff) ‘Window
[wal-z " [34 ] 30 [0 [0 o [0 v
[wal-3 |34 |8 |180 lan o o o v
| fo Ie o | I [ o FEI
Internal loads... Airflows. ..
People [ [Peope  ~] Coolingvert  [0.0B  [chn/salt |
Lighting IU IWfsq ft v I Heating vent |I1l]3 |cfm!sq ft :l
Misc loads [0 [wrsah =] Cooling VAV min | f% Cig Aiflow |
Heating V&Y max | [ Cig iflow |
Rooms | Aoofs | Walls | Intloads | Aiflows | PaitnFloors
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Altemative 1 Apply
Room description |Lounge - Design..
Templates. . Size... Cooingdybub  [5  °F
Room [Defauit ~] Length I Heatingdybub [0 °F I
Intemal D efauit =l Width [5  n Relative humidty ~ [50 % Copy
Aiflow | Default +| Height.. Themostat...
Tstat :Default j Floortofloor  [10° Coolng diftpoint ~ [&1 °F &l
Constr [Defaul ~| Plenm [T Heating ditpoint ~ [64° °F
Abovegound [0 Cooling schedule  |MNone ~|
Duplicate... ~ Floor multipher [T Healing schedue  [None ~]
Rooms per zone [1— Sensor Locations...
Foom mass/avg time lag ITirne delay based on actual msZI Thermostat |Zone EI
Slsb constiuction type | 6" L'w/ Concrete | C02 sensor [None |
Room type | Conditioned | Humidity...
Acoustic celing resistance |1.786  hrfR°F/Btu Moisture capacitance IMedium ;]
Carpeted [ Humidistat location IFloom ;]
 SingleShest [ Roots | Walls [ intlosds | Aiflows | Pan/Floars

Altemnative 1 Apply I
Foom desciiption |Lounge -]
Templates... Raof...
Room | Defaul | Tag | Constuct | MewRool I
Intemal | Default ~] € Equals floor Uector [0 coy_|
Aitflow | Defaul - € Length ID_ Fitch IU— deg Delete I
Tstat  [Detaut -] Widh [0 picton [ deg —
Constr |Defau\l ;l
Skelight.. T Foo a'eal_z Type | =
™ Length ID_ 1-factor Iﬂi
widh [0 Shceef [0
Quanity [0 LdwRAfD %
Shading...
Internal | |
— SingleSheet | FRooms Foofs | Walls [ intloads | Aiflows |  Patn/Floars
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Altemative 1 Apply |
Room description |Lounge ~|
Templates. .. whall...
Room | Defauit ~| Tag |Wall-1 Constiuct | 4" Hw Concrete, 2" Ins ~| New
Wall - 2 Wall
Intemal | Default ~| |wal-3 Length |34  ft Ufactor [0.12200 Btuhfe-F
Aiflow |Default =l Height |8 T o de v
Tstat [Defaul | ﬂﬂfﬂw 1 Ditection [0 deg 2o
elete
Constr IDefauIt ;I Pct wall area to underfloor plenum | % wall
Openings...
Tag |Opening -1 & Window ¢ Door New
b
W Wallaea[40 % Type  [Double Clear 178" o]
Length i [ Quantty [0 Copy
™ Leng 0 ft Height |0 ft ity Opening
U-factor |06 Btushfe*F  Sh. Coef |D.BB Ldto RA |IJ %
. Delete
Shading... Opening
Note: Internal shading ovenaites the u-factor and Intemal INnne ;I
shading coefficient of the window.
Extemnal |Dverhang-None LI
Single Sheet | Fiooms | Fioofs Walls | Intloads | Biflows | Patn/Floors

Alternative 1 Apply
Room description |Lnunge ;]
Templates... Wall...
Fioom | Defauit | [wala Tag [wall-2 Construct | 4" HW Concrete, 2" Ins ~| New
Wall
Intemal | Defai x| [wal-3 Length |34 1t Ufactor |0.1220 Bru/hiit-*F
Aiiflow | Default | Height |5 e fo deg P
Tstat [Defaul ~| E,".}.?ﬂw 1 Direction [0 deg e
elete
Constr IDefauIl ;I Pt wall area to underfloor plenum % Wwall
Openings...
Tag |Opening -1 & Window ¢ Door New
One
[V Wall area |4|J % Type IDDuhIa Clear 1/8" LI IEE=ty) |
ength | i [ usntity | Copy
I~ Length [0 ft Height |0 1t Quantity |0 Openig
U-factor |06 Btushefe'F  Sh. Coef |EI.EIB Ldto RA |D x
. Delete
Shading... Opening
MNote: Internal shading ovenarites the ufactor and Intermal |Non= ;I
shading coefficient of the window.
Estemal |Overhang - None |
Single Shest | FRooms | Roofs | Intloads | Liiflows | Patn/Floors
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Altemative 1 Apply |
Room description ILuunge ;]
Templates... whall...
Room |De[adl - |Wall-1 Tag |Wdl-3 Comtrmlld"HWEoncrele, 2"Ins LI New
wall - 2 Wall
Intemal | Defauit - Length  |3% & Utactor [01220; Bruhfe-F
Aiflow [Detaut ~| Heigh  [5 ft Tk [0 deg Cony
Tstat [ Defaul ~| aind p:;f:w 1 Direction [180  deg e
Constr |Delau|l | Pet wall area to underfloor plenum I_ % ‘wall
Dpenings.
Tag W @ ‘window  Door New
v wall area IT % Type |Douhle Clear 1/8" ;] ﬂ
M lengh [0 & Height [T #  Quanty [0 o2,
Ufsctor[06 Buuwhfe'F ShCoef [088 LdwRAf0
Shading... DDD;";?,Q
Note: Internal shading ovenarites the u-factor and Intemal |None ;l
shading coefficient of the window.
Estemal |Overhang - None |
___ Single Sheet | Rooms | Roofs Walls | Intloads | Birflows | Patn/Floors

Altemative 1
Room description |Lounge LI
Templates...
Room |Dr.ladt ;I People... Activity |None ;l Density |4 |F'eop|e ;I
Intemal | Defaul ~| Schedule |Base Ui - Lodging |
Airflow |Deraull | Sensible [250 Btush Latent |250 Btush
Tstat |Defau|l ;l Wworkstations. .
Constr IDefaull ;I Density |1 Iwukslalianfperson :I
Lights... Type IHuolmmt, hung below ceiling, 100% load to space ZI
ASHRAE Space/Area Type | =l
Hestgan [0 [wisqft ~|  Schedule |Base Ut - Lodging |
Miscellaneous loads...
Tag [Mise Load 1 Type  [Mone =]

Apply

Close

d

Mew Load I
Copy |
Delete I

Ereigy [0 [wisat ~|  Schedule [Base Uil - Lodging ~|
Energy meter |None ;l Data Center Equipment INa vI
Single Sheet | Rooms | Roofs | Walls intloads |  Aiflows |

Partn/Floors
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Akemative 1 Adjacent air transfer from room L;UI
Room description |Lumge ;l |<<Nu adjacent air transy > ;' Close
Templates... Main supply... Auiliary supply...
Room | Defaut ~]  cooing | [Tobe calculated =] Cocing | [To be calculsted =l
Internal IDefaull ;I Heating I ITl:u be calculated ;I Heating I ITD be calculated ;I
Aiflow | Defaul | Ventilation... Std 62.1-2004-2010...
Tstat IDefauIl ZI Method |Surn of Outdoor Air ;I ClgEz ICuslorn d I_ %
Constr IDefauIt ZI Type IWaehnuse ;I Hig Ez I[Iuslnrn _v] I_ %
Coaling IIJ.IJE Il:frm’sq ft ;I Er IDeFalJl based on system lyp_v] I_ %
Healing  [008  [chm/sqht ~] DCVMnOAlntske [ [Nome =]
Schedule  |avalable (100%) | Room exhaust...
Infiltration. .. Rate IU Ia\l changes/hr ;I
Twe  |Pressuiized, Poor Const = Schedule  [Available (100%) =l
Cooling |IJ.? |air changes/hr ;I VAV control...
Heatng  [07  [ai changesthr =] Clg VAY min | [ C1g sirflowy ~l
Schedule | Avalable (100%) ~] Hig VAV max | [ Cig sifiow |
Schedue  [Available (100%) =~
ARAE = All room air exhausted Type IDefauIl ;I
___ Single Sheet | Rooms | Roofs | Walls | IntLoads Auflows | PatnFloors

Altemative 1 Apply
Room description ]Lumg ll
Templates... Partition....
Room |Defatlt ;l Tag | Adjacent space temperature... Mew Parliﬂ
Internl [Defaut ~ Lengh [0 methed [ ] o |
Aiflow [Defaut ~] Height [0 Cooing | o
Tstat [Defaut ~ Constr | =~ Heatng[  —
Consti |Default ;l U-factor IIJ—
Adj roornl ;I
Floor...
Tag  |Floor-1 Extemal temperature... New Floor |
& Exposed (" Slabon grade Method [Houly 0808 ~| (o, Floor |
Constr | 2" wood Floor = Cooling | °F Dapte Floc
Area  [1720 e Udactor [0.266 BwhiF  Heaing]  °F —I
Peim [0t Ffactor [0 BusheftF
Adj roDmI{(Nu adjacent room> > ;l
___ Single Sheet | Fooms | Fioofs | Walls | Intloads | Airflows iPartn/Floors!
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A.2.3 Middle

Alternative 1 Apply
Room description |Middle ;]
T Length Width
Room | Default v Fea. [2 m B w New Room
Intemal | Defaul ~] Rt o n [0k Copy
Aidlow | Default =l " Equals floor
Delete
Tstat  [Defauit ~| _I
Wall...
Constr |Default ;l
Description  Length () Height (1) Direction % Glass or Oty Length () Height () Window
[wal-1  [21 [e [l [0 [@ [o B Fil
fwal-2 |21 8 i jo Jo o o v
I o E fo oo o [0 |
Internal loads... Airflows...
People |4 I People - I Cooling vent |D.03 |cfn1}sq ft LI
tghtng [0 [wrsait +] Heatingvent  [0.08  [efm/saft |
Misc loads [0 [wisart =] Cooling VAV min | [z g titiow  ~|
Heating VAY max | % Cig titlow |
Rooms Roofs | Walls | IntLoads | aiflows | Paitn/Foors

Alternative 1 Apply
Foom description |Middle -] Design..
Templates... Size... Coolingdiybub  [75 °F
Room [Delaut ~| Length R Heatingdybub  [70  °F New Roon |
Intemal | Default ~] Width L Relstive humidity  [50 % oo |
Aillow | Default v| Height.. Thermostat..
Tstat |Defaul ~| Foortofloor  [10 #t Cooing dritpaint  [51 °F _ Daae |
Constr [ Default ~l Plenum M w Heating ditpoint ~ [64~ °F
Abovegound [0 gt Cooling schedule  |None ~|
Duplicate...  Floor multipler [T Heating schedule  [None ~|
Rooms per 2ane [1— Sensor Locations. ..
Foom mass/avg time lag ITirne delay based on actual rnaZI Thermostat |Zone ZI
Slab constuction type |B" Lw Concrete Ed| C02 sensor [Hone |
Room type | Conditioned - Humidity...
Acoustic celing resistance [1.786  hrf*F/Blu Moisture capacitance IMedium LI
Carpeted [ Humidistat location  |Room ~|
___ Single Sheet | Roofs | Walls | Intleads | Aiflows | Partn/Floors
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Altemative 1 Apply |
Room description |Middle |
Templates... Roof...
Foom | Defaul -] Tag | Constuct | -] NewRoof |
Intemal | Defaul | © Equals fioor Ufactor [0 Copy |
Aitflow | D efaul | € Lengh 0 Pich [0 deg =
Tstat [Defaut ~] Widh [0 piecon [T deg o=
Constr |Default ;I
Skyight.. [~ Focfaea |0 % Type | ~]
" Length ID— U-factor IUi
widh [0 ShCeef[0
Quantty [0 LdwoRa [0 %
Shading...
Internal I ;l
Single Sheet | Rooms | Walls IntLoads | Aiflows Paitn/Floors

Alternative 1 Apply
Fioom description |Middle |
Templates. .. ‘whall...
Fioom | Defaul ~| Ll Tag W Construct | 4" HW Concrete, 2" Ins | %?ahll
Intemnal | Defaul | Lengh |21 & Uactor [01220; Bru/he'F _—
iflow [Defauk ~ Height  [5 1t Tit [0 deg Copy
Tstat [Defaul ~| m‘?ﬂ@c‘h_ Direction [180 deg W
Constr IDeFauIt ;I Pct wall area to underfloor plenum l_ % Wall
Openings...
Tag W * Window ¢ Door New
M Wallaea [40 % Type  [Double Clear 178" =] e |
I Llengh [0 & Heigt [0 Ouaniy [0 UE::;Q
Ufsctor[06  BtuwmfeF ShCoef [083  LdwRA[0 % ?
Shading... Opening
Note: Intemal shading ovenarites the ufactor and Intemal  [None ~|
shading coefficient of the window. Evtemal I ——, ll
Single Sheet | Rooms | Fioofs Walls | Intloads | Aiflows | PatnFloors
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Altemative 1 Apply
Foom description |Middle -l
Templates. .. ‘Wall...
Room | Defaul | [wal-1 Tag [wall-2 Construct | 4" HW Concrete, 2" Ins ~| New
Yadall
Intemnal | Defaul = Lengh |21 & Ufactor [0.1220; Btu/heF
Aiflow [Defauk =l Height |8 f Tk jo deg e
Tstat |Defaul ~| s p;;f:ecl 1 Direction [0 deg B
elete
Constr |Defauk | Fct wall area to underfloor plenum % Wwall
Dpenings...
Tag |Elpening-1 & Window ¢ Door New
V Wallarea |10 % Type IDnubIe Clear 1/8" ;l Lo
Length i Quantity |0 Copy
I Lengt 0 fit Height |0 it Y Opering
U-factor |06 Btu/hie*F  Sh. Coef |0.88 Ldte Ra |0 %
. Delete
Shading... Opening
Note: Internal shading overwrites the u-factor and Intemal [None El
shading coefficient of the window.
External IEIvenhmg-Nme ll
Single Sheet | Rooms Roofs Walls] | Intloads | Airflows | Partn/Floors

Alternative 1 Apply
Room description |Middle |
Templates...
Room |Defauk v| People.. Activiy |None | Density |4 | People |
Intermal |Default ;l Schedule | Base Util - Lodaing ;l
Airflow IDefauIt LI Sensible |250 Btush Latent |250 Btu/h
Tstat |Defeull ;l ‘Wworkstations. .
Constr IDefauIt LI Density |1 Iwolkstationﬁpergon LI
Lights... Type |Fluolescenl, hung below ceiling, 100% load to space ;I
ASHRAE Space/Area Type | =]
Heat gain |U |Wa‘sq ft ;l Schedule IBase Util - Lodging ;I
Miscellaneous loads...
Tag [Misc Load 1 Type  [Mone ~|  Newload
Energy o [wisan | Schedue |Base Ui - Lodging | Copy
Ereray meter |Hone »|  DataCenter Equipment [No vl o
Delete
Single Sheet | Fooms | Roofs | Walls | Aiflows | PatnFloors
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Atemative 1 Adjacent air ransfer from room ﬂ
Room description |Midcle ;I |<<No adjacent air trans>> ;l Close I
Templates... Main supply... Auiliary supply...
Fioom | Defaul v|  Coding | | To be calculated | Cooling | |Tobe calculated ~|
Internal |Defeult ;I Heating | |To be calculated ;I Heating | |To be calculated ;I
Aiflow [ D efaul ~] Ventiation... Std £2.1-2004-2010
Tstat IDefauIl ;l Method ISurn of Dutdoor Air ;I ClgEz ICustnm d I_ %
Constr |Defau|l ;l Type IWalehouse ;l HigEz |Custom ;] l_ %
Cooling IIJ.IJB Idrn/sq ft ;I Er IDefauIl based on system lyp;l I_ %
Heating  [0.08  [cim/sqft ~] DCYMinOAlntske [ [None <]
Schedule | Avalable (100%) v|  Roomeshaust..
Infiltration... Fiate [i |ait changes/hi -]
Type | Pressurized, Poor Canst. | Schedue  |Available (100%) ~|
Cooling IIZI.IJr Iair changes/hr ﬂ ViV control...
Heating |D,? |ai changes/hr LI Clg VAV min I |‘Z Cig Aiflow ll
Schedule  [Avalable (100%) ~| HigVAY max | |2 Cig aiiows |
Schedule  [avalable [100%) =l
ARAE = All room air exhausted Type IDefauIt El
_ Singe Sheet | Rooms | Foofs | Walls [ intLoads g [ PatnFloos |

Alternative 1

Room description |Middle Rd|
Templates... Partitior...
Room IDefaLIt ;I Tag I Adjacent space temperature. .. New Partition
Intemal | D efauit ~| Lengh [0 Methed [ -] Copy Part |
Airflow IDeFauIl ;l Height IU_ Cnoli"lgl Delete Part
Tstat [Defauit ~ Constr | =1 Hestng|
Constr |Default ;l U-factor ID—
Adj rooml ;]
Flaor...
Tag IFlUOl -1 External temperature. . New Flaor
(¢ Exposed " Slabongrade Method | Adiacent Roor v TewnGEe |
Constr |6 Hw Conc | Cooling | T eme oo
fea |735 ff L-factor |0.6587 Btu/kit-F Heatingl_ F :
Peim [0 it Ffactor [0 Btu/hrftF
Adj ro0m | Basement-large |
___Single Sheet | Rooms | Roofs | Walls | IntLoads | Aiflows
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A.2.4 Office Area

Lt

Altemative 1

Apply |
Foom description |Office Area |
Ternplates... ngh Width
Room | Default ~|  Floor. 2 & [13 w HewHooml
Intermal | Defauit =] Ret. &0 Jo w Copy |
Aillow | Defaul - " Equals floor
Delete |
Tstat IDefauIl ;I
Wall...
Constr |Defau|l ;I
Description  Length (ft) Height (i) Direction % Glass or Gty Length (i) Height (i) Window
ZEEE B [0 EI I E [o I?il
[wal-2 |13 B |270 [ [0 |o [ v
| o Is Io o Jo o Io Oy
Intemal loads... Airflows...
People  [4 Pecple ] Cooingvert  [008  [chn/salt |
Lighting [0 Wisah =] Heatingvent  [0.08  [chm/saft |
Misc loads IU Wisaft vl Cooling VAV min | % Clg Airflowe ;l
Heating VAY max | [2 Cig tirtow_~]
Rooms | Roofs | Walls | IntLoads | fiflows | Partn/Floors

E=R(Ech
Alternative 1 Zpply
Room description |C|lfi:= Area :] D,
Templates.. Size... Coolingdiybub  [76  °F
Room | Default =l Length |23_ ft Heating dry bulb I?U_ F Mew Room
Iternal [Defaul ~] Width EN Relative humidity ~ [50 % Cany
Aiflow | Default | Height.. Thermostat...
Tstat [Defaul | Floortofloor  [10° #t Cooling diftpaint  [B1 °F %
Constr | Defauit | Plenum [ n Heating diftpoint ~ [E2 °F
Abovegound [0 g Cooling schedule  [None ~|
Duplicate...  Floor multiplier [1_ Heating schedule | None ;I
Rooms per zone [1_ Sensor Locations...
Room mass/avg time lag ITime delay based on actual ma;l Thermostat |Zune ;I
Slab construction type IE" Lw Concrete zl €02 sensor IN one E,
Room type | Condiioned | Humidity...
Acoustic ceiling resistance |1.786 hrfe-*F/Btu Moisture capacitance |Medium ;]
Carpeted [~ Humidistat location  [Fioom =l
Single Sheet | Roofs | Walls IntLoads | Aiflows | Paitn/Foors
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Alernative 1 Apply
Foom description [Office Area =
Templates... Roof...
Foom | Defaut | Tag | Construct | ~|  HewFioof
Intemnal | Defeut ~| € Equals flacr Ufactor [0 Copy
Airflow IDefauIt ;I € Length ID_ E ll]— deg Delete
Tstat  [Defeut ~ Widh [0 piecion [T deg —
Constr |Default ;l
Skylight... [T Foofaea|d % Type I ~|
I lengh [0 Ufactor [0
widh [0 ShCeef [0
Quantty [0 LdtoRA [0 %
Shading...
Internal | |
___ Single Sheet | Rooms [ Walls | IntLoads | Aiflows | PatnFloors

Altemative 1 Apply
Room description Iﬂfficeﬁ\rea ll
Templates... wall...
Room | Defaul ~| s Tag [wall-1 Construct | 4" Hw Cancrete, 2" Ins ~| New
- a
Intemal | Defat ~| Length |23 # Udfactor [01220; Btushfe-F
. ! ' C
Airflow | Defaul =l Height |2 ft e o deg byt
Tstat [Defauit ~| ﬁm‘ﬂml 1 Direction [0 deg e
L=l
Constr |Defaull | Pt wall area to underfloor plenum % ‘wall
Openings...
Tag |Opening - 1 & Window  Door New
Openin
¥ Wallaea 60 % Type |Doubls Clear 18" o] =
I Length [0 & Height [0  Quantiy [0 UE;#Q
Ufactor [0 Btu/hieF  Sh. Coef [0.88 LdloRA [0 % —
. Delete
Shading... Opening
Note: Internal shading ovenawrites the u-factor and Internal INone j
shading coefficient of the window.
Extemal IDvednann - None EI
Single Sheet | Fooms | Roofs Walls | IntLoads | Aiiflowss | Paiin/Floors
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Altemnative 1 Apply
Foom description |Difice Area ~|
Templates... ‘Wall...
Room | Default | [wall Tag |wal-2 Construct | 4 Hw/ Concrete, 2° Ing | Mew
Wwall
Intemal | Default | Length |13 Udfactor [0.1220; Btuskr e F
iflow [Defaut ~l Height [8 1t Tk Jo deg Coey
Tstat  [Default ~| E‘mﬂwt 1 Direction [270  deg e
elele
Constr IDefauIl LI Pct wall area to underfloor plenum 4 wall
Openings...
Tag |Opening -1 & Window  Door New
b
W Wallaea [20 % Type  |Double Clear 1/8” ~| | SEEL |
ength i | Quant |0 Copy
T Lengh [0 & Height |0 & ity O
Ufactor [06  Btu/hieF  Sh. Coef |0.83 LdoRa o x —
. Delete
Shading... Opening
Nate: Intemal shading overwrites the u-factor and Internal INone ll
shading coefficient of the window.
Extemal IDvednann-Hone ZI
Singe Sheet | Rooms | Aoofs Walis | Intloads | Aiflows | PaitnFloors

3
Lot Lre

Alternative 1 Apply |
Foom description |Office Area ~|
Templates...
Room IDeladt l] People... Activity INone L] Density |4 IPeop\e ll
Internal | Defaut ~| Schedule |Ese Ut - Lodaing =
Aiflow | Detaul ~| Sensible |250  Biu/h Latent [250  Btuh
Tstat  |Defaul | Workstations...
Constr |Defau\l ;I Density |1 |workstati0nfpers0n d
Lights... Type |Flunlescent, hung below ceiling, 100% load to space ;I
ASHRAE Space/Area Type | =l
Heatgain [0 |w/saht x| Schedule |Base Ltil- Ladging -~
Miscellaneous loads. ..
Tag |Misc Load 1 Type  |None ~|  Newload |
Energy o [wisq i | Schedule |Base Ut - Lodging ~| Cope |
Eneray meter |None »|  DataCenter Equipment |Mo vI L
Delete |
Single Sheet | Booms | Foofs | Walls [ aiflons | Patn/Floors
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ot

Altemative 1

Adjacent air transler from raom

Room description |Dl’fice Area d |<:No adjacent air trans>> j Close I
Templates... Main supply... Aupiliary supply...
Room | Default ~| Coding | | To be calculated ~| Cooling | | To be calculated ~|
Intetnal IDeFaulI ;I Heating I ITU be calculated ;I Heating I ITU be calculated ;I
Airflow [Defaul <] Ventiation.. Std 62.1-2004-2010
Tstat IDeFauIl ZI Method |Sum of Dutdoor Air | ClgEz |Custorn 1| I_ %
Constr IDeFauIl zl Type |Waehmse A HigE2 IE“StDm LI l_ %
Cooling  |008  |cfm/sqit | Er [Defavit based on systemtyp ] [ #
Heaing  [0.08  [chn/sqht ~| DCYMinOAInske [~ [None =]
Schedue  [Available (100%) ~| Room exhaust..
Infiltration... Rate [ Iair changes/hi ;I
Type | Pressurized, Poor Const =l Schedule | Available (100%) =l
Cooing  [07  [ai changes/hr =l vav contol..
Heating |07 |air changesshr | Clg VAV min | [% Cig Aiflow =
Schedule IAvuiable [100%) El Hig VAY max | | % Clg Airflow |
Schedule  [Avaiable (100%) =~
ARAE = All room air exhausted Type I[]efauk LI
SingleSheet | Rooms | Roofs | Wals | IntLoads [ PatnFloors |

Copy Part |

Delete Part

Mew Floor |

Copy Flaor I

Altemative 1
Foom description |Difice Area ~|
Templates. .. Partition...
Foom |Defadt =l Tag | Adjacent space temperature. ..
Intemal | Defaul | Lengh [0 Method -
Aiflow | Default ~| Height [0 Cooling |
Totat  [Defauit ~| Constr | =] Heating|
Constr | Default ~] Udactor [0
Adj ruoml ﬂ
Flaor...
Taa  |Floor-1 E xtemal temperature. .
(+ Exposed (" Slabon grade Method [Houry 0ADE |
Constt |2 Wood Floor =l Cooling | F
Aea 182 e Udactor [0Z66E Btuhfe'F  Hesting|  °F
Peiin [0 & Flactor [0 Bruhet'F
Adj room I <<No adjacent room>> z‘
Single Sheet | FRooms | Floofs | Walls | Intloads | biiflows

Delete Floor |
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A.2.5 Stairs

Alternative 1 Apply
Foom description |Stairs ~|
Tere i Lenath Width
Room | Defaul =] Fea. 3 n 2w New Room
Intemal | Defauit v Ret. &0 w0 w Copy
Ailow | D efaul =l " Equals floot
Delete
Tstat |Defau|t ;l
Wall...
Constr |Defau|t ;l
Description  Length () Height (1) Direction % Glass or Oty Length () Height () Window
[war-1 [34 [6 fleo [ o o [0 Fil
[wal-2 |22 |8 lo 8 [0 o o 3
| o E [0 oo o [0 ¥~
Intemal loads... Airflows...
People |4 [People  ~] Coolingvert  [0.08  [chm/salt |
Lighting IU IWfsq ft - I Heating vent |IJ.EIB Icfm}sq ft LI
Misc loads IU IWfsq ft vl Cooling VAY min | |°/.Elg Buirflowe LI
Heating V&Y max | [ Cig iflow  ~]
| Rooms | Aoofs | Walls | Intloads | giflows | Paitn/Floors

Altemnative 1 Apply |
Room description |Stails LI B,
Templates... Size.. Cooingdiybub  [76  °F
Room [Defauit ~] Length [3 Heatingdybub [0 °F New Froom |
Intemal | Defaul ~| Wwidth 27 & Relative humidiy ~ [50  % Capy
Aiflow | Defal | Height. Thermostat.
Tstat [Defaut =l Foortofloor  [10° Cooling ditpoint ~ [51 °F Dot |
Constr | Default ~| Plenum [ n Heafing difpoint ~ [64  °F
Abaove ground ,0— ft Cooling schedule | Maone ;I
Dupiicate. . Floor multipher [T Heating schedule  [Nore =]
Fooms per zone |1— Sensor Locations...
Foom mass/avg time lag I Time delay based on actual ma:;l Themostat IZum ;I
Slab construction type | 6" Ly Concrete ~| C02 sensor [Mone ~|
Room type | Conditioned ;l Humidity...
Acoustic celing resistance W hr f-*F /Btu Moisture capacitance I Medium ;I
Carpeted [ Humidistat location | Room =
Single Sheet [ Rools | Wals | Intloads | Aflows | Patn/Floors
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Altermative 1 Apply
Foom description |Stairs ~|
Templates... Raof ..
Foom | Defaul ~| Tag | Construct | MewRoof
IrtedeDefauIt ;I " Equals floor U-actor {0 Cony
iflow [Defaul ~l € Length [0 Pich [0 deg o
Tstat [Defaut =l widh [0 Direction [0 deg (o]
Constr IDefauIl LI
Skyight.. [~ Focfaea [0 % Type | ~|
I Length [0 Udactor |0
widh [0 Sh. Coef [0
Quantity [0 LdwoRa [0 %
Shading...
Internal I Ll
Singe Sheet | Rooms | Walls | Intloads | Aiflows | PaitnFloors

Altemative 1 Apply
Foom description |Stairs -
Templates... ‘Wall
Room | Defaul ~| S Tag [wal-1 Construct | 4 Hw Concrete, 2" Ins | %?ul'
N al
Intemal | Defaul ~| Length |3 #t U-factor 0.1220; BtusrfeF
Aiflow [Defauk ~] Heght [5 Tie o deg Cop
Tstat [Defaul ~| ﬁmﬁmt 1 Direction 180 deg e
elete
Constr |Default | Pt wall area to underfloor plenum % wall
Openings...
Tag IDpenhg-1 & ‘window  Door New
W walaea[28 % Type  [Double Clear 1/8" -] _ Opening |
Length | i Quantity |0 Copy
™ Length [0 & Height [0 &t sacn
Uactor [06  Btu/hfe*F  Sh. Coef [0.88 LdteRA D % —
. Delete
Shadrlg,, Dpenhg
Mote: Internal shading ovenwites the u-factor and Intemal INone ;I
shading coefficient of the window.
Extemal IDverhmn - None ZI
Single Shest | Rooms | Roofs | Intloads | giflows | Paitn/Floors

67




Altemative 1 Apply
Room description |Stairs LI
Templates... ‘Wall...
Room | Default | [wal 1 Tag [wal-2 Construet | 4 Hw/ Concrete, 2" Ins =] Mew
Wall
Intemal | Defaul | Length |22 it Udfactor [01220; Brush e F
iflow [Detault ~l Height  [5 ft Tk o deg Comy
Tstat IDefauIl ZI E]ﬂ:&::wt 1 Direction |ZTIJ deqg —
clete
Constr |Defaull ~| Pet wall area to underfloor plenum % ‘wall
Openings...
Tag |Opening-1 & Window  Door New
Oress
M Walaiea[8 % Type  [Double Clear 1/8" o —/
: : (1
I~ Lengh [0 & Height |u it Quanlity |n Up:;g
U-factor |0.6 Btu/hte*F  Sh. Coef |0.58 Ldto R& IIJ %
. Delete
Shading... Opening
Mote: Intemnal shading oversrites the u-factor and Intemal INune ll
shading coefficient of the window.
Extemnal IDvednmu-None ZI
Singee Sheet | Rooms | Aoofs Walls: | Intloads | Aiflows | Paitn/Floors

Altemative 1 Apply
Room description |Stai|s LI
Templates...
Room |Delaut v| People... Activity |None | Densiy |4 IPeane |
Intemal | Defaut ] Schedule [Base Ut - Lodging |
Airflow | Defaul ~| Sensible [250  Btuh Latent |250  Btuh
Tstat |Defaut | ‘Workstations...
Constr IDefau\l ;I Density |1 Iwmkstation!person d
Lights... Type IFqurescenl, hung below ceiling, 100% load to space ;I
ASHRAE Space/érea Type | =l
Hestgain [0 |w/saft ~|  Schedule |Base Util- Lodging |
Miscellaneous loads...
Tag |Misc Load 1 Type  |Mone »|  Mewload |
Energy o |wisah |  Schedule |Base Uti - Ladging | B |
Eneray meter |None ll Data Center Equipment IND vI L
Delete |
Single Shest | Rooms | Roofs | Walls | giflows | Parn/Floors
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Alermative 1 Adjacent air transfer from raom ﬂ
Room description |5ta'ls d |<<No adjacent air trans>> ﬂ Close I
Templates. .. Main supply... Auiliary supply...
Room | Default ~| Coding | | To be calculated ~| Cooling | | To be calculated |
Intemal | Defauit v|  Hearg | |To be calculated | Heating | |Tobe calculated |
Aiflow [ Default v| Ventiation... Std £2.1-2004-2010
Tstat IDefauIt ZI Method |Sum of Outdoor Air | ClgEz |Cuslom =l I_ %
Constr IDefauIt ;I Type IWaehnuse ;I HtgEz IEustom LI I_ 4
Cooling II:“:lﬂ Icfrn-’sq ft ll Er IDefaull based on system typ;l l_ %
Heaing 008 [chm/sqht ~] DCYMinOAInake [~ [None =]
Schedule  [Available (100%) ~| Room exhaust...
Infilration... Rate |D Iail changes/hr ;I
Type | Pressurized, Poor Canst. -l Schedule  |Availsble (100%) |
Codling  [0.7 | ai changes/hr = vav contol..
Hesting  [07  |air changes/hr = Clg V&V min | |% Cig tirflow |
Schedue | Avaisble (100%) ~| Hig VAV max | |% Cla Aiflow ~|
Schedule  |Available (100%) |
ARAE = All room air exhausted Type I[]efau“ ll
Single Sheet | Rooms | Rocks | Wals | IntLoads [ PatnFloors |

Altemative 1 Apply
Room description lStais ll
Templates... Partition...
Room |Delaut ;] Tag | Adjacent space temperature. .. New Partition
Intemal [ Default ~l Length [0 Method[ ] o |
Aiflow [Defaut | Height [0 Cooling | —
Tstat  [Defout ~| Constr | | Hesna| —
Constr [ Defaul ~] Ufactar [0
Adj rooml j
Floor...
Tag  |Floor-1 Extemal temperature. . Mew Floor
@ Ewposed " Slab on grade Mcthndlm Cogy Floot I
Constr | 2"Wood Floor - Coaling F
Area IT  Udactor u_zs_ee] BtuhfeF Heating:_ F _Dekte P |
Peim [0 1t Fiactor [0 Btu/he it °F
Adj raornl <<No adjacent room>> E‘
Single Sheet | Rooms | Aoofs | Walls | Intloads | Biflows
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A.2.6 Attic

Alternative 1

Apply
Foom description [ttic =
Teve ditic Length Width
Room | Defaul ~|  Floor. W o B r MNew Room
Intemal | Defaul ~| Reol. &l Tk [Er Copy
Aiflow | Defaul = " Equals floor
Delete
Tstat IDeFauIl ;I
Wall...
Constr IDefauIl ;I
Description  Length (] Height (1) Ditection % Glass or Oty Length (1) Height (i) Window
[ [o E [0 | O CO [ ~ ﬂ
[ jo B jo o o o jo ~
| [0 I8 [0 oo o [0 V|
Internal loads... Airflows...
People [ [Pecple ] Cooingvert  [008  [cfm/saft |
Lghng [0 [wisgh =] Heatingvent  [0.08 [cf/sait  ~]
Misc loads [0 [wisah =] Cooling VAY min | % Clg diflow v |
Heating V&Y max | [% Clg Aiflow_~ ]
| Rooms | Roofs | Walls | Intloads | giflows | Partn/Floors

o] @
Alternative 1 Apply
Foom description [4ttic = Design..
Templates... Size... Cooling diy bulb |?5 °F
Room | Default | Length [s0 ft Heatingdybub [0 °F New Room
Intemal | Defauit ~| width [35 ft Relative humidiy ~ [50 % Cooy
Aiflow | Default »| Height.. Thermostat...
let
Tstat  |Defaul | Flaor to floor |1I] ft Cooling driftpoint |EI1 F IR
Constr | Defaul =l Plenum [ ft Heating diftpoint ~ [64~ °F
Above ground |10 ft Cooling schedule | Mone ;I
Duplicate...  Floor multiplier |1 Heating schedule | None ;l
Rooms per zone |1 Sensor Locations...
Foom mass/avg time lag I Time delay based on actual ma:;l Themastat INune ;I
Slab construction type |6 L'/ Concrete | CO2 sensor [None ~|
Room type | Unconditioned | Humidity...
Acoustic ceiling resistance |1_?BS hrfE*F/Btu Moisture capacitance IMed\um ;l
Carpeted | Humidistat location INone ;'
Single Sheet | Aoofs | Walls | Intloads | giflows | Paitn/Floors
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e -

Altermative 1 Apply |
Fioom description [Attic ~|
Templates... Roof...
Room |Defal.ll ;l Roott Tag |Roof-1 Canstructls"Lwcmc ;I ﬂchIuo[l
aof -
Intemal | Defait ~| € Equals floor Ufactor (015743  Bru/hfe°F Copy
) @« it
siflow [Default ~] * Length [52 . PReh |60 deg Dekete |
Tstat [Defaul =l widh [35 Ditection [0 deg
Constr |Defaull ;I
Skpight.. | Roofaeall % Type [ single Clear 174 ~]
I Llengh [0/ Udactor [095 Btu/h fe-°F
widh [0 A Sh.Coef [055
Quantity |1 LdtoRaA |0 %
Shading...
Internal |N0he ~|
Single Sheet | Rooms Hools. | Walls | Intloads | giflows | Partn/Floors

Altemative 1 Apply
Room description |Atlic LI
Templates... Raof...
Room IDefal.lt ;I Roof - 1 Tag |Hoof-2 Cnmtruclls"Lw Conc ;I New Roof
Intemal | Defaut ~| " Equals floar U-factor [0,15749  Btu/hieF Caw
iflow [Detaul ~] ©length [S2 M opah  [e0 deg Delete
Tstat  [Defaut -] Widh [35 R pion [0 deg =
Constr [Defaul =l
Skyfight. | Roofarea|0 % Type  [Single Dlear 1/4" ]
I Lengh [0 #t Udactor [055 Btu/h 8-°F
widh [0 R ShCoef 035
Quantty [T LdwRaf0 %
Shading...
Intemnal INone ;]
Single Sheet | Rooms | Walls | Intloads | giflows | Partn/Floors
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Alternative 1 Apply
Foom description  [4tic -
Templates... Wall...
Foom | Defaul ~| Tag [wal-2 Construct | =] %eul.
a
Intemal [Defaul =l Length |22 Ufactor |0.1220; —
Aiflow [ Default =l Height 8 Tik L deg \rﬂill
= Gmd reflect itect 7 —
Tstat IDefauIt _I mulipier 1 Direction |270 deg Dekle
Constr |Default | Pt wall area to underfloor plenum % Wwall
Openings...
Tag I  Wwindow € Door New
(penint
I~ wallarea [0 % Type I ;I &
n i Quantity |0 Copy
jLength 0 Height |0 uanily Opening
U-factor |0 Sh. Coef |0 LdtoRA |0 %
_ Delete
Shading... Opening
Mote: Internal shading ovenwrites the u-factor and Internal I LI
shading coefficient of the window.
Extemal | =1
Single Sheet | Rooms | Foofs Wails; | Intloads | Airflows | Patn/Floors

Alternative 1 Apply
Foom description [Attic ~|
Templates...
Room |Defa|.lt ;l People... Activity |None d Density |2 IPeop\e ﬂ
Intemal | Defauit | Schedule [Ease Lt - Lodging =l
Airflow |Default j Sensible |250 Btu/h Latent |250 Brush
Tstat |Defaul | ‘Workstations...
Constr IDefauIt ;l Dengity |1 |workstationfperson d
Lights... Type |FIu0lescent, hung below ceiling. 100% load to space ;l
ASHRAE Space/Area Type | =l
Hestgsin [0 |w/satt >|  Schedule [Base Uti - Lodging |
Miscellaneaus loads...
Tag IMisc Load 1 Type INune ;I HNew Load
Energy [ [wizsqn | Schedule |Base Ut - Lodging | Cooy ]
Eneray meter INone LI Data Center E quipment INo vI .
Delete
Single Sheet | Rooms | Roofs | Walls int Loads! | Aiflows | Paitn/Floors
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Alemative 1 Adjacent air transfer from room Lﬁlkl
Room description I.ﬁ.l‘lic j |<<Nu adjacent air trans>> j Close I
Templates. .. Main supply... Auiiary supply...
Foom | Defait | Cocling | |To be calculated | Cooling | |To be calculated |
Intermal IDefaLll ;I Heating | ITo be calculated ;I Heating | ITo be calculated LI
Aiflow [Defaul v| Ventiation.. Std 62.1-2004-2010...
Tstat IDefauIl EI Method ISum of Outdoor Air LI ClaEz ICustom _v] I_ %
Constr IDeFauIl ;l Type |Watehouse ;l HtgEz |Custom ;l l_ %
Cooling IEI,I:B Icfrnf'sq ft ll Er IDeFauIl based on system lprI I_ %
Healing  [0.08  [cfm/sqht ~| DLV MinOalnske [~ [None =]
Schedue  [Available [100%) ~| Room exhaust...
[nfiation.. Rate ID Iail changes/hr ;I
Type | Pressurized, Poor Const = Schedule | Available [100%) =l
Coolng |07 |air changesshr >l vav conidl..
Hestirg  [07  [ar changes/ =] Clg V&Y min | | Clg sifiow |
Schedue  [Avaiable (100%) ~l Hig VAY max | |2 Clg Aifiow =
Schedule  [Available (100%) =~
ARAE = Al room air exhausted Tupe IDefauk ;'
SingeSheet | Rooms | Rools | Walls [ IntLoads [ PatnFloors |

Alternative 1 Apply
Room description ]A.tlic ;I
Templates... Partition...
Room |Deiaut ;l Tag | Adjacent space temperature. .. New Partition
Internal | Default ~| Length [0 Method[ ] o |
Aiflow [ Default | Height [0 Cooling | o
Tstat [Defaul ~| Constr | ~] Heang| —
Constr [Defaul ~| Udactor [0~
Adj rauml j
Floar...
Tag IFIDar -1 External temperature. . New Floor
& Ewposed ¢ Slab on grade Method Im Cony Floor I
Constr |2 wood Floor | Cooling | R
4rea  |3150 fE U-factor |0.266€ Btu/kit-F Heating I_ F
Peim [0 f Fiactor [0 BrwhetF
Adj raornl <<No adjacent room>> z‘
Single Sheet | FRooms | Aoofs | Walls | Intlosds | Airflows
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A.2.7 Basement-Large

Altemnative 1 Apply
Room description |Basemenl-lalge j
Ternplatcs... ngh ‘Width
Room | Default ~|  Floor.. 21 g 5 New Room
Intemal | D efaul v R @fo R fJo n Copy
Airflow | Default | " Equals floor o
Delete
Tstat |Default ;I
‘Wwall..
Constr |Default |
Description  Length (ft]  Height (ff) Diection % Glass or Gty Length (ft)  Height [ft]) YWindow
| [o E [0 | O @ [~ il
| o B jo Jo o o [i] ¥
| fo B fo o Jo o o ¥ |
Intemal loads... Aiflows...
People |1 | Peaple 'I Cooling vent [] fcfm ~|
Lighting IU IWfsq - I Heating vent [] fcfm |
Misc loads [0 [wrat =] Cooling VAY min | | Cig Aitlow = |

Heating VAV max | 2% Cigpiflow |

| IntLoads | Aiflows | Partn/Floors

o] @ |
Alternative 1 Apply
Room description |Easernenl-large ;l B,
Templates... Size... Cooling diy bulb |?5 °F
Room | Default = Length [21 ft Heatingdybub [0 °F New Room
Intemal | Defauit ~| width [15 ft Relative humidiy  [50 % Cooy
Aiflow | Default »| Height.. Thermostat...
let
Tstat  |Defauit | Flaor to foor |11 ft Cooling driftpoint |EI1 F b
Constr | Defaul ~| Plenum [ ft Heating diftpoint  [64 °F
Above ground [11— ft Cooling schedule | None ;I
Duplicate...  Floor multiplier |1 Heating schedule | None ;l
Rooms per zone |1 Sensor Locations...
Foom mass/avg time lag I Time delay based on actual ma:;l Themostat INane ;I
Slab construction type | £ L Concrete =] C02 sensor [Nane =]
Room type | Unconditioned =l Humidity...
Acoustic ceiling resistance |1_?BS hr-fE*F/Btu Moisture capacitance IMed\um ;l
Carpeted | Humidistat location INor-e LI
Single Sheet | Aoofs | Walls | Intlosds | iflows | Paitn/Floors
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Alternative 1 Apply
Foom description |Basementlaige ~|
Templates... Raof ..
Foom | Defaul | Tag [Roof -2 Construct | ~|  MewRoof
Intemal | Default | € Equals floor Udoctor 075743 Copy
Airflow |Defau|l ;l @ Length [52— Pitch 'SU— deg Delete
Tstat [Defaut ~ widh |5 Ditection [0 deg —
Constr [Defacl =l
Skyight. [ Foofaea[0 % Type | |
™ Lenath ID_ U-factor IF
widh [0 ShCoef [0.95
Queny [T LdwRa[0 %
Shading...
Internal I L]
Single Sheet | Rooms Roofs! | Walls | IntLoads | Aiflows | Paitn/Floors

Alternative 1 Apply
Foom description [Basement-large =
Templates. .. ‘Wall...
Foom | Defaul ~| Tag [wal -2 Construct | %eulp
E
Intemal |Defaul ~| Length |22 Ufactor [0.1220;
Aiflow | Defauk B2 Height |8 T fo de o
= Gmd reflect itect 7
Tstat IDeFauIt _I mukipier 1 Direction {270 deg Do
Constr |Default | Pt wall area to underfloor plenum % Wl
Openings...
Tag I C Window € Door New
Openin
I wallarea [0 % Type I ;I &
] i Quantity |0 Copy
I" Length [0 Height |0 uantity Oponng
U-factor |0 Sh. Coef |0 LdtoRA |0 %
N Delete
Shading... Opening
Mote: Internal shading overwrites the u-factor and Intemal | =1
shading coefficient of the window.
Extemal | =l
Single Sheet | Rooms | Roofs Walls! | Intloads | Airflows | Patn/Floors
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Alemative 1 Apply
Room description |Easern=nblarge :]
Templates...
Room |Defa|.lt v| People... Activity |None | Densiy |1 |F‘eop\e -l
Intemal |Defaul ] Schedule [Ease Lt - Lodging |
Aiflow | Defaul ~| Sensible [250  Bw/h Latent {250  Btu/h
Tstat |Defaul | ‘Workstations ..
Constr IDefauIt ;l Density |1 |wwkstationfperson d
Lights... Type |FIu0lescent, hunag below ceiling. 100% load to space ;l
ASHRAE Space/Area Type | =]
Hestgain [0 |wi/saht »|  Schedule [Base Uti - Lodging |
Miscellaneous loads...
Tag |Misc Load 1 Type INune ;I New Load
Energy ID |W'.e‘sq ft ;I Schedule |Base Util - Lodging :I Copy
Eneray meter [None +|  DataCenter Equipment INo vI o
Delete
Single Sheet | Rooms | Roofs | Walls int Loads! | Aiflows | Paitn/Floors

Alemative 1 Adjacent air transfer from room ”p_pl‘f]
Room description IBasemml-Iuge ;I |<<Nr.| adjacent air trans>> j Close I
Templates... I ain supply... Auriliary supply...
Foom | Default ~| Codling | | To be calculated | Coding | | To be calculated |
Intemal IDefau\l ;I Heating I ITD be calculated ;I Healing I ITo be calculated ;I
Aifiow [Detaut ] Ventafion . Std 62.1-2004-2010
Tstat  [Defout =] Method |5um of Outdoar Air ~| ClgEz |Custorn =l I_ %
Constr IDefau\t ;l Type IN':""a LI Htg Ez |Custom ;l I_ %
Cooling |0 cim ~| Er [Defautt based on systemtyp ~ ] [ %
Heaing [0 [cfm -] DCVMinOalnake [ [None =]
Schedule  |&vailable (100%) ~| Room exhaust.
Infiltration... Rate [i Iail changes/hr EI
Type | Pressurized, Poor Const. =l Schedule | Available (100%) |
Cooling 07 |air changes/hr =l vavcontal..
Heating  [07  |a changes/r =] Clg V&Y min | | Cig iflow -l
Schedule |Available (100%) ~| Hig VAY mas | % Cla Aiflow -
Schedule  [Avaiable (100%) =l
ARAE = All room air exhausted Type I[]efauk j
Single Sheet | Rooms | Roofs J Walls | IntLoads Hiflowss | Pan/Floors

76



Alternative 1 Apply

Fioom description |Basement-laige |

Templates... Partition..
Room |Defa|.lt ;] Tag |Parlitian - left Adjacent space temperature... New Partition
Intemal | Defaul ~| Lengh 21 g Method | Ground | CopyPar |
Aiflow [Defzult | Height [65  ft Cooling | e
Tstat  [Defaul ~| Constt [1"Wood Frame ~| Hedingl_ F o
Constr | Defaul ~| U-factor [0274E Bru/h i F
Ad mmIBasement-Ieﬂ d
Floor...
Tsa  |Flooi-1 Extemal temperature... New Floor
@ Exposed ¢ Slabon grade Metl‘odm Copy Floar I
Constr |2"chmcfeha L] Cnnl'ngl F Delete Floor
Area 630 f& U-factor |0.6507 Btu/krit-F Healingl_ F
Peim [0t Fiactor [1 Bkt F
Adj loornl <<MNo adjacent room > EI
Single Sheet | Rooms | Roofs | Walls | Intloads | Aiflows

Altermnative 1 Apply
Room description ]Basemenl—latge ;I
Templates... Partition...
Room |Deiaut ;l Partition - & Tag |Partition - left adj Adjacent space temperature..  New Partition)
Internal IDefauIt ;I IE:::E: Length I'IIJ— ft Method | Adjacent Room = Copy Patt |
Aiflow [ Default =] IPatiton- ¥ Height [15 Codig | T DeletePar
Tstat  |Defaul | Constr  |4" Hw Cone | Heating l_ T
Constr | Defaul | U-factor [0.587C Btu/hrie-F
Adj r0om | Basement-left ~|
Floor...
Tag  |Floor-1 External temperature. .. New Floor
& Ewposed ¢ Slab on grade Method Im Cony Floor I
Constr |2" H'w' Concrete | Caoling | F Delete Floor
Area 630 f& U-factor |0.6507 Btu/hi-*F Heating I_ F
Peim [0 1 Ffactor [I Buu/heitF
Adj mornl <¢<No adjacent room:> Zl
Single Sheet | FRooms | Aoofs | Walls | Intlosds | Airflows
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Altemative 1

Room description ]Basemenl—latge ;I
Templates. .. Partition...
Foom |Defa|.lt ;I ;:::E: A Tag  |Partition - north Adjacent space temperature..  New Partition)
Iternal [Defal ~] Length [35 ¢ Method [Ground  v) CopyPat |
Aiflow | Defaul ~| |Pattion- ¥ Height |8 it Cooling | °F S
Tstat IDefauIl ;I Constr IT"\N’UUd Frame d Heaﬁngl_ F—
Constr | Default ~| U-factor [0.2145 BrushvieF
Adj rauml <<No adjacent room>> d
Floor...
Tag  |Floor-1 External temperature... New Floor
& Exposed ¢ Slab on grade Melhudlm Cony Floor ‘
Constr | 2" Hw/ Concrete ~| Cooling | T Dejete oot
Area 630 f& U-factor |0.6507 Btu/krie-*F Heaingl_ F
Peim [0 R Flactor [0 BuushehF
Adj roornl <¢No adjacent room>> ZI
Singe Sheet | Fooms | Fooks | Walls | Intloads | Airflows

-

Altemative 1

Foom description |Basement-large ~|
Templates... Partition...
Room | Default v| |Patition- A Tag Partition - right Adjacert space temperature..  New Partition
memal:oeraun j Patton. | Lengh Iz1 " Method [Grond ] copypan |
Aiflow [Defou | [Pattion- ¥ Height [65 Coding | F  etePat
Tstat  |Defaul ~| Const | 1" Wood Frame | Heatng[  F —
Constr | Default | U-factor [0.2145 Bru/hvieF
Adj rouml <<No adjacent rooms>> j
Floor...
Tag  |Floor-1 External temperature... New Floor
& Ewposed ¢ Slab on grade Methndlm Cogy Floor I
Constr | 2" Hw Concrete ~| Caoling | *F Deets Floo
Aea 630 i® Udactor [06507 Bu/hieF  Heatna|  °F
Peim [0 & Flactor [0 BrushekF
Adj raornl <¢No adjacent room:> z‘
Single Sheet | FRooms | Aoofs | Walls | Intloads | Aiflows
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Altemative 1 Apply
Room description ]Basemenl—lage ll
Templates... Partition...
Foom IDefadt | Tag  |Partition - right ad Adjacent space temperature..  New Pallitiunl
Internal |Default ;' Length |1EI— ft Method | Adjacent Roor v Cory Part |
Aiflow [Default = Height [15 Coal T ete Pt |
Tstat IDefauIl LI Constr I-l" Hw Conc d Heating l_ T
Constr | Default | U-factor [0587C Bu/hfe-'F
Adj room | Basement-right |
Floar...
Tag  |Floor-1 External temperature... Mew Floor |
(¥ Exposed ¢ Slab on grade Method lm Copy Floor |
Constr |2" Hw Concrete L] Coaling | F Defete Floor |
Area B30 fe U-factor |0.6507 Btu/hfe-°F Heatingl_ F
Peim [0 Flactor [0 BuusheftF
Adj moml <<No adjacent room> > E‘
Single Sheet | Rooms | Roofs | Walls | Intloads | Biflows

Alternative 1 Apply
Room description ]BasemenHalge ll
Templates... Partition. .
Foom IDefalJt l] F:::z: A Tag  |Partition - south Adjacent space temperature..  New Partition
Intemnal | Defaul ~| Lengh [35 g Method | Ground | coyPa |
Aiflow [Defzult ~| Height [8 1t Cooling | i e—
Tstat IDeFauIl LI Constr |1" Wood Frame d Healing l_ F =
Constr | Defaul ~| U-factor [02145 Bu/hieF
Adj looml <{MNo adjacent room>> d
Floor...
Tag IFIDcll -1 Extemal temperature... New Floor
& Exposed ¢ Slab on grade Method m Copy Floar I
Constr |2" Hw Concrete L] Cooling | F Delete Floor
Area 630 f& U-factor |0.6507 BtushfeF Heating l_ °F
Peim [0 & Flactor [0 BuutehtF
Adjoom | <<No adjacent room>> =l
Single Shest | Rooms | Roofs | Walls | Intloads | Birflows
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Altemnative 1 Apply
Room description ]BasemenHarge ;I
Templates... Partition...
Room |Default v| |Patition- A Tag Partition - top Adjacent space temperature... New Partition|
Intermal :Default = Fatton. Length I21 ft Method [adiacent Roor v E}
Aiflow | Defauit Heght [15 & Coonal T Pt
Tstat  |Defaul Consti | 1" wood Frame -l Heatng[  F —
Constr | Defaul Ufactor [0.2145 Bru/kv i F
Adj room [Middle |
Floor...
Tag  |Floor-1 Extemal temperature. . New Floor
& Ewposed ¢ Slab on grade Method Im Cogy Floot I
Constr | 2" Hw Concrete | Cooling | F Deets Floo
Area  |630 f® U-factor |0.6507 Btu/hfe-'F Heating l_ ‘F
Peim [0 it Flactor [0 BuusheiF
Adj roornl«No adjacent raam:» zl
Singe Sheet | Rooms | Aoofs | Walls | Intloads | Aiflows
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A.2.8 Basement-Left

o
Lot Lre

Alternative 1 Apply
Room description IBasemeri-bﬂ LI
Uty . Length Width
Room | Default ~ Fee. 0 & i n New Room
Internal | Defauit ~] Reok. @J0 o Cony
Aillow | Default | " Equals floor
Delete
Tstat |Defau|l ;I
Wall...
Constr | Defauit |
Description  Length (ft] Height () Direction % Glass or Gty Length (] Height (ft) ‘Window
[ o e [o oo o [o ~ il
[ [i |8 Jo o Jo o jo ~
| [0 [e [0 oo o [0 V-
Intemal loads... Airflows...
People [0 [Feope =] Coolingvent [0 [ ~|
Lighting IU IW;’sq ft ‘vI Heating vent IU I::lm ;I
Misc loads [0 [wisah =] Cooling VAY min | % Clo diflow |
Heating VAV max | [ Clg tiflow > |
Rooms | Foofs | Walls | Intloads | fiflows | Partn/Floors

Altemative 1 Apply |
Room description |Basemerl-leh LI Bt
Templates... Size... Coolingdiybub  [75  °F
Room [Defaut ~] Length fio & Heatingdybub |70 °F New Fioon |
Intemal | Default ~| Width o n Relative humidiy [0 % Copy |
Aitflow | Defaul ~|  Height.. Thermostat...
Tstat IDefau\l ;I Floor to floor [3_ ft Cooling driftpoint lm_ F m
Constr |Defaut ~| Plerium [ Heating diftpairt  [64 °F
Above ground |3 ft Cooling schedule | None ~|
Duplicate..  Floor multiphier |1— Heating schedule I None ;I
Fooms per zone |1_ Sensor Locations...
Foom mass/avg time lag I Time delay based on actual rna:;l Thermostat INane ;I
Slab construction type | B" Lw Concrete ;I C02 sensor | Naone ;I
Room type |Unconditioned | Humidity...
Acoustic celing resistance W hr f&-*F/Btu Moisture capacitance | M edium LI
Carpeted | Humidistat location IN.me ;I
" SingleSheet [ Roots | Walls | Intloads | Aifws | Petn/Floors
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Alermative 1

Room description IBasmnAlcR

=

Templates. .. Roof...
Foom | Defaul ~| Tag [Roof -2 Construct
Intenal [Defaul ~| € Equals floor U-factor [015743
Aiflow [Defaul ~| @ Lengh [22 ey [60 deg
Tstat IDeFauIt ;I Width |35 Direction 'l]— deg
Constr |Default :]
Skight.. T Footaea[l % Type |
I™ Length ICI— U-factor W
widh [0 Sh Coef [0.55
Quantty [T LdRA[0 %
Shading..
Internal I L]
Single Sheet | Rooms Hoofs! | Walls | IntLoads | Airflows | Patn/Floors

Alternative 1 Apply
Room description |Easernenble& :]
Templates... Wall...
Room | Default | Tag [wall- 2 Construct | | New
wall
Intemal | Defaul ~| Lengh |22 Ufactor [0.1220:
Ailow | Default =l Height g = |U deg E7E:II
- Gmd reflact Rach | 7
Tstat |Defau|t _I multpler 1 Direction |270 deg s
Constr IDefauIl :I Pect wall area to underfloor plenum % wall
Openings...
Tag I C ‘window € Door New
O penint
I~ ‘wal area |0 % Type I ;I &
] i Quantity |0 Copy
I~ Length [o Height [0 uanlity | Orerng
U-factor |0 Sh. Coef |I] Ldto R& |[I %
. Delete
Shading... Opening
Note: Intemnal shading overwrites the u-factor and Intemal | =]
shading coefficient of the window.
Extemal | =l
Single Sheet | Rooms | Roofs Walls | IntlLoads | Aiflows | Paitn/Floors
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Altemative 1 Apply
Room description IBasernerl-Ielt ll
Templates...
Fioom IDefal.ll j People... Activity INone j Density |U IPeuple ;I
Internal |Defaull ;l 5chedde|Basa Ut - Lodging ;l
Aiflow | Defaul | Sensble [250  Btu/h Latent [250  Btuth
Tstal |Defaul | Workstations...
Constr IDeFauIl ;I Density |1 Iworkslatiom"person d
Lights... Type IF\unlescent, hung below ceiling, 100% load to space ;I
ASHRAE Space/Area Type | =l
Heatgan [0 |w/sah >|  Schedue |Base Uti- Lodging |
Miscellaneous loads...
Tag |Misc Load 1 Type INane | NewLoad |
Energy |D IW»’sq ft ll Schedule |Base Util - Lodging LI |
Eneray meter |Mone »|  DataCenter Equipment INo vl o
elete |
Single Sheet | Rooms | Raofs | Walls fint Loads: | gilows | Patn/Floars

Alemelive 1 Adjacent ai transfer from room Apply
Room description |Basen1ent-lefl ;l |<(No adjacent air trans>> ﬂ Close I
Templates... Main supply... Auiliary supply...
FRoom IDefaLll ;I Cacling I ITo be calculated ;I Cooling I ITo be calculated ;I
Intenal IDefauIl ;I Healing | ITU be calculated ;I Heating | ITU be calculated ;I
Aiflow [Defal | Venation... Std £2.1-2004-2010
Tstat IDeFauIl ;I Method |Sum of Dutdoor Air | ClgEz |Custorn =l I_ %
Constr | Default | Tipe [None ~| HigEz  [Custom -] l_ %
Cooling ID |cfm ll Er IDeFauIl based on system lypll I_
Heatig [0 [cfm ~] DLV MinOAInske [~ [None <]
Schedue  [Available (100%) ~| Room exhaust...
[iEatnn Rate i Iair changes/hr 3
Type |Pressurized, Tight Const. =l Schedule | Available (100%) =l
Coding  [07  [ai changesshi =l vavcontol..
Heatng  [07 [air changes/in ~] Clg V&V min | % Clg Aiflow ~|
Schedule  |Avaiable (100%) | Hitg VAV max | | % Cla siflow |
Schedule  [Avaiable (100%) =l
ARAE = Allioom air exhausted Type [Detaut =l
Single Sheet | Rooms | Roofs | Walls | IntLoads Hiflows; | Patn/Floars
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Altemnative 1

Room description ]BasemenHefl

e

Templates... Patition...
Room IDefaLll ;] Tag IPallilion-l Adjacent space temperature... New F'alliti:lnl
Internal |Defaull ;I Length |1EI— fit Method | Ground - Cay Part |
Aiflow [ Default ~| Height 2 ft Cooling | F DeleteF'atl
Tstat [Defavit ~| Constr | 1" Wood Frame | Heang[  F —
Constr | Defaul =] Ufactor [0.2145 Buu/hieF
Adj I'CICITII <<No adjacent room>> j
Floor...
Tag  |Floor-1 Extemal temperature... New Floor |
% Exposed (" Slabon grade Method [Houdy 04DB | Copy Fioor |
Constr |2 HW Concrete | Caoling | °F = Flwl
Aea  [100 ff Ufactor [06507 Btu/hfE'F  Heating]  °F
Perim [0 Flactor [0 BrusheF
Adj IOOI'I'II <<No adjacent room:>> z‘
Single Sheet | Rooms | Roofs | Walls | IntLoads | Airlows

Alternative 1

Room description ]Basemenl—leﬂ

E

Templates. .. Partition...
Foom |Deia|.lt ;] Pattition-1_ Tag  |Parlition - 2 Adiacent space temperature...  New Partition
Intemal |Defeult ;I Length |1IJ— ft Method | Ground - Copy Part |
Ailow  [Defzult ~| Height [2  tt Cooling | ¥ et
Tstat  |Defaut ~| Constt [ 1" Wood Frame -l Heatng[ F —
Constr | Defaul = U-factor [0.2145 Btu/h I F
Adj luuml <<No adjacent room>> d
Floar...
Tag  |Floor-1 Exteral temperature... Mew Floor
@ Exposed ¢ Slab on grade Method [Houdy 0ADB | (00, Fioor I
Constt |2"HWConcrele - Caooling | F .
Area oo fE U-factor |0.6507 BtushfeF Heating l_ F
Peim [0 1 Flactor [0 Buushen F
Adj Iooml <¢No adjacent room:> zl
Single Sheet | Booms | Foofs | Walls | Intloads | Aiflows

84




Altemative 1

Room description ]BasemenHeﬂ

E

Templates... Partitiar...
Rioom IDefadl l] Tag |Pa|litic|n-3 Adjacent space temperature... New F'allitianl
Internal |DeFauIl ;l Length |1EI— fit Method | Ground - Cary Part |
Aiflow | Defaull ~| Height 2 ft Cooling | F DeleteF'atl
Tstat  [Defauit ~| Constr | 1" Wood Frame | Heang[  F —
Constr | Defaui ~| Ufactor [0.2145 Buu/hieF
Adj I'CICI11I <<No adjacent room:> j
Floor...
Tag |F|nc|r-1 Extemal temperature... New Flaor |
& Exposed © Slabon grade Method [Houly 0408 | gy Fioor I
Constr |2 Hw Concrete ] Caolng | F = Flmrl
dea  [100 Udactor [06507 Bu/hiEF  Healing|  °F
Perim [0 Flactor [0 BruskehF
Adj IOOI'I'II <<No adjacent room:> z‘
Single Sheet | Rooms | Rools | Walls | Intloads | Birflows

Altemative 1

Room description ]Basemenl—left

o

Templates... Partitiar..
Fioom IDefal.lt Tag |Pnrtiti0n - top Adjacent space temperature... New Partition|
Internal |Default Length |1u— ft Method | Adjacert Roor + Copy Part |
Aiflow [Default Height [10° it Cooling | =
Tstat  [Default Constr | 1" Wood Frame | Heatng|  F —
Constr | Defaul U-factor [0.2145 Bru/hie-F
Adjroom | Kitchen |
Floor...
Tag  |Floor-1 External temperature. . MNew Floor
& Ewposed ¢ Slab on grade Method [Houl 0408+ 00, Fioor I
Constr |2" Hw' Concrete - Cooling | F Dejais Fioor
Aea [0 ® Ufsctor [06507 Bu/hiEF  Heatng|  °F —l
Peim [0 Flacter [0 BuushehF
Adj roorn| <<No adjacent room:> z‘
Singe Sheet | Rooms | Roofs | Walls | Intloads | Aiflows

85




A.2.9 Basement-Right

Altermnative 1 Apply
Fioom description |Basement-right ~|
Teredie Lenath Width
Room | Default | Fea.  Jo R [0k New Roorn
Intemal | Defauit v Ret. &0 w0 Copy
i e
Ailow | Defalt | Equals floor s
Tstat |Defau|t ;l
Wwiall...
Constr |Defau|t ;l
Description Length [ft] Height () Direction % GlassorQty  Length [ft] Height [ff) ‘Window
[ jo E [0 | CO O [0 7 il
[ Jo |8 jo Jo o o o F
| fo E fo o jo o o P ~|
Internal loads... Airflows. ..
People |4 | People - I Caoling vent II] Icfm ZI
Lighting IU IWfsq ft - I Heating vent IU |cfm :l
Misc loads IU IWfsq ft vl Cooling VAV min | |°/. Clg Airflow LI
Heating V&Y max | [ Cig iflow |
| Rooms | Aoofs | Walls | Intloads | Aiflows | PaitnFloors

E==EcE
Altemnative 1 Apply
Room description |Basernenl-rig1t LI e,
Templates. .. Size Cooling dry bulb |?5 F
Room | Defaul =l Length [10 ft Heatingdybub [0 °F New Room
Intemal | Defauit | Wwidth [10 ft Relative humidiy [0 % Copy
Aiflow | Defaul ~|  Height.. Thermostat...
let
Tetat  [Defaut | Foortofloor |3 f Cooling diitpoint ~ [57 °F _ Dekee |
Constr | Defaul | Plenum [ ft Healing diftpoint ~ [54 °F
Above giound [ 3 ft Cooling schedule  [None =l
Duglicate . Floor multiplier |1 Heating schedule  [None |
Rooms per zone |1 Sensor Locations...
Room mass/avg time lag I Time delay based on actual ma::l Themostat INcme ;I
Slab construction type | B" LW Concrete ;l CO2 sensor | Naone LI
Room type | Unconditioned | Humidity...
Acoustic ceiling resistance |1_?BS hrf&*F/Btu Moisture capacitance IMed\um ;I
Carpeted [ Humidistat location |None LI
Single Sheet | Fooks | Walls | Intloads | Aiflows | Paitn/Floors
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Alternative 1

Apply
Room description |Basemerbri§1l ;]
Templates... Raof...
Foom | Defaul | Tag [Roof-2 Construct | |  NewRoof |
Irtemal | Defaul ~| € Equals floor Udactor [015743 Copy
Aiflow [Detaut =] @lean [ pen B deg pekte_|
Tstat [ Defaul =] Widh |35 Diection [ deg —
Constr |Defau\l ﬂ
Skight. T~ Foolaea[0 % Type | =l
I Lengh [0 Udactor [055
widh [0 Sh Coef [0.55
Quantty [ LdtoRa %
Shading...
Internal I L]
Single Sheet | Rooms | Walls | Intloads | Aiflows | Paitn/Floors

Altermnative 1 Apply
Fioom description |Basement-right ~|
Templates... ‘Wall...
Foom | Defaul ~| Tag [wal -2 Construct | =] %e.:
4
Intemal | Default | Length |22 Ufactor [0.1220: — |
Aiflow [Tafach = Hegt B o [ deo v
Tstat [ Defeult ~l Emﬂwl 1 Direction [270 deg N
Uelete
Constr IDefauIl ;I Pct wall area to underfloor plenum % wall
Openings...
Tag I  ‘Window € Door New
Openin
I~ ‘wall area [0 % Type I ;I &
i 1 Copy
I~ Length [0 Height [0 Quantity |0 Opor
U-factor |0 Sh. Coef |[I Ldto R4 |III %
- Delete
Shading... Opening
Nate: Intemal shading overwrites the u-factor and Internal | LI
shading coefficient of the window.
Extemal | =l
Single Sheet | Rooms | Roofs Walls | Intloads | Aiflows | Patn/Floors
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Alternative 1 Apply
Foom description |Basement-right -
Templates...
Room IDefal.it ﬂ People... Activity INome d Density |4 IF‘eane ;I
Intemnal | Defaul ~| Schedule [Ease Ui - Lodging =
Aiflow | Default ~| Sensible [250  Btu/h Latert [250  Btuth
Tstat |Defaut | Workstations...
Constr IDeFauIl j Density |1 Iwolkslationfperson d
Lights. .. Type IFqul;scenl, hung below ceiling, 100% load to space ;I
ASHRAE Space/frea Type | =l
Heatgan [0 |wisaht | Schedue |Base Ut - Lodging |
Miscellaneous loads...
Tag |Misc Load 1 Type |Nane ;I Mew Load
Erneray ID |\.qu ft LI Schedule IBase Util - Lodging LI Copy
Energy meter |None ;' Data Center Equipment |MNo vI "
Delete
Single Sheet | Rooms | Foofs ] Walls int Loads: | Airflows | Patn/Floors

Alemative 1 Adjacent air transfer from room ﬂ
Room description |Basemml-light ;I |<<Nr.| adjacent air trans>> j Close I
Templates. .. M ain supply... Augiiary supply...
Foom | Defaul ~| Coding | | To be calculated ~| Cooling | | To be calculated |
Intermal IDeFauIl ;I Heating | ITo be calculated LI Heating | ITD be calculated LI
irflow [Defat <] Ventiation.. Std 62.1-2004-2010.
Tatat IDefauIt ;| Method ISum of Outdoor Ar ﬂ Clg Ez ICustum ;I I_ %
Constr IDefauIl ;I Type INone ll HigEz I[Iustom Ll l_
Coaling ID |cfm LI Er IDeFauIl based on system typ LI I_
Heating [0 [cfm ~] DCvMinOalntake [ [Nere ]
Schedule  [Avalable (100%) ~|  PRoomeshaust..
Infiltration... Rate i Iail changes/hr El
Tope  [Pressuized, Tight Const ~] Schedue  [Avaiatle (100%) ~]
Cooing  [07  [ait changes/hr > vav contol..
Heating Iﬂ? | air changeshr | Clg VaY min | | % Cig Aifiows =
Schedule  [Bvaiatle (100%] ~] Hig VAV max| | Clo Aiflow =~
Schedue  [Avaiable (100%) =l
ARAE = All room air exhausted Type IDelauIt Ll
Single Sheet | Rooms | Roofs [ Walls [ IntLoads Biflowss | PatnFloos |
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New Partition

Copy Part |

Delete Part

New Floor

Copy Floor I

Alternative 1
Fioom description |Basement-ight |
Templates... Partition...
Foom IDefal.It ;] Tag  |Partition-1 Adjacent space temperature. .
Intemal |Default ;I Length I10— ft Method | Giound -
Aiflow [Default ~| Height [2 1t Cooling | F
Tstat |Default ;l Constt I1"W’Dod Frame d Heaﬁngl_ F
Constr | Defaul ~| U-factor [0.2145 Bru/hieF
Adj looml <<Mo adjacent room:> d
Floor...
Tag  |Floor-1 External temperature...
+ Exposed ¢ Slab on grade Melfadm
Constt | 2" HW Concrete | Caooling | °F
Area 100 f@ U-factor |0.6507 Btu/kfEF Healing I_ F
Peim [0 & Flactor [0 BuusheneF
Adj loornl <¢No adjacent room>> zl
Single Shest | Rooms | Roofs | Walls | Intloads | Biflows

Delete Flaor

ot

Alternative 1

New Partition

Copy Part |

Delete Part

New Floor

Copy Floor I

Room description ]Basemenl—ligﬂ ;I
Templates... Partition...
Foom |Deiaut v| [Pattion-1_ Tag  |Partiton - 2 Adjacent space temperature...
Intemal |Defaul ] E::‘:g::; ) Lengh 10 g Method | Ground =
Aiflow | Defaul =l Height |2 ft Cooling | °F
Tstat IDefaull ;I Constr IT"\N’UUd Frame d Heaﬁngl_ F
Constr | Default ~| U-factor [0.2145 BrushvieF
Adj rauml <<No adjacent room>> d
Floor...
Tag IFIoar -1 External temperature...
% Exposed " Slabon grade Method [Houry 0ADE _+
Constr |2 Hw Concrete ~| Cooling | F
Area 100 f@ U-factor |0.6507 Btu/hrfe-F Heatingl_ ‘F
Peim [0 R Flactor [0 suushekF
Adj raornl <<No adjacent room>> Z‘
Singe Sheet | Fooms | Fooks | Walls | Intloads | Airflows

Delete Flaor
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Alternative 1 Apply
Fioom description |Basement-ight |
Templates... Partition...
Foom IDefal.It ;] ;:::2: 12 Tag  |Parlition - 3 Adjacent space temperature...  New Partition
Intemnal |Default ;I o Length I10— ft Method | Ground - Copy Part |
Aiflow [Default ~| Height [2 1t Cooling | ¥
Tstat  |Defaut ~| Constr [ 1" Wood Frame -l Heatng[ F —
Constr | Defaul ~| U-factor [0.2145 Bru/hieF
Adj looml <<Mo adjacent room:> d
Floor...
Tag  |Floor-1 External temperature... New Floor
+ Exposed ¢ Slab on grade Method Im Cogy Floor I
Constt |2" Hw Concrete ~| Caooling | F T
Area 100 f@ U-factor |0.6507 Btu/kfEF Healing l_ F
Peim [0 & Flactor [0 BuusheneF
Adj loornl <¢No adjacent room>> zl
Single Shest | Rooms | Foofs | Walls | Intloads | Biflows

Altemative 1 Apply
Room description ]Basemenl—ligﬂ ll
Templates... Partition...
Room |Defa|.lt Tag |Pnrtitiun -lop Adjacent space temperature. .. MNew Partition
Intemnal | D efaul Lengh [10 Method [Adiacent Roor v]  ¢op, pit |
Aiflow [Default Heght [10 & Coolng | T DeltePat
Tstat IDeFauIl Constr IT"W’ood Frame j Heating I_ o
Constr | Defaul U-factor [0.214F Btu/hieF
Adj rounILnunge j
Floar...
Tag  |Floor -1 External temperature. . Mew Floor
& Exposed ¢ Slab on grade Method lm Cogy Floor I
Constr | 2" Hw Concrete - Cooling | °F Dejaia Fioor
Area oo fe U-factor |0.6507 Btu/kieF Heating I_ F
Peim [0 1 Flactor [I Buu/heitF
Adj roorn| <<No adjacent room:>> ZI
Single Sheet | Roams | Roofs | Walls | IntLoads | Aiflows
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A.3 Systems

Alemative 1
System description

ﬂ ‘water Source Heat Pump Apply
Close

U

System category
o |
Vanable Volume

Constant Yolume - Non-mixing New
Constant Yolume - Mixing

Heating Only . Copy
Induction 7

Underfloor Air Distribution A,
Displacement Ventilation ] __ Debte |

Chilled Beams

P
ASHRAE 90.1 Baseline Systems # . I

Advanced...

System type -

Underfloor Air Distribution SFPVAY " 7
Uriit Heaters l
Uniit Ventilator -
“ariable Refrigerant Flow

“Yarable Temperature Constant Yolume
Wariable Volume R eheat (3052 Min Flow Default)
VAV w/Baseboard Heating

W& w/Baseboard Skin Heating

Wa w/Forced Flow Skin Heating

Wentilation and Heating

sce Heat Pump

W

Selection | Options | Dedicated 04 | Temp/Humidity | Fans | Coils | Schematic

Altemative 1
System description [EEER Water Source Heat Pump Apaly |
— Evaporative Cooling ~ Economizer

Direct coil schedule IAvaiIable [100%) Max outdoor air |1UD

Type [None T [None | Advanced |
Direct efficiency |0 % Dpions ‘Orpont | £ Options
%

Indrect efficiency |0 % sl Schedule  [Available (100%)
Indiect coil schedule | £vailable [100%)

— Stage 1 Air-to-&ir Energy Recovery/Transfer — Stage 2 Air-to-Air Energy Recovery/Transfer——————————————

Led Lol I'_\_I*_\_Iﬂ L

Type |Hme [default) Type | None [default] LI
Sup-side deck I\;‘entllallon upstieam Sup-side deck IVentiIatiDn upstreamn ;I
Exh-side deck IOutdoor & room exhaust mix L] Exh-side deck |Dutdoor & room exhaust mix ;l
Schedule |Available (100%) =l Schedule | &vailable (100%) 2|
Effectiveness I Options | Effectiveness | Optioris |

Selection Options I Dedicated 04 I Temp/Humidity | Eans I Coils | Schematic
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Altemative 1
System description x| ‘water Souce Heat Pump Aoply
Close
Configuration |Hone w|  Control method |Fived Setpoints |
- Cooling/Heating Desian Setpoints - Cooling/Heating Setpoint Limits
Cooling supply air diy bub | F | Suppl ai diy bulb high imit | F
Heating supply air dry bulb | *F Supply ait dry bulb low limit | °F
Cooling supply air dew point | 7 Cooling S4 dew point high limit | °F
Cooling $4 dew point low fimit | °F
~ Dedicated Ventilation Schedules - Dedicated Ventilation Locations
Cooling col | Available (100%) =l Deck | Retun/Outdoor Deck =
Heating coll | Available (100%) | Level | System |
Dptional
ventilation fan |Avaia|:|le (100%) ﬂ
Selection | Options Dedicated DA | Temp/Humidity | Fans Coils | Schematic

Alternative 1

System description

— Design Air Temperature

Cooling supply

Leaving cooling coil

Heating supply

Supply duct temperature

T

;l ‘Water Source Heat Pump

~ Direct/Indirect Dehumidification Methods (System Simulation only)

Type |None

Mazimum room relative hurnidity

[when thrattling a chilled water coll dowrward
during dehumidification or “wild coil” mode)

=l

—

I ain cooling coill minimum allowable leaving | F

Variable Fan Speed for capacity control [System Simulation only)

Mumber of fan speeds |None

=l

Percent aiflow at low speed I b4
Percent aiflow at medium speed I %

Apply

difference  Humidification
Design humidity ratio difference I ar/lb
Minimum room relative humidity I %
Selecton | Options Dedicated 04 Temp/Humidity | Eans Coils |

Schematic
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Alternative 1

System description | ‘water Source Heat Pump Acply I
Fan cycing schedule [ Cycle with heating loads only ~| Close
. podie | Fulload | FullLoad S Dverides...|
spe L:f’!":f Energy Rate | Eneray Rate Units g .
05 0000237 | Kw/Cim Awalable (100%) o
(0)

a 0
Systern exhaust o 1]
Room exhaust |Mone 0 0 ki Available (100%)
Optional vent  |None 0 0 ki Ayailable [100%)
Auriliary MNone 0 0 ki Available (100%)
Selection | Qptions | Dedicated0A |  Temp/Humidity Fans | Cois | Schematic

Apply |

Altemnative 1
System description | water Source Heat Pump
— Capacity Overides
Capacity Capacity Units Schedule
Main cooling % of Design Capacity by adjusting airflow Availlable [100%)
Augiliary cooling
Main heating 100 |% of Design Capacity Available [100%)
Auiliary heating
100 |% of Design Capacity Avaiable (100%)
Huridification % of Design Capacity
Diversity
People 100 %

Warning:  The fields marked in red require other entries for a comect simulation,

Caontact C.0.5. Suppart at B0B-787-3326 for a detailed explanation.

lights [0 %
Miscloads [T00 %

Selection | Qptions

| Dedcated0A | Temp/Humidity | Fans Coils

I Schematic
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Altemative 1
System description  |EEE | ‘Water Source Heat Pump &]
Print |
heating/cooling coil m
cool’ng fan
-
heating/coeling coil l
cooling fan
Selection | Options | Dedcated0A | Temp/Humidty | Fans | Coils Schematic
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A.4 Assign Rooms to Systems

[
..o+ Assig

Alternative 1
Systems, Zones, Rooms
| find | Close |
Unassigned Rooms
o6 GSHP
3 First Floor New Spstem
- (&) Kitchen
New Zone
- (&) Lounge —,
- ide LT
- (&) Office Area
- i) Stairs
- (=) Basement-laige Egit
- () Attic
- (=) Basement-left
- (5] Basement-right Expand All |
™ Summary Information Collapse All
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A.5 Plants

Alternative 1
Equipment Category Configuration
ﬁ Caoling plants Close
iy g Heating plants
Arcooled  Aircooled  Watercooled ‘Water-cooled - llag Heating plant - 002
chiller unitary chiller unitary % = 4 B oiler - 001 Plant Wizard I
“ G2, @ New Clg F'larll
Water souce  Boler Electic  Gasfied heat New g Pani
heat pump resistance exchanger
g & ¢ o -
Aircooled  Coolingtower  Pumps Thermal Delete
condenser storage
Blant Ctl |
Energy Mgt
Sequencing |
To assign equipment, drag the desired equipment category to the configuration tree.
LConfiguration | Cooling E quipment | Heating Equipment | Base Utility / Misc. Accessory

i Cooling Equipment - Alternative 1 Heat Rejection
Cooling plant | | Type =l Apply
Equipment tag I d Hourly ambient wet bulb offset I F
Category | Ll
Equipment type I j i~ Thermal Storage New Equip |
Sequencing type | ;] Type I —v] LCopy Equip
Energy source | =] Capacity | =l Delets Eqip
Reiect canderser heat [ENMNINNNNNNN -] | Schedie | S| Loeetas)
Reject heat to plant v
I J Cantrols I
Operating mode Capacity Energy rate P-ECkﬂ'.JEd
= nergy
Cooling Breakout
Heat recovery
Tank charging
Tank charging & heat recovery
Pumps Type Full load consumption
Primary chilled water
Condenser water
Heal recovery or aux condenser
LConfiguration Cooling E quipment Heating Equipment Base Utility / Misc. Accessory
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Heating E quipment - Alterative 1 — Thermal Storage
Heating plant v Type |Nune | Apply |
Equipment tag |Boiler - 001 | Capacity |0 torhe = [ oese |
Category |Boiat ;] Schedule |5lolage LI
Equipment type |01l Fired Steam Boiler = New Equip |
~ Controls -
Equipment L I
Capaci Mbh hd Awailable (10 -
pacity | | =l schedue |/valable (100%] | pete Eaip |
Eneray rate |333 | Percent efficient ;l Demand limiting priority I
 Hot " ater Pump
Type |None |
E::.larfpﬁm jo | it water =]
Eorﬁgu‘alim | Cooling Equipment Heating E quipment I Base Utility / Mizc. Accessory

Alternative 1
Miscellaneous accessories Apply |
Plant Equipment tag  Type Enerigy  Schedule Type Hone -l
None Off [0%) Desciiption |
Plant IHEGling plant - 002 ;I
. New Misc |
Equipment tag IA\I ;l
Eneray [o [iw =l S il
Schedule  [0if (0%) <] | _DeleteMisc |
r~ Base utilty Hout
ourly
Plant Type demand Schedule Type |Domestic Hot Water Load v | New Utiity I
lant - 002 Domestic Hot ... 0 gal Hot \w/ater - Lodging Description |Domestic Hot 'water Load Copy Utity |
Plant |Heating plant - 002 |
Delete Uity
Hourly In |§ld ;l —l
demand
Schedule {Hot water - Lodging |
Demand limiting
priarity I
Configuration | Cooling Equipment | Heating Equipment Base Ulility 7 Misc. Accessory
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A.6 Assign Systems to Plants

Alternative 1

Unassigned Systems/Coils

Systems and Plants

E-ll#s Heating plant - 002
(=1-@ Heating System - GSHP

------ B Main Heating Coil

MNew System
Mew Caol Plant

New Heat Plant

B

Delete

Edit
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Appendix B

Trace Manual
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B.1 Room Definition

Overview of Create Rooms Page 1 of 1

Overview of Create Rooms
Overview of Rooms, Zones, and Systems
Create Rooms tabs:

Single Sheet tab

Rooms tab

Roofs tab

Walls tab

Int Loads tab

Airflows tab

Partn/Floors tab

TRACE performs cooling and heating load calculations for each individual room, so a "room" is the smallest space
for which you can calculate loads. A room can be a single office surrounded by walls or can be the perimeter
portion of a large open-plan office area. In other areas of the program, you have the option of grouping rooms into
zones and/or systems for higher level design calculations (i.e. design airflows, coil capacities, design
temperatures, etc.).

When creating rooms, you essentially "assign" to it all of the components that contribute to or affect its cooling
and heating loads. These load components include, but are not limited to:

e Size and mass of room

e Room design thermostat settings

e Size, construction, and direction of external walls and roofs

e Size, properties, and direction of external windows and skylights

e Internal loads, such as people, lights, and miscellaneous equipment
o Infiltration

e Ventilation requirements

e Partition walls and exposed or slab-on-grade floors

The Create Rooms screen is comprised of seven tabs. The first tab, named Single Sheet, is intended to allow you
to enter the basic information about a room on a single screen. It also contains most of the information you might
find on typical building blueprints. You may be able to use this tab only (along with the Templates) to enter room
information for the majority of the rooms in your project. The remaining tabs can be used to enter more detailed
information about the rooms. These tabs are simply a means of viewing the same information that you enter on
the Single Sheet tab, plus a few more details.

The top area of the Create Rooms screen, displaying the Room Description and the Templates, remains in view
for all of the tabs. This allows you to select Templates from any of the tabs or to switch between rooms by using
the Room Description drop-down list.

mk:@MSITStore:C:\Program%20Files%20(x86)\Trane\TRACE%20700\HelpFiles\Trace\T... 5/7/2019
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B.2 Partition Definition

Create Rooms - Partitions/Floors Page 1 of 1

Create Rooms - Partn/Floors
Overview of Create Rooms
On this tab, you can "assign" partition walls, exposed floors, and slab-on-grade floors to each room.

A partition is a wall that is not exposed to the outdoor environment, but affects the cooling or heating load on the
room because of a "significant" temperature difference between the two rooms it separates. (It is not necessary to
model a partition if there is not a significant thermal difference between the spaces adjacent to it, since partition
loads are strictly based on conduction.)

An exposed floor is very similar to a partition wall, and may or may not be exposed to the outdoor environment. It
affects the cooling or heating load on the room because of a "significant" temperature difference between the two
rooms it separates.

A slab-on-grade is used to account for heating losses through the actual floor slab to the outdoor environment.
Slab-on-grade losses are calculated for heating design calculations only.

Field Explanations

Room Description

Templates Partition Adjacent space temperature
Room Tag Method
Internal Length Cooling
Airflow Height Heating
Tstat Constr
Constr U-factor
Adj room
Floor External temperature
Tag Method
Slab-On-Grade Cooling
Perimeter (length) Heating
Loss coeff
Exposed Floor
Constr
Area
U-factor
Adj room

mk:@MSITStore:C:\Program%20Files%20(x86)\Trane\TRACE%20700\HelpFiles\Trace\T... 5/7/2019
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Appendix C

Blower Door Test Reports for Lawrence and
Morris House from 2010
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C.1 Morris House

BUILDING LEAKAGE TEST COMPARISON

COZY HOME PERFORMANCE, LLC
74 Lyman Road
Northamptoon, MA 01060
Phone: 413.320.7611

Test #1 Test #2
Test File: Morris Hall Pre Test File: Morris Hall Post
Date of Test: 12.28.10 Date of Test:
Customer: Smith College Customer:

Morris Hall - Post Test
Contact: Todd Holland
Northampton, MA 01063

Test Results

Test #1 Test #2 Change Percent
1. Airflow at 50 Pascals: 25525 CFM 13936 CFM  -11589 CFM -45.4 %
7.12 ACH 3.89 ACH -3.23 ACH -45.4 %
2. CFM50 per ft2 Floor Area 1.10 CFM/ft2  0.60 CFM/ft2 -0.50 CFM/ft2 -45.4 %
3. Leakage Areas:
Canadian EqLA @ 10 Pa: 3041.5 in2 1766.1 in2 -1275.4 in2 -41.9 %
LBLELA @ 4 Pa: 1754.8 in2 1055.3 in2 -699.5 in2 -39.9 %
4. Minneapolis Leakage Ratio: 0.94 0.51 -0.43 -45.4 %
(CFM50 per ft2 Surface Area)
Infiltration Estimates
1. Estimated Annual Average 22453 CFM 1350.3 CFM -895.0 CFM -39.9 %
Infiltration Rate: 0.63 ACH 0.38 ACH -0.25 ACH -39.9 %
2. Estimated Design
Infiltration Rate:
Winter: 3265.2 CFM 1963.7 CFM  -1301.5 CFM -39.9 %
0.91 ACH 0.55 ACH -0.36 ACH -39.9 %
Summer: 1846.5 CFM 1110.5 CFM -736.0 CFM -39.9 %
0.52 ACH 0.31 ACH -0.21 ACH -39.9 %

Cost Estimates

1. Estimated Costs of Air Leakage
for Heating:

2. Estimated Costs of Air Leakage
for Cooling:
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C.2 Lawrence House

BUILDING LEAKAGE TEST COMPARISON
COZY HOME PERFORMANCE, LLC

74 Lyman Road

Northampton, MA 01060
Phone: 413.320.7611

Test #1 Test #2
Test File: Lawrence Hall Pre Test Test File: Lawrence Hall Post Test
Date of Test: 12/28/10 Date of Test:
Customer: Smith College Customer:
Lawrence Hall - Post Test
Contact: Todd Holland
Northampton, MA 01063
Test Results
Test #1 Test #2 Change Percent
1. Airflow at 50 Pascals: 21458 CFM 12604 CFM -8854 CFM -41.3 %
5.99 ACH 3.52 ACH -2.47 ACH -41.3 %
2. CFM50 per ft2 Floor Area 0.92 CFM/ft2 0.54 CFM/ft2 -0.38 CFM/ft2 -41.3 %
3. Leakage Areas:
Canadian EqLA @ 10 Pa: 2579.9 in2 1479.6 in2 -1100.3 in2 -42.6 %
LBLELA @ 4 Pa: 1496.1 in2 846.4 in2 -649.7 in2 -43.4 %
4. Minneapolis Leakage Ratio: 0.79 0.47 -0.33 -41.3 %
(CFM50 per ft2 Surface Area)
Infiltration Estimates
1. Estimated Annual Average 1914.2 CFM 1083.0 CFM -831.3 CFM -43.4 %
Infiltration Rate: 0.53 ACH 0.30 ACH -0.23 ACH -43.4 %
2. Estimated Design
Infiltration Rate:
Winter: 2783.7 CFM 15749 CFM  -1208.9 CFM -43.4 %
0.78 ACH 0.44 ACH -0.34 ACH -43.4 %
Summer: 1574.2 CFM 890.6 CFM -683.6 CFM -43.4 %
0.44 ACH 0.25 ACH -0.19 ACH -43.4 %

Cost Estimates

1. Estimated Costs of Air Leakage
for Heating:

2. Estimated Costs of Air Leakage
for Cooling:
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Appendix D

Heat Pump Sizing Spreadsheet

Sl
182.88

1000
0.234044295
0.00012618
0.12618000

0.0131
0.03175
0.015875
0.1524
0.0762
0.001307
0.000539129
6898.892381
8638.167828
9473.065294
4

14

9

6

182.88

15

4180

173

0.46

3

0.138

0.010009745

0.015625708

0.088046459

0.05

0.088

0.095

Calculated Variables
0.459330144
0.383421053
0.346889952

0.0003468900
0.000173445
0.321713482

0.00006309

gpm to m3/s

p—

93 W
0.026444094 ton

229198.4 kbtu/yr
39791.39 btu/hr
39.79139 kbtu/hr

Q Annual heating 11661.70492 W

11.6617 kW
cop 3
C factor btu/hr to ton 12000
q_h 19200 W 2133.333333 W/well
a_m 17283 W 6400 W
q_yr 11661.7 W 0.61 ton/well

f 0.03503
del_P 8136.93 Pa

1.026717795 W
0.000291942 ton

Total Pump Power 6401.026718 W

L_total 4416 m 1448.818898 ft
# of Wells 3



HP_1 (Building)

HP_2 (Main)
Q Annual heating

cop

C factor btu/hr to ton
g_h

g_m

q_yr

HP_3 (Geothermal)
f
del_P

189780 kbtu/yr
32947.91667 btu/hr
32.94791667 kbtu/hr
9.656081192 kW

3

12000
16027 W
14543 W
9656.081192 W

0.035030442
8136.929744 Pa

Total Pump Power

# of Wells (fixed delT)

L_total
# of Wells

368.621 m
3

Attic (Method 1 average)

U
Adding 6/7 of R42
Final U

0.15749 R
36 U
0.023612969 U

Attic (Method 2 R42 in series)

Original U
Insulation R
New U

0.15749 1P

42 1P
0.181299524 IP
0.02068269 IP

HP_1
93 W
0.026444094 ton
HP_2
9656.081192 W
Percentage Drop (%) 17.2
1780.777778 W/well
5342.333333 W all wells
0.51 ton/well
HP_3
1.026717795 W
0.000291942 ton
5343.360051 W
1209.386483 ft
6.349609499
0.027777778
42.3496095
=R (IP) 6.34961
*parallel
*series



HP_1 (Building)

HP_2 (Main)
Q Annual heating

cop

C factor btu/hr to ton
g_h

g_m

q_yr

HP_3 (Geothermal)
f
del_P

L_total
# of Wells

Wall
Original U
False Wall R
New U

HP_1

HP 2
163052 kbtu/yr
28307.63889 btu/hr
28.30763889 kbtu/hr
8.296150018 kW
3
12000
14500 W
12391 W
8296.150018 W

HP_3
0.035030442
8136.929744 Pa

Total Pump Power

# of Wells (fixed delT)
333.5m
2

0.12207 IP
21 1P
0.034255936 IP

=R(IP)

Percentage Drop (%)

93 W
0.026444094 ton

8296.150018 W

28.9

2416.666667 W/well
4833.333333 W all wells
0.69 ton/well

1.026717795 W
0.000291942 ton

4834.360051 W

1094.160105 ft

8.192021



Appendix E

Field House Energy Consumption Reports

Reports follow the order: geothermal only, medium, deep; annual, monthly, hourly.
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E.l

Geothermal Only

ENERGY CONSUMPTION SUMMARY

By ACADEMIC
Elect oil Water % of Total Total Building Total Source
Cons. Cons. Cons. Building Energy Energy*
(kWh) (kBtu) (1000 gals) Energy (kBtufyr) (kBtufyr)
Alternative 1
Primary heating
Primary heating 262,590 917 % 262,590 276,410
Other Htg Accessories 4,180 4 50 % 14,265 42,799
Heating Subtotal 4,180 262,590 4 96.6 % 276,855 319,210
Primary cooling
Cooling Compressor 00 % 0 0
Tower/Cond Fans 0.0 % 0 0
Condenser Pump 0.0 % 0 0
Other Clg Accessories 0.0 % 0 0
Cooling Subtotal.... 0.0 % 0 o
Auxiliary
Supply Fans 2,825 34 % 9,643 28,931
Pumps 0.0 % 0 0
Stand-alone Base Utilities 0.0 % 0 0
Aux Subtotal.... 2,825 34 % 9,643 28,931
Lighting
Lighting 0.0 % 0 0
Receptacle
Receptacles 00 % 0 0
Cogeneration
Cogeneration 00 % 0 0
Totals
Totals** 7,005 262,590 4 100.0 % 286,498 348,141

* Note: Resource Utilization factors are included in the Total Source Energy value .
** Note: This report can display a maximum of 7 utilities. If additional utilities are used, they will be included in the total.

Project Name:

Dataset Name: ~ 44_Current. TRC

TRACE® 700 v6.3.3 calculated at 01:02 AM on 04/09/2019
Alternative - 1 Energy Consumption Summary report page 1

109



MONTHLY ENERGY CONSUMPTION
By ACADEMIC

------- Monthly Energy Consumption -------

Utility Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Total
Alternative: 1 Field House
Electric
On-Pk Cons. (kWh) 922 892 904 610 269 326 500 345 163 326 842 907 7,005
On-Pk Demand (kW) 1 1 1 1 1 1 2 1 1 1 1 1 2
Oil
Cons. (therms) 464 530 436 220 86 0 0 0 5 99 346 440 2,626
Water
Cons. (1000gal) 1 1 1 0 0 0 0 0 0 0 1 1 4
Energy Consumption Environmental Impact Analysis.
Building 42,250 Btu/(ft2-year) c02 8,399 Ibm/year
Source 51,341 Btu/(ft2-year) S02 26 gmlyear
NOX 7 gmlyear
Floor Area 6,781 ft2

Project Name:
Dataset Name: 44_Current. TRC

TRACE® 700 v6.3.3 calculated at 12:19 PM on 04/12/2019

Alternative - 1 Monthly Energy Consumption report Page 1 of 1



BUILDING COOL HEAT DEMAND

By ACADEMIC
January Typical Weather (°F) Design Weekday Saturday Sunday Monday
Hour OADB OAWB Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons)
1 233 211 -80,851 0.0 -66,144 0.0 -62,314 0.0 -62,098 0.0 -62,848 0.0
2 224 202 -76,403 0.0 -66,310 0.0 -64,256 0.0 -64,122 0.0 -64,945 0.0
3 221 20.0 -76,106 0.0 -67,705 0.0 -65,916 0.0 -65,800 0.0 -66,631 0.0
4 223 20.2 -76,480 0.0 -68,483 0.0 -66,806 0.0 -66,703 0.0 -67,539 0.0
5 23.0 20.7 -76,648 0.0 -68,858 0.0 -67,268 0.0 -67,176 0.0 -68,016 0.0
6 241 22.0 -76,482 0.0 -68,048 0.0 -66,542 0.0 -66,461 0.0 -67,306 0.0
7 255 23.4 -75,822 0.0 -66,585 0.0 -65,151 0.0 -65,079 0.0 -65,927 0.0
8 27.2 251 -74,272 0.0 -64,690 0.0 -63,717 0.0 -63,653 0.0 -64,104 0.0
9 29.1 26.9 -61,878 0.0 -58,467 0.0 -58,178 0.0 -58,123 0.0 -57,968 0.0
10 31.0 285 -46,005 0.0 -49,910 0.0 -51,314 0.0 -51,274 0.0 -51,536 0.0
" 32.9 30.0 -26,854 0.0 -44,102 0.0 -41,673 0.0 -41,639 0.0 -42,128 0.0
12 34.6 31.3 -3,288 0.0 -36,817 0.0 -35,502 0.0 -35,470 0.0 -36,333 0.0
13 36.0 321 0 0.0 -33,200 0.0 -32,015 0.0 -31,985 0.0 -32,894 0.0
14 37.1 327 0 0.0 -30,168 0.0 -28,995 0.0 -28,967 0.0 -29,898 0.0
15 37.8 33.1 0 0.0 -29,637 0.0 -28,470 0.0 -28,443 0.0 -29,379 0.0
16 38.1 33.1 0 0.0 -30,984 0.0 -30,247 0.0 -30,223 0.0 -30,741 0.0
17 37.7 33.2 -23,943 0.0 -36,770 0.0 -35,860 0.0 -35,837 0.0 -36,541 0.0
18 36.8 32.9 -38,422 0.0 -43,065 0.0 -42,157 0.0 -42,137 0.0 -42,868 0.0
19 35.3 31.9 -50,449 0.0 -49,282 0.0 -48,219 0.0 -48,202 0.0 -49,117 0.0
20 334 30.4 -54,722 0.0 -52,01 0.0 -50,852 0.0 -50,838 0.0 -51,887 0.0
21 31.2 28.3 -58,279 0.0 -50,394 0.0 -52,181 0.0 -52,165 0.0 -50,162 0.0
22 289 26.3 -61,264 0.0 -57,408 0.0 -54,292 0.0 -54,276 0.0 -57,291 0.0
23 26.7 24.2 -63,896 0.0 -58,573 0.0 -57,376 0.0 -57,361 0.0 -58,432 0.0
24 24.8 225 -66,058 0.0 -61,276 0.0 -60,270 0.0 -60,257 0.0 -61,142 0.0
February Typical Weather (°F) Design Weekday Saturday Sunday Monday
Hour OADB OAWB Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons)
1 15.6 13.2 -79,861 0.0 -80,230 0.0 -77,528 0.0 -77,312 0.0 -77,744 0.0
2 141 1.9 -82,435 0.0 -80,429 0.0 -78,750 0.0 -78,627 0.0 79,185 0.0
3 13.1 10.9 -84,053 0.0 -80,983 0.0 -79,673 0.0 -79,583 0.0 -80,185 0.0
4 12.8 10.7 -85,318 0.0 -81,583 0.0 -80,471 0.0 -80,395 0.0 -80,991 0.0
5 13.1 1.2 -86,144 0.0 -82,425 0.0 -81,415 0.0 -81,353 0.0 -81,910 0.0
6 14.1 12.2 -86,416 0.0 -82,090 0.0 -81,124 0.0 -81,071 0.0 -81,643 0.0
7 15.6 13.8 -86,076 0.0 -81,162 0.0 -80,243 0.0 -80,198 0.0 -80,777 0.0
8 17.6 15.9 -81,681 0.0 -78,725 0.0 -78,029 0.0 77,987 0.0 78,373 0.0
9 19.9 18.1 -70,989 0.0 -73,050 0.0 -72,537 0.0 72,472 0.0 -72,504 0.0
10 224 204 -52,163 0.0 -62,677 0.0 -62,051 0.0 -62,007 0.0 -62,304 0.0
" 249 221 -37,112 0.0 -54,869 0.0 -53,675 0.0 -53,635 0.0 -54,546 0.0
12 272 23.8 -26,775 0.0 -51,680 0.0 -51,047 0.0 -51,020 0.0 -51,430 0.0
13 29.2 25.6 -16,316 0.0 -48,569 0.0 -47,517 0.0 -47,493 0.0 -48,362 0.0
14 30.7 26.8 -4,523 0.0 -46,038 0.0 -44,925 0.0 -44,902 0.0 -45,850 0.0
15 31.7 274 -6,703 0.0 -44,462 0.0 -43,348 0.0 -43,328 0.0 -44,291 0.0
16 32.0 27.7 -21,545 0.0 -44,337 0.0 -43,649 0.0 -43,631 0.0 -44,179 0.0
17 31.7 27.3 -26,898 0.0 -47,938 0.0 -47,077 0.0 -47,060 0.0 -47,793 0.0
18 30.7 26.7 -42,141 0.0 -53,617 0.0 -52,749 0.0 -52,731 0.0 -53,456 0.0
19 29.2 25.8 -56,753 0.0 -59,768 0.0 -58,757 0.0 -58,739 0.0 -59,607 0.0
20 27.2 241 -67,115 0.0 -64,767 0.0 -63,760 0.0 -63,744 0.0 -64,624 0.0
21 24.9 220 -71,897 0.0 -67,620 0.0 -66,622 0.0 -66,608 0.0 -67,493 0.0
22 224 19.6 -75,448 0.0 -70,473 0.0 -69,489 0.0 -69,475 0.0 -70,361 0.0
23 19.9 17.3 -77,555 0.0 -72,383 0.0 -71,412 0.0 -71,401 0.0 -72,285 0.0
24 17.6 15.1 79,548 0.0 -76,145 0.0 75,501 0.0 75,490 0.0 76,092 0.0

Project Name:
Dataset Name:

44_Current. TRC

TRACE® 700 v6.3.3 calculated at 12:19 PM on 04/12/2019
Alternative - 1 System Load Profiles report Page 1 of 6



E.2

Geothermal + Medium

ENERGY CONSUMPTION SUMMARY

By ACADEMIC
Elect oil Water % of Total Total Building Total Source
Cons. Cons. Cons. Building Energy Energy*
(kWh) (kBtu) (1000 gals) Energy (kBtufyr) (kBtufyr)
Alternative 1
Primary heating
Primary heating 214,901 90.6 % 214,901 226,212
Other Htg Accessories 3,549 3 51 % 12,112 36,340
Heating Subtotal 3,549 214,901 3 95.7 % 227,013 262,551
Primary cooling
Cooling Compressor 00 % 0 0
Tower/Cond Fans 0.0 % 0 0
Condenser Pump 0.0 % 0 0
Other Clg Accessories 0.0 % 0 0
Cooling Subtotal.... 0.0 % 0 o
Auxiliary
Supply Fans 2,992 43 % 10,212 30,638
Pumps 0.0 % 0 0
Stand-alone Base Utilities 0.0 % 0 0
Aux Subtotal.... 2,992 43 % 10,212 30,638
Lighting
Lighting 0.0 % 0 0
Receptacle
Receptacles 00 % 0 0
Cogeneration
Cogeneration 00 % 0 0
Totals
Totals** 6,541 214,901 3 100.0 % 237,225 293,190

* Note: Resource Utilization factors are included in the Total Source Energy value .
** Note: This report can display a maximum of 7 utilities. If additional utilities are used, they will be included in the total.

Project Name:

Dataset Name: ~ 1014_Duplicate_updated.trc

TRACE® 700 v6.3.3 calculated at 08:57 AM on 04/09/2019
Alternative - 1 Energy Consumption Summary report page 1
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MONTHLY ENERGY CONSUMPTION
By ACADEMIC

------- Monthly Energy Consumption -------

Utility Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Total
Alternative: 1 Field House
Electric
On-Pk Cons. (kWh) 868 853 846 458 173 379 545 418 171 198 779 852 6,541
On-Pk Demand (kW) 1 1 1 1 2 2 2 2 2 1 1 1 2
Qil
Cons. (therms) 395 446 368 163 51 0 0 0 0 62 288 376 2,149
Water
Cons. (1000gal) 1 0 1 0 0 0 0 0 0 0 1 1 3

Energy Consumption Environmental Impact Analysis

Building 34,984 Btu/(ft2-year) c02 7,843 Ibm/year
Source 43,237 Btu/(ft2-year) S02 25 gmlyear

NOX 7 gmlyear
Floor Area 6,781 ft2

Project Name: TRACE® 700 v6.3.3 calculated at 08:57 AM on 04/09/2019
Dataset Name: 1014_Duplicate_updated.trc Alternative - 1 Monthly Energy Consumption report Page 1 of 1



BUILDING COOL HEAT DEMAND

By ACADEMIC
January Typical Weather (°F) Design Weekday Saturday Sunday Monday
Hour OADB OAWB Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons)
1 233 211 -66,471 0.0 -57,286 0.0 -53,819 0.0 -53,560 0.0 -54,305 0.0
2 224 202 -63,151 0.0 -57,147 0.0 -55,551 0.0 -55,385 0.0 -55,988 0.0
3 221 20.0 -63,163 0.0 -57,877 0.0 -56,533 0.0 -56,447 0.0 -57,011 0.0
4 223 20.2 -63,697 0.0 -58,477 0.0 -57,226 0.0 -57;133 0.0 -57,742 0.0
5 23.0 20.7 -64,012 0.0 -58,826 0.0 -57,682 0.0 -57,593 0.0 -58,222 0.0
6 241 22.0 -64,004 0.0 -58,644 0.0 -57,477 0.0 -57,396 0.0 -58,038 0.0
7 255 23.4 -63,653 0.0 -57,842 0.0 -56,803 0.0 -56,730, 0.0 -57,382 0.0
8 27.2 251 -62,295 0.0 -56,822 0.0 -56,024 0.0 -55,957. 0.0 -56,382 0.0
9 29.1 26.9 -55,540 0.0 -51,977 0.0 -51,381 0.0 -51,283 0.0 -51,328 0.0
10 31.0 285 -38,749 0.0 -43,427 0.0 -42,754 0.0 -42,689 0.0 -42,990 0.0
" 32.9 30.0 -19,035 0.0 -34,609 0.0 -33,841 0.0 -33,796 0.0 -34,308 0.0
12 34.6 31.3 0 0.0 -29,663 0.0 -28,522 0.0 -28,480 0.0 -29,381 0.0
13 36.0 321 0 0.0 -26,550 0.0 -25,344 0.0 -25,300 0.0 -26,254 0.0
14 37.1 327 0 0.0 -23,795 0.0 -22,426 0.0 -22,377 0.0 -23,503 0.0
15 37.8 33.1 0 0.0 -23,451 0.0 -22,159 0.0 -22,116 0.0 -23,155 0.0
16 38.1 33.1 0 0.0 -24,925 0.0 -24,229 0.0 -24,194 0.0 -24,643 0.0
17 37.7 33.2 0 0.0 -30,751 0.0 -29,794 0.0 -29,758 0.0 -30,485 0.0
18 36.8 32.9 -23,742 0.0 -37,050 0.0 -36,094 0.0 -36,063 0.0 -36,831 0.0
19 35.3 31.9 -43,406 0.0 -41,876 0.0 -40,754 0.0 -40,720 0.0 -41,637 0.0
20 334 30.4 -48,581 0.0 -43,324 0.0 -42,217 0.0 -42,185 0.0 -43,095 0.0
21 31.2 28.3 -51,833 0.0 -45,519 0.0 -44,425 0.0 -44,396 0.0 -45,308 0.0
22 289 26.3 -54,439 0.0 -47,978 0.0 -46,902 0.0 -46,874 0.0 -47,785 0.0
23 26.7 24.2 -55,869 0.0 -50,603 0.0 -49,543 0.0 -49,519 0.0 -50,427 0.0
24 24.8 225 -57,284 0.0 -53,050 0.0 -52,007 0.0 -51,984 0.0 -52,892 0.0
February Typical Weather (°F) Design Weekday Saturday Sunday Monday
Hour OADB OAWB Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons)
1 15.6 13.2 -65,771 0.0 -67,106 0.0 -64,504 0.0 -64,294 0.0 -64,714 0.0
2 141 1.9 -69,019 0.0 -66,968 0.0 -65,488 0.0 -65,377 0.0 -65,897 0.0
3 13.1 10.9 -70,771 0.0 -67,379 0.0 -66,224 0.0 -66,145 0.0 -66,697 0.0
4 12.8 10.7 -72,040 0.0 -67,947 0.0 -66,907 0.0 -66,842 0.0 -67,408 0.0
5 13.1 1.2 -72,870 0.0 -68,804 0.0 -67,819 0.0 -67,761 0.0 -68,337 0.0
6 14.1 12.2 -73,194 0.0 -68,585 0.0 -67,644 0.0 -67,593 0.0 -68,176 0.0
7 15.6 13.8 -72,980 0.0 -67,854 0.0 -66,954 0.0 -66,909 0.0 -67,498 0.0
8 17.6 15.9 -68,765 0.0 -65,660 0.0 -65,028 0.0 -64,988 0.0 -65,356 0.0
9 19.9 18.1 -60,268 0.0 -61,431 0.0 -61,222 0.0 -61,189 0.0 -61,185 0.0
10 224 204 -43,591 0.0 -55,624 0.0 -55,023 0.0 -54,974 0.0 -55,272 0.0
" 249 221 -28,497 0.0 -46,644 0.0 -45,949 0.0 -45,918 0.0 -46,399 0.0
12 272 23.8 -14,098 0.0 -42,107 0.0 -40,847 0.0 -40,821 0.0 -41,649 0.0
13 29.2 25.6 0 0.0 -39,647 0.0 -40,409 0.0 -40,390 0.0 -41,367 0.0
14 30.7 26.8 0 0.0 -38,001 0.0 -37,191 0.0 -37,173 0.0 -38,143 0.0
15 31.7 274 0 0.0 -36,781 0.0 -35,770 0.0 -35,753 0.0 -36,727 0.0
16 32.0 27.7 0 0.0 -36,780 0.0 -36,172 0.0 -36,157 0.0 -36,708 0.0
17 31.7 27.3 -9,710 0.0 -40,370 0.0 -39,677 0.0 -39,564 0.0 -40,304 0.0
18 30.7 26.7 -39,711 0.0 -46,267 0.0 -45,479 0.0 -45,465 0.0 -46,200 0.0
19 29.2 25.8 -51,606 0.0 -52,397 0.0 -51,471 0.0 -51,458 0.0 -52,339 0.0
20 27.2 241 -57,930 0.0 -56,257 0.0 -55,713 0.0 -55,706 0.0 -56,225 0.0
21 24.9 220 -60,933 0.0 -58,022 0.0 -57,371 0.0 -57,363 0.0 -57,986 0.0
22 224 19.6 -63,428 0.0 -59,788 0.0 -59,137 0.0 -59,130 0.0 -59,754 0.0
23 19.9 17.3 -65,526 0.0 -60,963 0.0 -60,326 0.0 -60,320 0.0 -60,933 0.0
24 17.6 15.1 -67,255 0.0 -63,220 0.0 -62,586 0.0 -62,580 0.0 -63,192 0.0
Project Name: TRACE® 700 v6.3.3 calculated at 08:57 AM on 04/09/2019

Dataset Name:  1014_Duplicate_updated.trc Alternative - 1 System Load Profiles report Page 1 of 6



E.3 Geothermal + Deep

ENERGY CONSUMPTION SUMMARY

By ACADEMIC
Elect Oil Water % of Total Total Building Total Source
Cons. Cons. Cons. Building Energy Energy*
(kWh) (KBtu) (1000 gals) Energy (KBtulyr) (kBtulyr)
Alternative 1
Primary heating
Primary heating 181,734 89.2 % 181,734 191,2
Other Htg Accessories 3,189 3 53 % 10,886 32,6
Heating Subtotal 3,189 181,734 3 945 % 192,620 2239
Primary cooling
Cooling Compressor 0.0 % 0
Tower/Cond Fans 222 04 % 759 2,2
Condenser Pump 0.0 % 0
Other Clg Accessories 00 % 0
Cooling Subtotal.... 222 04 % 759 2,2
Auxiliary
Supply Fans 3,058 51 % 10,436 313
Pumps 0.0 % 0
Stand-alone Base Utilities 00 % 0
Aux Subtotal.... 3,058 51 % 10,436 313
Lighting
Lighting 00 % 0
Receptacle
Receptacles 00 % 0
Cogeneration
Cogeneration 0.0 % 0
Totals
Totals** 6,470 181,734 3 100.0 % 203,815 257,5

* Note: Resource Utilization factors are included in the Total Source Energy value .
** Note: This report can display a maximum of 7 utilities. If additional utilities are used, they will be included in the total.

Project Name:

Dataset Name: 1014_DUPLICATE.TRC

TRACE® 700 v6.3.3 calculated at 06:57 AM on 04/15/201
Alternative - 1 Energy Consumption Summary report page
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MONTHLY ENERGY CONSUMPTION
By ACADEMIC

------- Monthly Energy Consumption -------

Utility Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Total
Alternative: 1 Field House
Electric
On-Pk Cons. (kWh) 837, 818 815, 381 135 468 638 493 210 185 663 827 6,470
On-Pk Demand (kW) 1 1 1 2 1 2 2 2 2 1 1 1 2
Oil
Cons. (therms) 339 380 315 124 37 0 0 0 0 52 243 326 1,817
Water
Cons. (1000gal) 0 0 0 0 0 0 0 0 0 0 0 0 3
Energy Consumption Environmental Impact Analysis.
Building 30,057 Btu/(ft2-year) c02 7,757 Ibm/year
Source 37,981 Btu/(ft2-year) S02 24 gmlyear
NOX 7 gmlyear
Floor Area 6,781 ft2

Project Name:
Dataset Name: 1014_DUPLICATE.TRC

TRACE® 700 v6.3.3 calculated at 06:57 AM on 04/15/2019

Alternative - 1 Monthly Energy Consumption report Page 1 of 1



BUILDING COOL HEAT DEMAND

By ACADEMIC
January Typical Weather (°F) Design Weekday Saturday Sunday Monday
Hour OADB OAWB Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons)
1 233 211 -57,816 0.0 -50,042 0.0 -47,390 0.0 -47,262 0.0 -47,981 0.0
2 224 202 -51,257 0.0 -50,337 0.0 -48,937 0.0 -48,857 0.0 -49,620 0.0
3 221 20.0 -51,434 0.0 -51,423 0.0 -50,184 0.0 -50,109 0.0 -50,875 0.0
4 223 20.2 -52,250 0.0 -52,094 0.0 -50,904 0.0 -50,837 0.0 -51,608 0.0
5 23.0 20.7 -52,629 0.0 -52,339 0.0 -51,193 0.0 -51,133 0.0 -51,910 0.0
6 241 22.0 -52,624 0.0 -51,873 0.0 -50,766 0.0 -50,712 0.0 -51,495 0.0
7 255 23.4 -52,115 0.0 -50,934 0.0 -49,864 0.0 -49,816, 0.0 -50,604 0.0
8 27.2 251 -50,548 0.0 -49,463 0.0 -48,810 0.0 -48,768 0.0 -49,176 0.0
9 29.1 26.9 40,224 0.0 -43,770 0.0 -43,708 0.0 -43,670 0.0 -43,515 0.0
10 31.0 285 -25,927 0.0 -36,759 0.0 -36,329 0.0 -36,295 0.0 -36,564 0.0
" 32.9 30.0 0 0.0 -27,657 0.0 -27,051 0.0 -27,020 0.0 -27,476 0.0
12 34.6 31.3 0 0.0 -22,391 0.0 -21,480 0.0 -21,460 0.0 -22,256 0.0
13 36.0 321 0 0.0 -19,514 0.0 -18,542 0.0 -18,526 0.0 -19,406 0.0
14 37.1 327 0 0.0 -17,269 0.0 -16,156 0.0 -16,147 0.0 -17,156 0.0
15 37.8 33.1 0 0.0 -17,520 0.0 -16,575 0.0 -16,568 0.0 -17,444 0.0
16 38.1 33.1 0 0.0 -19,426 0.0 -19,057 0.0 -19,053 0.0 -19,371 0.0
17 37.7 33.2 0 0.0 -25,386 0.0 -24,714 0.0 -24,708 0.0 -25,331 0.0
18 36.8 32.9 0 0.0 -31,797 0.0 -31,086 0.0 -31,079 0.0 -31,740 0.0
19 35.3 31.9 0 0.0 -37,469 0.0 -36,583 0.0 -36,574 0.0 -37,410 0.0
20 334 30.4 -35,531 0.0 -39,668 0.0 -38,688 0.0 -38,677 0.0 -39,605 0.0
21 31.2 28.3 -41,105 0.0 -38,830 0.0 -40,528 0.0 -40,517 0.0 -38,759 0.0
22 289 26.3 -43,008 0.0 -43,370 0.0 -40,052 0.0 -40,045 0.0 -43,320 0.0
23 26.7 24.2 -44,819 0.0 -44,383 0.0 -43,609 0.0 -43,603 0.0 -44,334 0.0
24 24.8 225 -46,334 0.0 -46,458 0.0 -45,621 0.0 -45,615 0.0 -46,414 0.0
February Typical Weather (°F) Design Weekday Saturday Sunday Monday
Hour OADB OAWB Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons)
1 15.6 13.2 -58,195 0.0 -59,281 0.0 -57,610 0.0 -57,482 0.0 -57,950 0.0
2 141 1.9 -59,404 0.0 -59,982 0.0 -58,823 0.0 -58,742 0.0 -59,285 0.0
3 13.1 10.9 -60,433 0.0 -60,847 0.0 -59,824 0.0 -59,755 0.0 -60,320 0.0
4 12.8 10.7 -61,341 0.0 -61,582 0.0 -60,621 0.0 -60,560 0.0 -61,137 0.0
5 13.1 1.2 -61,946 0.0 -62,249 0.0 -61,328 0.0 -61,274 0.0 -61,859 0.0
6 14.1 12.2 -62,146 0.0 -62,140 0.0 -61,252 0.0 -61,203 0.0 -61,795 0.0
7 15.6 13.8 -61,900 0.0 -61,558 0.0 -60,701 0.0 -60,658 0.0 -61,256 0.0
8 17.6 15.9 -57,581 0.0 -58,967 0.0 -58,374 0.0 -58,335 0.0 -58,703 0.0
9 19.9 18.1 -44,545 0.0 -52,854 0.0 -52,569 0.0 -52,516 0.0 -52,491 0.0
10 224 204 -28,378 0.0 -43,419 0.0 -42,952 0.0 -42,917 0.0 -43,189 0.0
" 249 221 0 0.0 -36,960 0.0 -36,365 0.0 -36,341 0.0 -36,795 0.0
12 272 23.8 0 0.0 -32,831 0.0 -31,909 0.0 -31,888 0.0 -32,689 0.0
13 29.2 25.6 0 0.0 -29,892 0.0 -28,951 0.0 -28,934 0.0 -29,778 0.0
14 30.7 26.8 0 0.0 -27,978 0.0 -27,044 0.0 -27,031 0.0 -27,885 0.0
15 31.7 274 0 0.0 -27,064 0.0 -26,137 0.0 -26,127 0.0 -26,985 0.0
16 32.0 27.7 0 0.0 -27,198 0.0 -26,672 0.0 -26,663 0.0 -27,130 0.0
17 31.7 27.3 0 0.0 -30,672 0.0 -29,966 0.0 -29,958 0.0 -30,615 0.0
18 30.7 26.7 0 0.0 -37,860 0.0 -37,141 0.0 -37,134 0.0 -37,806 0.0
19 29.2 25.8 -29,526 0.0 -43,792 0.0 -42,924 0.0 -42,915 0.0 -43,730 0.0
20 27.2 241 -47,205 0.0 -48,033 0.0 -47,166 0.0 -47,158 0.0 -47,978 0.0
21 24.9 220 -51,347 0.0 -50,086 0.0 -49,217 0.0 -49,209 0.0 -50,032 0.0
22 224 19.6 -53,819 0.0 -52,060 0.0 -51,196 0.0 -51,189 0.0 -52,01 0.0
23 19.9 17.3 -55,983 0.0 -53,836 0.0 -52,977 0.0 -52,970 0.0 -563,792 0.0
24 17.6 15.1 -57,214 0.0 -56,543 0.0 -55,745 0.0 -55,739 0.0 -56,518 0.0

Project Name:
Dataset Name:

1014_DUPLICATE.TRC

TRACE® 700 v6.3.3 calculated at 06:57 AM on 04/15/2019
Alternative - 1 System Load Profiles report Page 1 of 6



Appendix F

Geothermal System Review Spreadsheet
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Location
Orientation

Thermal Conductivity

Working Fluid (GHX)

Mass Flow of working fluid GHX
Borehole Diameter

Number of Boreholes.

Notes on # borefholes
Working fluid in HP
Borehole Spacing
Diameter of HDPE

Number of Heat Pumps
Depth of Boreholes (1)

Skidmore

Saratoga Springs, NY
Vertical
2.3 Buihr-t-F

Currently 231 - after 2017 - 471 total

400

Notes on depth between 400-500
Soil Type moist coarse sand and fine grain clay
Rock Type dolomite
40% of total heating and air-conditioning (58% when fully engaged),
% total provided by of colleges neec
COP for Heating
COP for Cooling
Cost

Notes on cost
Average Subsurface temp
Miles of piping

Heating/Cooling Load
Grout Used! Thermal conductivity
Tools used for driling

‘Surface area for boreholes

Company used

Faculty

Current/Previous Infrastructure

Configuration
Building Square footage (gs)
Notes on square footage
Scale of GSHP system

$ Costiwell

Notes on costiwell

Wells/1000 gsf
$ Cost/1000 gsf

Decentralized; Each area has a GHX with its own HP
distributed to multiple buildings

o

SSkiwell is ule of thumb, most of that cost is o set up rigging,
makes phased approach more expensive, there are several
ood papers on this, Stanford has a decent model

#DIVIO!
#0IVI0!

_ Richard Stockton

Muncie, Indiana
Vertical

Princeton, New Jersey
Vertical

water

45in.
3600 200

36004100
Refrigerant 134a

15 ft apart

1-1/4 inch

4 Heat Pump Chillers (2500 tons.
each)

400
4001500 ft

38

70000000

1000 mi

Mud rotary

Avchitects - Studio Ma, Developer -
American Campus Communities,
MEP Associates Engineering - Dagher Engineering
Jim Lowe (765) 285-2805
ilowe@bsu.edu
Electricity - (1)15 MW Gas Turbine
Generator as cogen (certfied to run on
biodiesel):
Heat plant, 4 coal fired boilers, 3 Steam Generation — (1) Heat Recovery
natural gas fired boilers - chiled  Boler — (2)Auxiliary Bollers;
water plant, 5 electrical centrifugal Chiled Water Production - (3) Steam-
chillers, replace coal boilers with  Driven Chillers  (5) Electric Chillers
vermal - (1) Thermal Storage Tank:

3 GHX flelds as energy hubs
feeding centralized hot and chiled
water to buidings .
382,000

(also see 323,000)
19444.44444 0
#DIV/O! 05235602094
#DIVI0! 0

Dunbar High School

Atlantic County, New Jersey washington DC
Vertical Vertical
1.5 BUulhr-F-1t
water 35% Propylene glycol
‘water, 4000 gallons/minute
4in. 5560
400 362
atleast 151t Roughly 20 ft
1 %inch 1.25 in HDPE
119 roof mounted HPs on
buildings.
425

aquifer, confining bed Grey Clay, Blue clay

34

4,004,504 127,906,735
59F

64mi 68 mi

5.91 MW; cooling: 106 feetton

bentonite Thermal Bentonite 1.2 BTUIhr-F-1t
Mud rotary then air rotary after 147 ft
4acres 85acres

DGS construction;

482 kW photovoltaic array; two 20,000-gallon
5 per kWh

cisters; $0.085 per

One bore field under 4 acre
parking lot. Likely Centralized.
Reverse Return - Twenty wells are
fed from one 4-inch diameter
lateral in a ‘reverse return’
configuration o equalize the

(and pr unclear
flow) through each of the 20 wells.  pumps
350,000 280,000
(o 400,000) out of 440,000 SF

10011485 $353,334

1.142857143
1144169714

1.202857143
456,810

‘Their cooling load much higher 2,837,907 kBtu

GHX in one bore field under athletic ield -
bout heat

Oberlin College

Ohio

water + glycol

2
18

500 300

15500000

8611111111

#DIV/O!
#DIVI0!

University of Techn

Oshawa, Ontario, Canada
Vertical

Michigan

glycol solution

700

impermeable limestone at 50 - 200 m

cooling: 7,000 kW.

7,000 m2 = 1.7 acres

Ken Bright

Centralized system; Hydronic

#DIVI0!
#DIVI0!

#DIVI0!
#DIVI0!

50% Purchased Electricity, 9,417
MTCDE, 40% On Campus.
stationary sources, 7,502
MTCDE, plan to convert main
steam plant to a biomass
cogeneration facilty by 2020

#DIVI0!

#DIVI0!
#DIVI0!



Location
Orientation

Thermal Conductivity

Working Fluid (GHX)

Mass Flow of working fluid GHX
Borehole Diameter

Number of Boreholes

Notes on # borefoles
Working flid in HP
Borefole Spacing
Diameter of HDPE

Number of Heat Pumps
Depth of Boreholes (f)
Notes on depth

Soil Type

Rock Type

% total heating/cooling provided by geothe

COP for Heating
COP for Cooling
Cost

Notes on cost
Average Subsurface temp
Miles of piping

Heating/Cooling Load

Grout Used! Thermal conductivity

Tools used for diling
Surface area for boreholes

Company used

Faculty

Current/Previous Infrastructure

Configuration
Building Square footage (gsf)
Notes on square footage
Scale of GSHP system

§ Costiwell

Notes on costiwelt:

Wells/1000 gsf
$ Cost/1000 gsf

University of Sherbrooke

15,000 Gallons Propylene Glycol
15,000 gallons

57 789
520 400
520-530 400440
32000000
24FI50F
Engineeri

McClure Engineering & CM
ing

259% electricity from Hydro-Québec
and 75% from free underground
thermal energy

3 "geothermal plants and a satellite
geothermal system” (three halls and
rec center), they
as chilers with backup gas fi
bolers, and these plants

Oxford, Ohio Minnesota
Pond loop. V.H
water

315

315 bores located under a pond loop
field with 113 100ps

600

23000000

56-60 deg F

1,000 tons of cooling, but can be
expanded in the future to 2,500 tons

MEP associates; Grote Enterprises
provided the HVAC and plumbing
coordination, BIM models and

nected in some way to neighboring East quad and west quad have their

con
Decentralized heating plant (not GHX) buildings

1000000

0 4055766793
#DIVI0! 0789
#DIVI0! 32000

installation documents MEP Associates
12 MW power plant, co-gen with

steam distribution, their cost of

electricity is really inexpensive

($0.04/kWh)

independent GHX field

7301587302 #DIVI0!

#DIVI0! #DIVI0!

#DIVI0! #DIVI0!

#DIVI0!

#DIVI0!
#DIVI0!

#DIVI0!

#DIVIO!
#DIVIO!

Western New
England
Westfield University Hamilton College Notre Dame  University inia

Notre Dame,

Indiana Springield, MA

vertical

water

1303

153in field 1,

500 in field 2,

650 in feld 3

300

40000000 900000
cost estimate is
for GHX system
for Southwood
Hall

50-55 degF

3 GHX systems,
connections are

300 ton GHX in_system that is
field1 and 1000 56,000 gsf with

tons in fie an adjacent

and 1350 tons  athletic

infieid 3 fieldiparking lots
Harry Grodsky

and Co (Local
firm)

south campus
(field 1) and

central campus
(field 2) and the

central campus
(field 3) have.
independent
IX flelds,
central campus
the north

planned hot
water heating
distribution

3069838833 average = 3474557175

#DIVI0! #OIVI0!
#DIVI0! #OIVI0!



Life Cycle Cost Spreadsheet

Appendix G

SI IP
Gross Area 2066.8488 m’ 6781 ft’
Roof Area 173.9144909 m’ 1872 ft*
Roof length m 52 ft
Wall length m 92.125 ft
Wall width m 36.83 ft
Wall height 8 ft
Total Wall Cavity 4126.56 ft*
Raw oil data 1979.5 gallon
Type 2 oil heating value 139400 btu/gallon
Current oil consumption 80870.7 kwh/yr 275942.3 kbtu/yr
Cost per gallon of oil 2.75 $/gallon
#twindows on the first floor 34

Cost of electricity 0.155 S/kwh

Cost per well 46000 S

Cost per window 1500 S

Cost for sealing (total) 1440 S 3 people, 2 full days, $ 30/
Costs for insulation 4.55|S/ft2

interest for electricity 0.01

interest for oil 0.04

interest for federal fund 0.025

Total Pump 6401.026718 W
1.32732E+11 )
36869.91389 kWh

Total Pump 5343.360051 W
1.108E+11 J
30777.75389 kWh

Total Pump 4834.360051 W
1.00245E+11 )
27845.91389 kWh
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|Current |Geotherma| |Geothermal + Medium |Geotherma| + Deep
Capital Cost
Installation $138,000.00 $138,000.00 $92,000.00
Retrofit $68,035.20 $88,251.05
window replacement $51,000.00 $51,000.00
attic insulation/sealing $17,035.20 $17,035.20
envelope insulation / $18,775.85
envelope sealing / $1,440.00
Total Capital Cost $0.00| $138,000.00 $206,035.20 $180,251.05
Annual Cost

Oil Purchase $5,443.63 e
Electricity Purchase S5,714.84 $4,770.55 $4,316.12
Total Annual Cost S5,443.63 $5,714.84 $4,770.55 $4,316.12

Present Worth at Year 0
Capital Cost - > Present Worth $0.00| $138,000.00 $206,035.20 $180,251.05
Annual Cost -> Present Worth $94,131.16| $147,486.79 $123,116.97 $111,389.04
Discount Rate for Annual 4.00% 1.00% 1.00% 1.00%
Present Worth Factor for Annual 17.29 25.81 25.81 25.81
Total Present Worth $94,131.16 $285,486.79 $329,152.17 $291,640.09
S.F. Cost $13.88 $42.10 $48.54 $43.01
Future Worth at Year 30

Capital Cost -> Future Worth $0.00 $289,464.33 $432,172.76 $378,088.75
Discount Rate for Capital 2.50% 2.50% 2.50% 2.50%
Future Worth Factor for Capital 2.10 2.10 2.10 2.10
Annual Cost -> Future Worth $305,305.16 $198,815.74 $165,964.64 $150,155.11
Discount Rate for Annual 4.00% 1.00% 1.00% 1.00%
Future Worth Factor for Annual 56.08 34.78 34.78 34.78
Total Future Worth $305,305.16 $488,282.19 $598,139.51 $528,245.99
S.F. Cost $45.02 $72.01 $88.21 $77.90




Appendix H

Scanned Notes
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H.1 Field House Field Investigation Notes
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H.2 Building Insulation Cost Estimation
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Appendix I

PV System Design Report

This Appendix presents a design process and framework that could be applied to size a PV array
at the Field House. The GSHP design has been updated in this thesis. However, the PV sizing is
applicable for this work.
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Lily Li
EGR 388-Assignment 2
11/13/2017
Prof. Denise McKahn
PV System Design Report for Field House
Summary

This report details the design of a grid-tied PV system, coupled with a geothermal ground source heat pump
for the field house. The main components of this PV system include 72 PV modules and a grid-tied inverter.
Initial cost of the system is $30,778.41 and total life cycle cost is $45,422.06, with a life cycle of 30 years.

The motivation and background of the project is summarized in Introduction. Design Criteria describes the
specific design requirements that need to be met during the design. Major equations used for the design, load
analysis and component sizing are elaborated in Design Process. A list and detailed descriptions of all system
components are included in Component Specification and life cycle cost analysis is estimated in the
corresponding section.

Introduction

In response to the Smith College Sustainability and Climate Action Plan to reduce carbon emission by
2030, a pilot project to examine the feasibility of transforming to geothermal energy for heating is launched at
the field house. A single borehole, geothermal ground source heat pump will be installed for heating the field
house and a grid-tied PV system is coupled to the heat pump for electricity supply.

This PV system is grid-tied, in order to best resemble the current and future buildings on Smith campus, as
most of the buildings on campus is connected to the grid. Field house is an ideal location for a pilot project,
because of its small scale, 4000 square feet in footprint, which lowers the price of both the geothermal and the
PV system, and the limited amount of human activities happening inside of it, making the heating and electricity
load easier to estimate (i.e. less incidental fluctuation) using Etta’s building energy model from 2009.

Overall, the field house stands in plain sight, without much shading. Although there is a tree on the south
side of the field house that sometimes shades the target roof by a small amount, shading is not taken into
consideration during the design process.

Design Criteria

This section elaborates the design requirements and constraints that must be considered in the design of an
adequate system. Overall, these important criteria are 1) the total electricity load for the PV system; 2) the
availability of solar insolation for the PV modules; 3) the physical space of the roof that the modules will be
mounted on; and 4) economic considerations, for instance, reasonable maintenance fee.

The primary goal of the design is to make sure electricity generated by the PV modules adequately covers
the total load required by the geothermal system. To estimate the total load, the coupled system configuration
must be understood. A diagram of the geothermal heating system is shown in Figure 1. An entire geothermal
heating system consists of a water loop geothermal borehole, a heat pump and a water loop heat distribution.
Therefore, the total load for the PV system is the combined electricity inputs:

Wiotat = Wi+ W2+ W; Eqn. 1
in which, W, and W, are the electricity inputs for water pumps and W3 is the electricity input for a turbine.
Detailed assumptions made to estimate the load will be discussed in Design Process. Final total load is estimated
to be 34.5 kWh/day.

The number of PV modules needed for the PV system depends on the annual availability of solar insolation.
Based on previous calculations (Appendix A, Table 1.), an annual solar insolation of 1571 kWh/m?*yr is
available to Northampton and is used as the available annual solar insolation on the roof of the field house. An
annual average daily solar insolation is calculated by dividing 1571 kWh/m?*yr with 365 days/year, which



equals 4.3 kWh/m**day. Therefore, the peak sun hours, which is the number of hours per day for which an
equivalent of 1 kW/m2 is generated by the modules, equals 4.3 hours/day. The sun hour is crucial to the
calculation for PV system output current, which will also be discussed in detail in Design Process. A total of 72
modules, 24 in series for 3 parallel strings, is the final configuration that harness the most of the available solar
energy to power the load of 34.5 kWh/day.

Field House

Q

Ww.1
<:: Water Loop

Heat Distribution System

<: Heat Pump

Exchange
w3 Water Loop
Pump <: Geothermal
I Borehole
Ground

Figure 1. System Diagram for the Geothermal Heating System
The physical space available for the PV modules is the south side of the roof of the field house. The total
area is calculated by estimating distance on Google Map and trignometry. The side of the roof is shown in Figure
2. Trignometry is used, demonstrated in Figure 3, assuming the angle o = 40°, that gives the width, b =21 ft.
Measured with Google Map, the length / = 90 ft, which gives a total availabe area 4 = 1890 ft>.

a=16ft

Figure 2. Side Shot of the Roof of Field House Figure 3. Estimation of the width using Trigonometry



And since the optimal tilt angle 8 = 41.4° (see Appendix A, Table 1.), is almost the same as the roof angle
o = 40°, and to save the cost for adjustable mounting brackets, the modules will be directly mounted to the roof.
Based on calculation, 72 PV modules, 24 in series for 3 parallel strings, is the best configuration. The dimensions
of a single panel is 3.9ft by 1.8ft (See specification for Panel RNG-100D in Appendix B). Therefore, the space
on the roof is more than sufficient for such a system configuration, with 72 panels adding up to only 1/3 of the
surface area, leaving the rest for separation space between the panels.

The entire system consists of PV modules, a inverter and wires, of which the inverter will be replaced once
at the 20™ year and the modules be cleaned every two weeks in the winter season (from November to March)
for snow. The cost for the listed two items above is $15000, and is approximately 33% of the total life cycle
cost. This is a reasonable amount that makes the design economically justifiable.

Design Process
Load analysis

As analyzed in Design Criteria (Eqn 1.), the total load is the sum of the electricity inputs in a geothermal

heating system, written as Wil = W1 + W2 + W3, The following assumptions are made for load calculation:

1. Due to a lack of information on an actual geothermal heat distribution pump, a Taco pump, specific
model unknown, that’s used in a residential house (Professor McKahn’s house) is used to estimate W.
A power of 93 W is used as the power per pump. There is a total of 4 pumps for the heat distribution
system. Therefore a total of 93 W *4 =372 W is the power of this sub-system.

2. For estimation of W», these assumptions are made:

a) Field house has load bearing masonry exterior walls, concrete substructure and wood
superstructure. A wall R-value of 5.5 is used based on Etta Grover-Silva’s building model, 2009.

b) The roof of the field house is asphalt shingles and ceiling is exposed wood, with double wood
windows. Based on Etta’s model, an attic R-value of 44.5 is used.

c) Three different gross area are given from different sources: 6910 ft?, 8133 ft> and 9758 ft*. In this
design, the biggest gross area, A = 9758 ft* is used, which means W, is likely to be an
overestimation.

d) The field house will undergo a retrofit before it is installed with the new system. To find a heat
load estimate per square feet, the degree to which this retrofit will go is assumed to be sealing +
attic + walls. This gives a heating rate of 30631.15 BTU/ft**yr, based on Etta’s model and 2a)
and 2b).

e) COP is 3 for the turbine.

3. Also due to a lack of information, the geothermal pump is assumed to be 10 times more powerful than
the distribution pump, out of the consideration that a much larger amount of work is required to pump
water down to 400-500 ft and back up, in a borehole water loop. Therefore, power for one single pump
is93 W *10=930 W.

4. Overall, based on operating information from Professor McKahn’s residential pump, a total of 1/3 of
a day, 8 hours, is assumed as the operating duration per day for all three parts of the geothermal system.
However, for convenience, the unit will still be “per day”.

Detailed calculation is attached in Appendix C. The final load analysis result is shown in Table 1.

Table 1. Load Analysis Results.

Distribution Load (kWh/day) Heat Pump Load (kWh/day) Geothermal Load (kWh/day) Total Load (kWh/day)
29783808 24.0568511 7.445952 34.4811839
Inverter Selection

Because the load is in AC and the output of the PV module is in DC, an inverter is required in between to
convert the voltage signal. A model, Xantrex GT5.0-NA-240/208 UL-05, is selected with the following



specification summary in Table 2 (Detailed specs see Appendix D). This model has a large maximum voltage
and current input, to lower the numbers of PV modules needed.

Table 2. Specs Summary of Inverter

Model Inverter Vmax (V) Inverter Imax (A) Inverter Efficiency (%)
Xantrex GT5.0-NA-240/208 UL-05 550 VDC 22 ADC 95.9

PV Modules Configuration

Two criteria are considered when choosing a PV module: efficiency and cost. This design leaned to favor
cost than efficiency and used the RNG-100D model, a 100W Monocrystalline Solar Panel, with an efficiency
of only 15.47% (See specification for Panel RNG-100D in Appendix B). To find the best configuration of
modules, system voltage and current must be determined. Equation 2 relates sun hours, system voltage and
inverter efficiency and total load:

_ AC Load
Vpc,sysxDerate FactorXnNinyerterXpeak sun hours

Eqn. 2

1 sys

in which AC Load = 34.5 kWh/day, Derate Factor = 0.9, Ninperter = 95.9% and peak sun hours = 4.3 hrs/day.
System voltage is varied from 0 V to maximum voltage input Vmax of the inverter to find a good
configuration of panels that satisfies the condition that 1) I * # Parallel < Imax and 2) V. * # Series < Viay,
in which # Parallel = Isys/Imp, # Series = Vgy/Vimp. A summary of the PV module specifications and sizing
result is shown in Table 3.

Table 3. Summary of PV Specification and Configuration Calculation

Annual Solar Insolation (kWh/m?*yr) Sun hours (hrs/day)
1570.966791 4.304018604
Imp (A) Vinp (V) Isc (A) Voc (V)
529 189 5.75 225
lsystem (A) Vystem (V) Theoretical Pyystem (W) Real Pyystem (W)
20.17850936 460 9282.114305 100W * 72 Panels =
7200
# of Panels in parallel # of Panels in series # of Panels Total
3 24 72
Check:
I * # Parallel < Imax Vo * # Series < Vmax
17.25 540

And since the number of panels must be an integer, both cells, “# of Panels in Parallel” and “# of Panels
in Series” have displayed a rounded down result. Therefore, the real power output of the PV modules is 7200
W rather than 9282 W. Notice that this configuration has passed both current and voltage checks. A detailed
wiring diagram will be shown in Component Specification.

Sizing of the Wires

Assuming the connection between each panel in series is 1 ft and that between each string in parallel is 3
ft, 32 ft for one-way connection between PV module and the indoor inverter and another 32 ft for one-way
connection between the inverter and the AC load gives a total length of 209 ft. Applied with a factor of safety
of 2, the total wire length is 418 ft.

System current is estimated by multiplying the Isys with a general factor of safety of 1.25 and with another
1.25 to account for cloud focusing or reflection, to be 31.5 A. The 8 AWG wire is selected, with an ampacity of
40 A and a total of 488 ft, satisfying all requirements listed above.

Component Specification



The entire system has 72 PV modules, 1 grid-tied inverter and 418 ft long of 8 AWG wire. A summary of
component specifications is listed in Table 4. A proposed budget for the PV system is around $ 40,000-$50,000,
which is the average price for one geothermal borehole, based on the spreadsheet Rison Naness and I have

compiled during the Summer of 2017.

Table 4. Component Specifications for a Grid-Tied PV System for Field House

Component PV Module Inverter Wire
Manufacturer and P/N Renogy RNG-100D Xantrex GTS5.0-NA- | Type THHN/THWN-2
240/208 UL-05 building wire
Dimensions L:47.3 in L: 15.88 in Outside Diamiter = 0.212
W:21.3 in W:314in inches
H:14in H:5.39in Weight = 0.069 lbs/ft
Key Design Specs Pmax = 100 W Max Input Current = 22 | Max Voltage = 600 V
Vip =189V ADC
Imp=529A Max Input Voltage = 550
Voe =225V VDC
=575A
Nominal Voltage (V) 12 240 240
Quantity 72 1 418 ft
Warranty (years) 25 10 Assumed: 30
Unit Price $140 $3850.41 $ 0.36/ft
A complete wiring diagram is shown in Figure 4.
460 VDC, 20 ADC
S AWG 40 A 24 in series x 3 in parallel
+ + +
- o v v
Breaker Breaker Hodia Msbsle el
Y Y Py S By o e ¢
+ .
ac Acowey [P 65 More PV Modules
120 VAC
o - - |- |- |+
o it hosie

Figure 4. Wiring Diagram for a Grid-Tied PV System

Life Cycle Cost Analysis
The life cycle is assumed to be 30 years, and is justifiable because this is only 5 years more than the
warranty of PV module. The replacement cycle for inverter is assumed to be twice the time of the warranty, to



be 20 years. The wire is assumed to have a life of 30 years. Installation fee is $2.4/W with an extra $300 of
permitting fee. The discount rate is 6%. Salvage rate is assumed to be 20% of the original module cost. Annual
maintenance mostly includes removal of snow in the winter (5 month, from November to March), with 4 hours
of work every two weeks per month, at a rate of $25/hour.

Based on these assumptions, initial cost = $30820.89, total life cycle cost = $45,464.54. A detailed LCC is

attached in Appendix E.



Appendix A: Array Sizing Report from Assignment 1

Plane of Array Design for Field House
Introduction
In response to the Smith College Sustainability and Climate Action Plan to achieve carbon neutrality by 2030,
a geothermal energy based heating/cooling system will be installed, replacing the natural gas boilers. As a pilot
project, the smith college field house, 4000 square feet in footprint' with a stand-alone system, will be equipped
with a single borehole, geothermal heat exchanger to test how the system performs on a small scale. A PV
system is designed, utilizing solar energy to cover the electricity usage of the heat pump.
This report presents the parameter calculations and optimization for plane of array of the PV system using an
excel sheet model. Final results include ideal and actual monthly average insolation, comparisons of monthly
insolation on site between different tilt angles of the plane and an optimal tilt angle that yields a maximum
annual solar insolation.
The model utilizes the relationship between Hy and S described in the following equation:

= ﬁ(1 - %) R, + 1A, (71 * Cz"s(ﬁ)> + Hp, <71 - C;’b(ﬁ))

where Hy is monthly average daily total insolation on a tilted surface, H is horizontal monthly average daily
insolation, H, is the diffuse component of the horizontal monthly average daily insolation, R, is the direct
beam tilt factor, pg, is the ground reflectivity and f is the tilt angle.
Equations that describe the unknown variables above are listed below:

H, = (1.391 — 3.56K; + 4.189K2 — 2.137K2)xH for ws < 81.4°

H, = (1.311 — 3.022K; + 3.427K2 — 1.821K3)xH for ws > 81.4°
where ws is hour angle, Kr is the clearness index, Kr= H/H,

_ cos(p — B) cos(d) sin(w's) + %w’ssin((p — B)sin(98)
Rb =

cos(¢) cos(6) sin(ws) + ITW wssin(¢)sin(§)

where ¢ is the latitude of the site, § is the declination of the earth on a certain day.
Design Procedure

This model calculates and optimizes monthly average daily solar insolation Hy and the annual solar energy

received by the PV system on the field house roof for any plane with a tilt angle from 0 to 90 degrees. In the

excel, columns are designated for the variables mentioned above and rows are designated for the 12 months.

Monthly data are calculated for each of the variables by relating which using the equations listed above.

Some assumptions are made for this model:

1. Hy is the insolation of the most representative day of the month, and is assumed to be that of the midday
of a month (the 15th).

2. The monthly average solar insolation on a horizontal surface, H (kWh/m?*day), is obtained from the
NASA Atmospheric Science Data Center?, for Northampton (latitude = 42.3 deg, longitude= -72.6 deg),
based on which H; (kWh/m?*day) is calculated.

3. The surface reflectivity p, depends on ground conditions in Northampton which is assumed as: from
November to April the ground is covered by snow (0.75), from May to August is green grass (0.26),
September is dry grass (0.2) and October is dead leaves (0.3).

Results and Discussion

Performing an optimization using the Solver module in excel to maximize the annual solar energy production

1 Etta’s spreadsheet, 2009
2 |t is an average of 22 years’ monthly daily insolation, from 1983-2005.



at the field house, by altering the variable tilt angle S within the constraint 0° < <90 ° , yields a
maximum annual solar production =1570.966791 kWh/m**month at an optimal tilt angle of B =
41.43032396 ° . Corresponding monthly average daily solar insolation and total annual solar energy are listed

below:
Table 1. Ideal H; and maximum annual solar energy collected at Optimal /£ at Field House

Month Hy (kWh/m?*day) Tilt Angle B =

January 3.350021437 41.43032396 °
February 4.345347741

March 4.697309677 Annual Solar Production =
April 4.766856629 1570.966791 kWh/m?*yr
May 4.761721426

June 4.960265786

July 5.087690991

August 4914465915

September | 4.60334629

October 4.057430634

November 3.188133155

December 2.929392112

To visualize the change of monthly average daily insolation with the change of tilt angle, three angles, the angle
of the site roof, horizontal and optimal tilt, are selected and their corresponding solar insolation are calculated
using the model and graphed below. Estimated by eye, the rooftop of the field house is at an angle of

approximately 40 ° . Roof angle is very close to the optimal angle (41.4 ° ), therefore their insolation curves

almost overlap (yellow and black). The horizontal insolation curve, compared with a much bigger tilt angle
(both the roof and the optimal angle), is considerably steeper, starting at a lower value in the winter and rising
quickly to a higher value in the summer. This is explained by the fact that the sun is less normal to a horizontal
plane in the winter and more normal to it in the summer comparing with a tilted plane.
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Figure 1. Comparisons between Monthly Average Daily Solar Insolation at Different Angles

However, in reality, it is unlikely to achieve the entire amount of the calculated annual energy production, due

to system efficiency limits. To get a more realistic prediction, the three sets of insolation data from the above

comparison is multiplied with a 18% efficiency rate and with the area of the south side of the roof of the field

house, to get the actual monthly average daily and annual total energy production (listed below). The area is

estimated by walking stride length (1m/stride) and trigonometry, to be approximately 40m*10m = 400 m?. At

the bottom row, a rate of $0.2/kWh is multiplied with the annual energy production to get corresponding profits.
Table 2. Actual Monthly Average Daily and Annual Energy Production at Different Angles

Month Roof Tilt | Horizontal Optimal Tilt

(kWh/day) (kWh/day) (kWh/day)
January 7391.297736 | 3950.64 7477.247738
February | 8684.991176 | 5382.72 8760.22095
March 10445.84424 | 8079.84 10484.39515
April 10303.73724 | 9460.8 10296.41033
May 10708.10935 | 11427.84 10628.16233
June 10808.62635 | 12031.2 10714.17422
July 11450.98279 | 12543.84 11355.72642
August 11035.57994 | 11182.32 10969.08801
September | 9965.075098 | 8791.2 9943.228018
October 9018.11157 6405.84 9056.185127
November | 6816.815202 | 3952.8 6886.367524
December | 6459.355766 | 3348 6538.403091
Annual

113088.5265 | 96557.04 113109.6089
(kWh/yr)
Profit

22617.70529 | 19311.408 22621.92178
($/yr)

Conclusion

In summary, a model predicting annual solar energy production of PV system of the smith college field house
is established to facilitate the sizing of the plane of array. Calculations of ideal and realistic situations are
conducted and presented. For the next step, shading factors should be examined and included in the model.
Geothermal borehole sizing and modeling should also be conducted.



Appendix B: Specification for the PV Module

RNG-100D

100W Monocrystalline Solar Panel

Electrical Data

Mechanical Data

Maximum Power at STC* 100 W Solar Cell Type Monocrystalline (4.92 x 4 92 in)
Optimum Operating Voltage (V, ) 189V Number of Cells 36(4x0)
Optimum Operating Current (I} 5294 Dimensions 47 3 x 21.3 % 1.4in (1202 x 541 x 35mm)
Open Circuit Voltage (V) 225V Weight 16.51bs (7.5 ka)
Short Circuit Voltage (1) 575A Front Glass Tempered Glass 0.13 in (3.2 mm)
Module Efficiency 15.47% Frame Anodized Aluminium Alloy
Maximum System Voltage 600 VDC UL Connectors MC4 Connectors
Maximum Series Fuse Rating 15A Fire Rating Class C
Thermal Characteristics MC4 Connectors

Operating Module Temperature -40°C to +80°C Rated Curment 30A
Mominal Operating Cell Temerature (NOCT) 47+2°C Maximum Voliage 1000VDC
Temperature Coefiicient of Pmax -0.44%°C Maximum AWG Size Range 10 AWG
Temperature Coefficient of Voc -0.30%°C Temperature Range -40°F to 194°F
Temperature Coefficient of Isc 0.04%C IP Rating IP 67
Junction Box Certifications

IP Rating IP 65

Diode Type HY 10SQ050 oy an
Number of Diodes 2 Diode(s) :‘2,' QGIDU.
Output Cables 12 AWG (210 ft long)

Module Diagram

IV-Curve

= R

J —eLmn

RNG-100D Characteristics Versus Voltage

Power (W)

current (A)

Voltage (V)

*All specifications and data described in this data sheet are tested under Standard Test Conditions (STC - Iradiance: 1000VW/m? , Temperature: 25°C,
Ajr Mass: 1.5) and may deviste marginally from actual values. Renogy and any of its affiistes has reserved the right to make any modifications to the
information on this dsta sheet without notice. It is our goal to supply our customers with the most recent information regarding our products. Thess dats

sheets can be found in the downloads section of our website, www.renogy.com

Renogy | www.renogy.com | techsupport@renogy.com | T: 800-330-8678
2775 E. Philadelphia St., Ontario, CA 91761



Appendix D: Specification for Inverter

Specifications

Appendix A contans specifications for the Xantrex Gnd Tie Solar Inverter.
The topics in this appendix are organized as follows:

Electrical Specifications

GT5.0

Input

Model number
Input voltage, Maximuwn Power Point range

“Electrical Specifications™ on page A-1

“QOutput Power Versus Ambient Temperature”™ on
page A-13

“Environmental Specifications™ on page A-13
“User Display” on page A-13

“Mechanical Specifications™ on page A-14
“Regulatory Approvals™ on page A-14

GT5.0-NA-240/208 UL-05 | GT5.0-NA-240/208-POS UL-05
864-1009-02 864-1011-02

Certified operating range: 240-330 VDC.
(Unit iz operable as low as 233 VDC.)

Absolute macimunm array open circuit voltags 600 VDC

Maximum input current 220 ADC (240WV), 20,0 ADC (208 V)
Maximum array short eirenit current 24 ADC

Reverse polarity protection Short cireuit diode

Ground fault protection

GF datection, Inp> 1 A



Specifications

Qutput
Nominal output veltage 240V | 208V
Maximum output power 3000 W 4300 W
Operating range, utility voltage (phase to phase)® 212-263 VAC 184-228 VAC
Operating range, utility voltage (phase to nentral)® 106.1-131.3 VAC
MNommal output frequency 60 Hz
Operating range, uhility fraquancy® 59.3-60.5Hz
Startup current 0 Aac
Masmum confinuous output current 1A 224
Maxmmum output fanlt current 30A
Mascimum cutput overcurrant protection 30 ARME
Naximum wtility backfzed currant 0A
Total Harmonic Distortion <3%
Power factor =0.99% (zt rated power), »0.95% (full power range)
Utility monitoring AC voltage, AC frequency, and anti-islanding protection
Output charactenistics Current source
Output currant waveform Sine wave

*Factory settings can be adjusted with the approval of the utility. This unit is provided with adjuostable trip limits and may be aggregated
ahove 30 kW on 2 single Point of Conmmon Coupling. Sea “Adjustabla Voltage, Fraquency, and Reconnection Settings” on page A-12.

Efficiency
240V 208V
Maximum peak efficiency 059% | 95.5%
CEC efficiency 93.3% | 93.0%
Night-time tare loss W

975-0334-01-02



Appendix E: Life Cycle Cost Analysis

Table 1. Life Cycle Cost for a 30-Year System with PV Modules and One Inverter.

Single
Present Uniform
Worth Present Worth Present Worth Present Worth
Item Year Year Cost Factor Amount
Initial Costs
Solar PV
Equipment 0 $9,240.00 1 $9,240.00
Installation
Cost 0 $17,580.00 $17,580.00
Inverter 0 $3,850.41 $3,850.41
Wires 0 $150.48 $150.48
Total Initial
Cost $30,820.89
Annual
Costs
Annual
Maintenance 30 $1,000.00 13.76483115 $13,764.83
Repair &
Replacement
Inverter
Replacement 20 $3,850.41 0.311804727 $1,200.58
Salvage
Value
Salvage is
20% of Initial
Equipment
Cost 30 -$1,848.00 0.174110131 -$321.76
Total Life
Cycle Cost $45,464.54
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