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ASSESSMENT OF BUILDING LIFECYLE CARBON EMISSIONS
ABSTRACT

Even though the CarbdCapure & Sequestration Technologi@C & ST)
programat theMassachusetts Institute of Technolagigiated carbon emission research
in late 19904CSlI, 2013) carboremissioniasonly become a habpic in the last
decade sincthe Kyoto Protocol was adopted on &snber 11, 1997 in Kyoto, Jap&C
& ST is a protocol to United Nations Framework Convention on Climate Change
(UNFCCC or FCCC) tmvercomeglobal climate change due to human activity. The
protoca entered into forceroFebruary 16, 2005 and the entire Annex | countries ratified
the protocol with the exception othe United StateS.heU.S. alreadyhada policy in
places 0 t hat t he emissiomsienrety lBeseduced byy%rom 1990
emission leveldy 2012.Federaland state govemens along with theprivate sector
needto prepardor reductions in carbon emissiorihe construction industry contributes
over 40% of carbon emissions ageherates significant amountafnstruction and
demolition debrisvhich is deposited inttandfills. While some of the debris can be
reused, recycled, and used as biomass fuel for eriRugging operations consume
significant amounts of energut thereare onlya few comprehensivetudesthat
estimate carbon emissions cmesing the whole building lifecycléviany of these
studies are conductedimdependentarbon phasesvhich may miss emissions that an
endto-end review would captur@ he purpose of this research islgvelop method®
estimate and evaluate the carleonissions and the environmental impticbughout a
building lifecycle (from building constiction to building demolition)This research

integrate prior models and methods, in order to establish comprehensive models and

Vi



methods that would more accurgteteasure, track and quantdgrbon and
environmentalelated features, factors and variabldss researclusesnformation and
data that spafour projects ranging fronsurrent green building designsays to
determine the carbon emissiarsdcarbonemission reduction of gen features in green
buildings, to the carbon residues of disposal matefitisfirst part of the research
examinathe operating carbon emissions of buildings. The operatiorndeigathered
from Kansas Department of Transptida and the dates used in the analysis. The data
is divided intobuilding address, energy consumption per area, and carbon emissions per
area. To complete ¢hlifecycle study of buildings calorimetetis considered in the
proposed frameworto find the energy generated from the combustion of demolition
waste.

The research establisba comprehensive framework of carbon emission
modelingthat includegshe modeling of energy use, water consumpmergy efficient
technology, material productiptrarsportationand the enaf-life analysis of
construction material§.he comprehensive framework of carbon emission modeling will
establish the much needed framework thatindustryneed to accurately and reliably
estimate carbon emissions throughoutigding lifecycle The individual modeling
method usedoffer amethodology for carbon emissions estimation that caapbé&edto

building parts and materials that are not covdrgthis research.
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CHAPTER 1: RESEARCH BACKGROUND AND
MOTIVATION

Zhao, et al(2012) stated that Corporatectal Responsibility (CSRyas an
increasing valued factor of business success in the construction industry. Being an
industrythatgeneragslarge amourgof carbonemissiondrom the planning, design,
constructim, installation, maintenance, operation, decommissioning, and demolition
stageof buildings, very few public agencies and construction compamigsrstood
whatthe meaning o€SRis and how to practice within their scope of the projecAlso,
thereis neither a universalgreement nor commbnaccepted explanation of the
definition of CSR(Zhao, Zhao, Davidson, & Zuo, 2012he European Commission
defnredCSR as @At he ¢ ommer csiwihlrelegant stakeHdetrstaleng and c o
social and environmental factargo consideratiommn a voluntary basig§ European
Commission, 2001; Zhao, Zhao, Davidson, & Zuo, 20ER)thermore, Zhao, et.al
(2012) alsspecified that CSR indicatqrsuch as 1ISO9001:2000, 1ISO26000:2010,
1ISO14001:1996, OHSMS18001, and SA80@6readopted by different countries and
regions with differences in regional economic development and culture background;
therefore, the evaluation conclusions drawn from themid notaccurately reflect the
CSR performancé&hao, Zhao, Davidson, & Zuo, 2012 framework of an indicator
system for CSR performance was developed by Zhao, (@0412)but the indicator was
focusedon social and safetgnd did not provide detadl methodologies to measure the
environmental CSR performance.

According toastudy in the United Kingdom, 420 million tonnes of resouraes

used inthe construction industry per year, athee wastage ratevas10% (Wu, 2008)



Buildings contributda bout 50% of t h ensé&hlosstructmmr bon emi ssi
contributedabout another 79NBT, 2010) In China, water consumptiamas30%
higher thanin the developed countrieste¢ consumptiorwas10 to 25% higher, and
cement usageas80 kg more per cubic meter on average during construgépoapita
(Wu, 2008; Zhao, Zhao, Davidson, & Zuo, 20IP)e European Union generateabre
than 450 nilion tonnes of construction and demolition waste every year. 16.6 million
tonnes of waste were generated from construction activities in Australia in 2007,
accounting for 38% of total wastABS, 2010; Zhao, Zhao, Dawsdn, & Zuo, 2012)
The buildings in the U.S., China, and Australia gendrater 40% of all carbon emitted
(Zhao, Zhao, Davidson, & Zuo, 2012; ABS, 201Dhe United States GreenlsauGas
Inventory 2011 data showeldat building construction related activities, such as iron &
steel production, cement production, and lime production, contditlgevasimajority
of carbon equivalent emissions, including carbon dioxide, nitrous cxidienethane
Even though carbon assions de@ased in 2009 due to the econonaicessionthe
construction related activities still contribdtdne majority of carbon emissions in the U.S.
(USEPA, 2011c)

The construction industry in the United States gateer 136 million tons of
construction and demolition waste according to 1996 @#&PA, 2002pf that,more
than 5 million tons of organic hazardous waste requires thermal treatment every year.
Construction waste and debrssa majority part oftheurban waste stream. According to
the California Department of Resources Recyc
Waste Characterization Study, construction and demolition (C&D) materiaks upa

approximately 226 of California's waste disposéCalRecycle, 2011)n a report by



Napier for the U.S. Army Corp of Engineers, construction waskabout 256 to 40 %
of the solid waste stream in the United States and only 20% of construction and
demolition wastewvasrecycled(Napier, 2011)Also, other than debris from construction
and demolitionnatural disasters, such as wildfires, floods, earthquakes, hugjcane
tornadoes, and winter storrgenerate large amount of del#igery yeain the U.S.
(USEPA, 2011a)The cement industry currentlges over one million tons of hazardous
waste a year as an alternative fuedplacing expensive and noenewable fossil fuels
such as codICKRC, 2004) However, using such fuel m&épavecause severe
environmental impast Hazardous waste releas#ioxin, arsenic, and other toxic
substance to the air during combust{@i SDR, 2011; USEPA,@2L1b) The Kyoto
Protocolwasput in place to reduce manmade greenhouse gas emissions and it was agreed
upon by 150 countries in December 1997. With increased interest in international
cooperation regarding the reduction of greenhouse géastee KyotoProtocol, the
number of countries implementing regulations regarding incineratborid increase
(Parr, 2006)More regulationsvould be in place and existing emissions su@uld be
stricter. Theravasa need to determinedtgas emissions and the environmental impact
of varyingconstruction and demolition wastehile alsobuilding lifecycle studies in
order to satisfy the international regulas@mnd prepare the U.S. to complth such
international protocal(Kessler, 2013)

The environmental impadf construction lacks sufficient attentigfRuertes, et al.,
2013) environmental impact indicator systefar construction companidgvenot been
established and ageate tools that cover the fudketailed performance indicators for

construction companiego not exist(Zhao, Zhao, Davidson, & Zuo, 2012)alker and



Johnston (1999) explored the existence of impact interactions and conitiatidee
environmental effects thabuldresult from these interactioesuldbe significant and
their early identification magiavecontributel to sustainability improvemeriWalker &
Johnston, 1999Fuertes, et a(2013) winted out that ther@asvery little research on
the identification of the impact causal factors and interactions in building construction,
and they stated that the construction industry needs to improve the understanding of
constructiorrelated environm@al impacts by identifying all the causal factors and
associated immediate circumstances during construction pro¢Essetes, et al., 2013)
Their research foceslon the construction site during building construction, tey
developed a constructienelated Environmental Impact Causal Model based on 45 causal
factors. Some of the factocensideredverewater consumption, electricity consumption,
fuel consumption, and raw material consumpf{i@angolells, et al., 2009; Brownea,
O'Regan, & Molesc, 2012and the model considstall the activities during
construction processes, such aswping of water resulting from the evaion of
foundations and retaining walls, transport issued generation of greenhouse gas
emissions due to construction machineryd vehicle movements. They expected that the
model would help the person responsible for environmental issues on the construction
sites and other decisieanakers, such as coactors owners, and engineeisunderstand
where and how impactzose(Fuertes, et al., 201.3)

According to Mann, Walther and Radcliffe (2005), sustainable desagthe
methodology of designing for the@wmy of resource, prodtlifecycle, and services
for society to comply with the principles of sustainable developiihann, Walther, &

Radcliffe, 2005) The design principlesere



1. Managing, reducing, recycling and reusing of wastes;
2. Using enviromentally preferable products and eliminate impacts on the
environment;

3. Enhancing interaction between humans and the natural world,;

4. Optimizing site potential;

5. Maximizing renewable energy usad

6. Conserving materials, energy, and water
In other words, suatnable designs shouldhveconsideedthe whole lifecycle of each
product. In the construction industry, sustainability shdwageincluded the lifecycle of
each raw material and how the materials mmayeimpactdthe environment locally and
at their sarces throughout the service life. During the operation of a building, users, and
owners mayaveneecedto consider the power and water consumption of a building and
the amount of carbon footprint they contritditehen theywereoccupying a building.
Thecasual model b¥uertes, et a{2013)couldbe adopted and extended from building
construction to thé&ull building lifecycle

In Cradleto-Cradle research by Liu (2009), she found that Craml@radle and

Cradleto-Gravewereintegrated as the materend energy flows in both modedsuld
be tracked through the resource Idbpu, 2009) Analysis of energy usepuldindicate
ways for more effective energy use without impairing the economics of produce
production( Guz m8n & Al onso, 20 0OrBthe pdpaagdrpaperua, et al
industry, Chen, Chung, and Ho(®p12)indicated that notable energy savirgsildbe
achieved in the pulp and paperirenenggflowt ry t hr o

analysis identified areas of energy loss and they examined potential technology options



for the capture of some of the energy thascurrently lost in the processésShen, Hsu,
& Hong, 2012)

In theconstructon industry, there was lack of comprehensive research in carbon
emissions. Arpad Horvath and mesearchers hatkveloped some of the most
comprehensive research in carbon emission models for civil infrastructure, transportation,
utility, and energy{UC Berkeley, 2013)Their works included carbon emissions of
transportation fuel, water consumption, afdife impact of buildings, waste, and
building energy consumptigiViera & Horvath, 2008; Strogen, Horvath, & McKone,

2012; Chester, Horvath, & Madanatc, 2010; Facanha & Horvath, 2007; Stokes & Horvath,
2009; Boughton & Horvath, 2004; Pacca & Horvath, 2008kir research in carbon
emissiongrom transportatiofound that the carbon emissions were wasted from poor
management in the ethanol distribution processes, and carbon emissions from freight
transportation of materials (including rail, air, and trugigcanha & Horvath, 2007;

Strogen, Horvath, & McKone, 2012 heir research also extended to cdifercycle

energy and emission footprints of passenger transportattbe metropolitan regions

The focus included road construction, parking, and fuesemption of vehicle@Chester,
Horvath, & Madanatc, 2010T heir research on the energy and carbon emission effects of
water supply suassfully quantified the lifgycle carbon emission of water supply

through the modeling dhe impacts of water supply distribution, treatment, supply,
maintenance, operation, construction, materials produgttokes & Horvath, 2009)

Their team also conducted research to study the carbon emissions due to pplyer su

and how green technology would mitigate carbon emissions in the {Racea &



Horvath, 2002) Further research was carried out to quantify the carbon emissions of a
buil di ngds c on eoflieet(\eraf& Harvath, 2008) it s end
While therewasno shortage of research on carbon emission models vtlasre
clearly a lack of carbon emission models that integrate all lifecycle phases of a building.
Existing studiesverenot comprehensive eagh to cover whole building lifecycle, from
the design phases to entilife. While researclhadcovered carboemission modeling
extensively therewerestill several missing areas tdughout the whole building litgcle,
such as:
1 Endof-life of variousconstruction materials like wood, metals, and
plastic;
1 The variability of operational energy due to different electronic devices
and appliances;
1 The overall carbon emission reductiopgreen technology;
1 The effects of greenery on reducing carbon emissemcs
1 Materials that are unique (such as building envelope)
Therewasa need to establish a standard carbon emissmteling framework for
each part of the building lifecycle in order to generate more accurate outputsa Such
methodcouldbe extended tall the phases, materials and parts for future research in

building carbon emissions.

1.1 Structure of Dissertation
This research folloedthe structure as shown kgurel. Chapter ldescribeghe
research motivation arghowsthe structure of this research while Chapteate?inesthe

research objective€hapter 3s theliterature review of this studyatfirst locatel



existing studies about carbon emissions and how these studies dad¢haine
methodologies, includinthe typesof models andtypes andsources of data. This section
also discusss how the science of carbon dioxidmissiors affect the climate and the
existing protocols in the world to prevent its effect of climate change. In addition, this
section discuss briefly the marketing and financial side of carbon emissions (carbon
trading).

Later chapters cover differelfie cycle phase®f a building,ranging fromraw
materials, building construcin, building operation, and the eon#tlife of a building as
shown inFigure?2. Building operationis covered by Chapters 5 and 6. Chapter 5
discussetheenvironmental impact and carbon emissiobwifding operatios due to
utility and Chapter @liscusseshe environmental impact and carbon emissalure to
building equipmentChapters 5 and éonclud withthe proposed carbon emissions and
environmental impact modepertaining to building operation and equipment

Chapter focuseson theendof-life analysis of selected building materials. This
chaper coves how building materialarerecycled and reuse and discussshow
building materialsanbe used as biofuel to generate electridians were mad®
conductlaboratory testingn construction materialssingthe IKA C200calorimeter.
However,due to the loss of the oxygen charging station, testagnot carried out as
planned. As an alternativdii$ chaptediscuseshowthe method would work and the
method to estimatenergy releagkfrom selected building materials during incineration
in acalaimeter. Chapter 8oncludesthe studywith the overall findings and framewaork
Chapter resents model testing on webpages written by PHP coding with MySQL

server.
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Figure2 Building Lifecycle (Suzuki & Oka, 1998)
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CHAPTER 2: RESEARCH OBJECTIVES

The purpose of this study is tmderstand and model tharbon emissions and
environmental impact thaelateto the construction industrfhe djective of this study
is tocreatea comprehensivigameworks to estimatihe environmental impaeindthe
carbon emissions thughout the whole building litgicle The framework can be
extended and adjusted to other areas, procassebinery and devies that are not
coveredby this research.

The carbon emissions calculation methods will first be studied. There are three
types of carbon emissions calculation modelbediscussedn Chapter 3Oka, Suzuki,

& Kounya, 1993; Green Design Institute, 201This study willdetermineheir
differences and howthey include variousarbon emission factors. In additiadhe study
will establish the approach bow these methods can be applednodelbuilding
lifecycle cabon emissioa This study will alsaeviewthe sources of carbon emission
factorsgeneratedrom raw material production and transportation.

Thisresearctwill also studyhow building lifecycle analysis is used to determine
carbon emissions and enviroamal impact of each activity from building construction
to building demolition. Since there are numerous activities involved dtireng
construction, operation and demolitiphasesonly a few activities in each stage will be
chosen to creatite carbonemissions antheenvironmental impact estimation
framework. Some power consuming activities, such as Heating, Ventilation, and Air
Conditioning (HVAC), lift and escalator, and greenery, will be studied in detail to create

a micro equipmenbased frameworkThese frameworks and micro frameworks are
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modeled to be capable for adjustments and applied to other activities that are not covered
in this study. Thecope of studwill include:

1 Power consumption during construction

1 Embodied energy of building matdsa

1 Powerconsumption during operatiaf building

1 Water consumption during operatiofbuilding

1 Green featurem buildings that generatearbon offset

The variables that are lbected in this section includgectricity consumption in
kWh, water consumpin in gallons, building embodied energy in Joules, and carbon
offset in tons of C@ Operational and embodied energy, and water use are the most
significant inputs contributing to carbon emissions from buildings.

This study will determine how constructidebris can be reused aretycled at
the end of the lifeycle of buildings. For materials that cannot be reused or recycled, this
study will determingf it is possible for these materials to be used as biofuel to generate
power and how much power thaindae generated using construction debris. The
materials that will be studied in this research are common construction debris, such as
wood, concrete, and roof shingle.

The focus on the project is to develop the framework for carbon emissions
modeling forthe entire building lifeycle. While many individual framework®vering
different aspects of building libgcle have been researched, none of the prior research
has been completed to integrate them@usframeworks into a single operational
framework(as discussed before). The research will also test the use of part of the

framework as the testing of the entire framework is too extensive for a dissertation.
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Figure3 Summary of Research Objectives

2.1 Scope Limitations

This regarch willprovide an insight tearbon emission factogenerated
throughout building lifecycle from thelectricity, gasoline, wateconcrete, and metals
The analysis will be explained in the methodology and the analysis chapt@ss in
dissertationThe emissions factors used in this research came from Inventory of Carbon
& Energy (ICE) by the University of Batin Great Britain. If locafactorsareavailable,
they will be used accordingtp improveaccuracyThis data includes carbon emission
factas for power generation in Kansas, reverse osmosis for water in Singapore, and
power generation in Singapore. The carbon emissions factors of the production of raw
construction materials are assumed to be the same as the data in Great Britain published
in the ICE. Future studies are neededridude regional factors that create significant

impacts on the models
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The operational building carbon emissions section contains two methods in this
dissertation. Some building owners or operators do not have exeasord opower
consumingequipmentin their building. The estimation of operational carbon emissions
of these buildingmay need to rely on the utility records provided by utility companies
and it is the utilitybased analysisln equipmentased angkis for power consumption,
only HVAC, and green features, and greenery are chosen to be part of the réxesmch.
features are included in the operational carbon emissions because green featarres like
green roohas alirect impacionthe power consuntion by heating and cooling systesm
Other power consuming devices, such as comguighnting, laboratory tools, TV or
entertainment systespshouldbe included in future studies. Due to the complexity and
the requirement of local electricity metering &ach device, it iexcluded fronthe
scope of this study. Ithe utility-based section, only water and electricity are considered.

The analysis will be explained in detail in the analysis chapters.

2.2 Overview of Study Methodology

2.2.1 Overview of Data Collection

During the constructiorof a building the process involveswide variety of
construction materialand techniquefCalRecycle, 2011 andthe processequiresa
wide variety ofmachiney. As a result, the estimates fioirel consumptiorand power use
for tasks an@quipmentfor eachconstructiorprojectwill vary widely(Peters & Manley,
2012) Peters and Manley found that it is difficult to estimate the fuel consumption and
power consumptionuting building construction due to the wide variety of fuel and
power sources, such as gasoline, diesel, and electricity, for toatsaaminey. The

authors also found that different companies and agencies used diféeneiniblogy in
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their consumptiorstimation and ther@eno existing fuel consumption regulation
standards or requiremeinttheir study(Peters & Manley, 2012)

In the case study of this research, the construction of Measurement, Materials and
Sustainabl&nvironment Center (M2SEC) at the University of Kansas was examined.

The M2SEC building contains labs anffices forfaculty and staff andtiis a good
example to study as a modelaadfommercial buildingDue to lack of recordsn the fuel
and power congnptionby the contractor, owneand designer, the scope of this research
doesnot consider the power and funsumptiordata.

The contractor and designer kept extensive records of all the materials used in the
M2SEC. This researatxaminathe materits used in excavation, structural, masonry,
carpentry, roofing and flashing, doors and glazing, plaster and ceilings, flooring,
equipment, fire protection and plumbing, HVAC, and electrical related materials. The
datawasused to find the embodied carbanissions of the building.

Carbon emission calculation requires carbon emission factors in order to find the
carbon emission equivalent of each construction item. The University of Bath Sustainable
Energy Research Team collected most of the common matandlsummarized into
Inventory of Carbon & Energy (ICE). This researchsitke carbon emission facsiio
convert the material data to carbon emission

For building operation, the Kansas Department of Transportation (KDOT)
provided power consumptiorathfrom 900 buildings all over Kansas from 2007 to 2010.
The carbon emi ssion research with Singaporebo
(BCA) would offer a framework of how to estimate power consumption of a building

based on the equipment in a builglimsing energy flow analysis. The focus in this
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framework included roof thermal resistancev@@ue) or Envelope Thermal Transfer
Value (ETTV), building facade, AC system, lighting, lift and escalator, green roof,
renewable energy, water consumptiandirrigation.

For the enebf-life study in thebuilding materials, calorimetris usedo find the
energy releasefilom construction materials during combustion. This reseailth
determing a method to find the best buildingaterialsto beused as bimassfuel at the

end of the building life

2.2.2 Construction Phase

Datais collected fromevery phasé order to reflect the reality offall building
lifecycle. The data that usedfor the earlier part of a building lifecycle based on the
M2SEC M2SECis located next to the Learned Hall of the School of Engineering at the
University of KansagkU). The building square footage is about 47,000 square feet. It
containdaboratory space for the School of Engineering and offices for the Transportation
Research Ingute (TRI) at KU. The datancludesthe materials used in the building and
the enegy use during constructias provided byE Dunn, the general contractor of the
building constructionThis researchises the datao determine the environmental impact
and embodied energy of the building. The dateompared to the United States Energy
Information Administration (EIAyecommendation of similar educationatilitiesd
energy usén the Building Energy Data BodqkJSEIA, 2008) This part of the researds

the pilot frameworlof thecarbon emissions estimatiohbuilding construction.

2.2.3 Building Operation Phase
The building operadn sectionof lifecycleresearch iseparated into two parts. The

utility-based calculation for carb@missions due to energy wsasbased on over 900
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KDOT buildings. KDOT and its utility providernsrovidedthe electricity consumption
data from 2007 to 2010. In addition to energy data, blueprints of KDOT builcheigs
usedto determine the materials the buildings to estimate the embodied energy and
carbon emissions.

The second half of building operatiogsearchocusedon energy consuming
machines and building features during opers and studietlow they affect energy use
andtheir environmentalmpact. Existing research, calculations, and science in these
machines and building features, including HVAC, roof, greenery, water consumption,
elevator, escalator, lighting, recycle and reuse progveens used in this part of the
researchThe energy®imations and calculations in these areas come from basic science
thatwasdetermined by existing research and machine manufacturers. The purpose of this
wasto establish a methodology to determine carbon emissions and environmental impact
of each devicén a building. Frameworks of the methodologiesthe products of this
research. These frameworkaEnbe adjusted so th#teycanbe applied to other machines

or building features thaterenot studied in this research.

2.2.4 Building End-of-Life Analysis

Calorimetry is the science to measure the heat change of chemical reactions, and
it covers direct and indirect calorimetry. Indireatarimetry is the measurement of the
production of carbon dioxide and nitrogen wadta lving organism while direct
calorimetry is the measurement of heat generated by an oxidation reaction in a
calorimeter(Laidler, 1995) Calorimeter is a device that measties heat generated
during an oxidation reaction. Bomllorimeter is commonly used feolid and liquid

fuel testing, waste and refuse disposal testing, food and metabolic studies, propellant and
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explosive testing, and fundamental thermodynamic stiiBie&s, 2006)During a
calorimetry test, a sample usually ceawith pure oxygen in a closed vesgKA,
2011a) Due to the high temperature combustion, calorimeter can simulate the
combustion of fuel in a power plant or garbage incineration.

In this research, a bomb (or combustionpaoateterwereconsideredn the
proposednaterial testing. The device contagta combustion vessel callebomb, and a
cruciblewas located inside this closed vessel. Material sacqéd be placed in the
bomb and the bomlvould be secured inside the teatank of a calorimeter. The device
determind the changes in water temperature during the combustiorfrigste4

showedthe schematic drawing of the device.
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Figure4 Bomb Calorimeter DiagrarfEncyclopedia Britannica, 2011)

Even though other calorimeters, such as cdlyst calorimeters, constant
pressure (coffee cup) calorimeter, and differential scanning calorimeter, are available,
bomb calorimeter is chosen becausds a closed system and adiabatic. The heat in the

water tank does not transfer to the water around the bomb. The bomb is built with solid
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stainless steel with thick walls, and the heat will only transfer to the water in the testing
device. In addition, amb calorimeter complies with several ASTM standard test methods
on the materials that are going to be tested. In additiorkiheéCR00 calorimeter
consideredor this research is automatic and the result can be display on a computer with
the temperaturehanges by second throughout the approximateihiite testing.

Bomb calorimetecalculates the temperature change in the inner vessel and it also
monitors the temperature of the water tank inside the device. The heat generated by a

specimen is calculatagsing the formula below:

Ho = (C * DT- QExt1- QExt2) / m (IKA, 2011b)

Where: m is Weight of fuel sample
C is heat capacity (@alue) of calorimeter system
DT is calculated temperature increase of water in inner vessel of measuring cell
QEXxt1 is correction value for the heat energy generated by the cotton thread as
ignition aid
QEXxt2 is correction value for the heat energy from other burning aids

Equationl Heat Equation of Calorimeter

The correction value for the heat energy from burning aid QExt1, cotton thread in this
case, is 50J, and the value is given by the manufacturer. The correction value for the heat
energy from otheburning aids is zero since no other burning aids will be used besides a

cotton thread and a combustible crucible, manufactured by IKA.
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Before any experiment starts, each bomb is required to calibrate with benzoic acid
to determine the heat capaattythe calorimeter system. The formula below is used to

determine the @alue.

C = (Ho * m + QExtl + QExt2) / DT (IKA, 2011b)

Where: m is the heat capacity of calibratim®nzoic acid
DT is calculated temperature increase of water in inner vessel of measuring cell
QEXxt1 is correction value for the heat energy generated by the cotton thread as
ignition aid, a default value of 50 J.
QEXxt2 is Correction value for the heatergy from other burning aids. The
default value is O.

Equation2 Calibrating Equation for Calorimeter

Theenergydata of the enaf-life analysisis collected by usingaorimetry. Tle
purposeof this part of the researatiasto propose a method to firtle energy release
when construction materialgerebeing cinerated. Whepuilding materialscould notbe
reused and recycled, thesereoften shipped to power plants to be burned asags
fuel for electricity generatiorCalorimetry testing simulatkthis process anthis research
determinedvhich common construction materialgrebest to be used as biofugnergy

releasd from the biofuels in kilgpulescouldbe collected irthe proposed method
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CHAPTER 3: INTRODUCTION

The Greenbuse effect is the effect that greenhouse gases absorb infrared
radiation reflected from the Earth and heat is trapped in the atmosphere. The phenomenon
is caused by greenhouse gases such as carbon dioxide, nitrous oxide, and methane.
According to a studpy the National Oceanic & Atmospheric Administration (NOAA) in
Mauna Loa, the concentration of carbon dioxit®easd about 65ppm between 1960
and 201QNOAA, 2011) To lower the greenhouse gases in the atmosphere, countries
signed the Kyoto Protocol, an international treaty wett into effecin 2005, limiting
the carbon emissiord participating countries. The intention is to reduce the overall
emissions by 5.2% from the 1990 level by the end of 2012. The Intergoveahianél
on Climate Change (IPCC) provides standard guidelines and methodology to calculate
greenhouse gases generated by the industries in different co(R@€s 2007; IPCC,

2013)

3.1 Carbon Emissions Policy
TheKyoto protocol emphasizes accounting for carbon emissions. This accounting
for carbon emissions has led Annex | countries come up with ways to mitigate their
emissions. Carbon taxation and trading (or cap and trade) is the most effective solution
for redugng carbon emissions. Most of the Annex | countries (developed countries) have
Acap and tradeo policies in place, and carbo

Even though thé&nited States has not ratified the treaty, over 1000 U.S. cities have
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adopted the protocdlPCC, 2007 ) Nor t h Amer i cads o niCkicagpar bon
Climate Exchange (CCXyaded voluntary greenhouse gas reduction and offsets, but it
ceased trading in November 2010 due to the lack ochoajrade legislatiorfGronewold,

2011) Emission trading is only active in Europe and California as-OterCounter

(OTC) forward and options throughe IntercontinentaExchange (NYSE: ICE).

Currently, ICE offers futures drfutures options contragin Europe. The quotation is

calculated in Euro (U) and Ewssaroemtd @c) per

6. 450 t foom Qovémbd&  ®ecember 2QIPhe minimum order is 1 lot, which
is equivalent to 1000 Certifid@mission Reduction units (CERCE, 2011) In Australia,
they will start to tax the most 500 polluting companies in the country in 2013. The carbon
tax will be a fixed price at AUS$23 per metric tonne, they will have switehcerbon
trading scheme in 201(®earlman, 2011Worldwide, government resistance hinders
carbon taxation and trading.

The emissions trading policies in participating countpisarily limit carbon
emissions from manufaating industries since they are the direct emission parties.
However, the construction industry generates a large amount of carbon from the planning,
design, construction, installation, maintenance, operation, decommissioning, and
demolitionstageof buildings Very few public agencies and construction companies are
monitoring their energy consumption and carbon emissions. According to a study in the
United Kingdom, buildings contribute about
construction contributesaut another 7%NBT, 2010) Buildingsin the U.S. generate

over 40% of all carbon emitted in the country.

22

t



The first IPCC Guidelines for National GHG Inventories was published in 1995,
and the Third Conference of the Par(i€©P3) reaffirmed that it should be "the
methodologies for estimating anthropogenic emissions by sources and removals by sinks
of greenhouse gases" in the calculation of ledailhgling targets during the first
commitment period in Kyoto in 1997. Therefpreview of literature was conducted on
the IPCC 2006 guidelines for National Greenhouse Gas Inventories in order to find how
greenhouse gas emissions are calculated according to this international giBt©Col
2007)

Although there are many carbon emission calculators online from different
organization, they offer very little information on the concepts and basis of the resources
of data or calculations. This research will examine the methodology of the carbon
emission fators for fuels, and construction materials. Literature review indicates that the
sources of carbon emission factors come from two types of siodkiding Input
Output (I/O) Model, and Process Model. These models can also be combined (so called
Hybrid mocls). They are defined by the sources of carbon factors. I/O Model data come
mainly from economic statistics whereas Process Model datas¢mnethe process of
contributing activities. Previous studies provided that carbon emission calculations
depend a the boundary. If the carbon emissions are within the boundary of direct
process, these emissions are considered as direct. On the other hand, the emissions
outside the boundary would be considered indirect.

Green building certifications from various argzations usually provide manuals
for their point rating systems. Leadership in Energy and Environmental Design (LEED)

by United States Green Building Council offers Building Design + Constru(@brC);
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Building & Construction Authority in Singapore eff GreenMark guidelines; Building
Research Establishment (BRE) offers BRE Environmental Assessment Method
(BREEAM). These study manuals provide all the criteria included in the certification
process. Extensive study is carried out in these manuals asdlzeaontribute carbon
emissions. Carbon emission contributing activities would be listed on a spreadsheet, and
related carbon emission factors are determined from previous studies.

Future research will convert the model to a carbon emissions calcilagor.
calculations can be implemented with Building Information Modeling (BIM) software in
order to have accurate carbon emissions results for green buildings and shorten the
calculation time.

3.2 Greenhouse Gases (GHGSs): Types, Carbon Equivalence, and Carbon
Accounting

GHGs include gases like carbon dioxide ¢z@ethane (Chj, nitrous oxide
(N20), water vapor and some Volatile Organic Compounds (VOCs). <aH&rb more
heat energy than other gases (such as oxygen and hydrogen). As the amouns of GHG
increa® in the atmosphere, more solar heat is trapped in the gas and it increases the
atmospheric temperature. If GHGs are not remdkead the atmosphere and the GHG
concentratioacontinue to increase, the atmospheric temperature will continue to rise.
Temperture rise in the atmosphere may lead todh@ngesin climate(WRI, 2010b)

The solution to climate change is to remove GHGs from the atmosphere by
sequestrating, and recing GHG production. According to the IntergovernmeR&ahel
on Climate Change (IPCC), other noarbon dioxide GHGs have to be reported as

carbon dioxide C@equivalenf{IPCC, 2010) by convertinghoncarbon GHGs into
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equivalent carbonThe following table shows the global dibtition of carbon emissign

from different sections and activities, and the types of GHGs generated by the industries:
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Industry/Sector | End Uses/Activity Gases
Transportation Road 9.9% Carbon

0, i i 0
13.5% AT 1.6% Dioxide 77%

Rail, Ship, & Other Transport 2.3%

Electricity& Heat
24.6%

Residential Buildings 9.9%

Commercial Buildings 5.4%

Unallocated Fuel Combustion 3.5%

Iron & Steel 3.2%

Aluminum/NonFerrous Metals 1.4%

Other Fuel
Combustion
9.0%

Machinery 1.0%

Industry 10.4%

Pulp, Paper, & Printing 1.0%

Fugitive

Food & Tobacco 1.0%

Emissions 3.9%

Chemicals 4.8%

Cement 3.8%

Other Industry 5.0%

T&D Losses 1.9%

Coal/Mining 1.4%

Oil/Gas Extraction, Refining & Processir
6.3%

Industrial
Process& 3.4%

Deforestation18.3%

Land Use Changg¢

Afforestation-1.5%

18.2%

Reforestatior0.5%

Harvest/Management 2.5%

Other -0.6%

Agricultural

Agricultural Energy Use 1.4%

13.5%

Agricultural Soils 6.0%

HFC, PFC,
SF6 1%

Livestock & Manure 3%

Rice Cultivation 1.5%

Methane 14%

Waste 3.6%

Landfills 2.0%

Wastewater, Other Waste 1.6%

Nitrous Oxide
8%

Tablel World GHG Emissions Tabl@VRI, 2010b)

IPCC carbon emissiorealculation based on an agreement between the

participants of the Kyoto Protocol, only include carbon dioxide, methane, nitrous oxide,

hydroflurocarbons, perfluoracbons, and sulfur hexafluorig€arbon Trust, 2009)he
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total carbon ensisions generated by activities in different industries can be measured by
converting the GHG emissions to aggregated values efg@@valent and such values

also equate to the Global Warming Potentials (GY{BR)do, Marino, Moréni, &

Ryding, 2009) GWP is used as a weighing factor that enables the comparison between
the global warming effect of a GHG and a reference gas (i.g. O®e 100year GWP

of CO,, CHs, N20, and other VOCs are listed Tiable 2.

GWP, 100
Common Chemical year time
name formula Other names horizon
Butane CsH10 NA 0
Carbon
dioxide CO NA 1
Dimethylether | CH;OCHs NA 1
Ethane CoHs NA 0.4
Ethylene CoH4 NA 0.8
HCFCG123 CHCILCR Dichlorotrifluoroethane 76
HCFC124 CHCIFCR Chlorotetrafluoroethane 599
HFC-125 CHRECR Pentafluoroethane 3,450
HFC-134a CH.FCR 1,1,1,2Tetrafluoroethane 1,410
Nitrous oxide | N2O NA 296
Propane CsHs NA 0.3
Propylene CsHe NA 0.9

Table2 Table of GHGs and Their Glob®arming Potentls
The GWP value of 23 for methane highlights that 1 ton of methane has an
equivalent warming effect of 23 tons of carbon dioxide, while 1 ton of nitrous oxide
generates an equivalent warming effect of 296 tons of carbon dioxide, overchqgie
100 years.
COz emission accounting commonly uses weight sugboasid(lb) (English
unit) andkilogram kg) (International Standard unit) to determine the quantity of

emission: The weight of Cper energy consumption in energy unimjle (J) kilowatt-
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hour (kWh), or British thermal unit Btu), is used as the energgctor. These

terminologies and factors are widely adopted by various agencies.

3.3 Carbon Emission Modeling

3.3.1 Input-Output Economic Model (Top-Down)

The InputOutput Economic Modehainly accountsfor the annual economic
activity of a country as a |l ump sum Arevenue
data, or tax in different industry sectors. The percentages of each activity and sector are
determined based on the amount of revenuergéed by them. Applying the percentages
tothelumpsum countryés emissions, carbon footpri
This method was first adopted in Japan by Oka and Michiya in 1993. In the Japanese
method, the total amount of domestic, importud exported products produced by
construction activities, such as steel and concrete, is published by the Research
Committee of International Trade and Industry eadr wsing the 1/0O Table of Japan
(Oka, Suzuki, & Kounya, 19B).

The 1/ 0O Model was also adopted in Canada.
similar to the Japanese; however, the costischedto a marketbased policy instrument,
called the carbon permit systéBissou, 2005)The rezenue generated by carbon permit
is calculated and then converted into carbon equivalent.

In the United Stiees, Economic Inpu®utput Lifeg/cle Assessment (EKQCA)
method developed by the Green Design InstifGtel) at the Carnegie Mellon University
(CMU) also uses a similar inpatutput method to measure carbon emissions. They adopt

the Japanese economic model, but they localize it for Pennsylvania and West Virginia.

28



They compose different models filve 1992, 1997, and 2002 using the United States

Depatment of Commerde Bata. The CMU analysis result is displayed either in an excel
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file or on a webpage with specific industry sector and activity input. A sample result is

shown below:

pued|old -

Figure5 Sample Screen Interface from ELGQCA (Green Design Institute, 2010)
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There are advantages for the Iuitput Model. The most important advantage
is the easy access of macroeconomic data since most countries have a statistics
department to keep track of datach as power and water consumption in different
industries. The calculations are fairly simple and they only require the combination of
different weighting percentages in order to distribute the carbons according to the energy
intensity of different prodction sectors. However, the disadvantage is that
macroeconomic data requires a large number of assumptitimsdzda cannot be broken
down further. The assumptions have to be made to address different types of equipment
and fuel used, and production pegses by different sectors. Power lost and other
unexpected factors are likely ignored in the 1/0O models while the Process Models will
count these factors in every step of the calculati@m®ng & Hemreck, 2010 he

assumptioa could make the models less accurate.

3.3.2 Process Model (BottoraUp)

The Process Model calculates carbon emissions based on the flow of energy use
patterns at the manufacturing and production level. The energy consumption includes
building construction, opetian and maintenance, material production and extraction,
and material transportation. This model is more precise compared to the I/0O Model and it
can be most effectively used to estimate the carbon emission of green building standards.
According to IPCC gidelines on greenhouse gas emission calculation, greenhouse gas
emissions can only be counted when the subject activities happen in that particular
country(IPCC, 2007) In this modeling method, therefore, countries or regibtiat
import most of their construction materials froiighboringcountries, such as

Singapore, Hong Kong, and the U.S. may have less carbon emissions on construction
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materials compared to materials exporting countries such as China. Similarly, within
corporations, the raw material carbon emissions of products may not be counted in the
supply chain emission accounting. In addition, the process model requires a clear
boundary of the processes that will be counted in the calculation, and the boundary will
define the direct and indirect carbon emissions that will be discussed later in the text.
Moreover, the process of modeling each component is rather complicated since the
carbon boundaries need to be established in order for this method to be feasibte. Sett
the boundary always creates controversies, and there is currently no standard to
determine acceptable boundaries. Moreover, boundaries often fail to address the

differences within countries, corporations and regions due to reguléfft®€, 2007)

3.3.3 Hybrid Model

The Hybrid Model is a combination of the Economic Infuttput Model and the
Process Model. In this modeling method, fuel consumption and its carbon emission
factors are commonly estimated by the Economic h@uiput Model, while carbon
emission factors from other criteria such as materials and water are estimated by the
Process Model. Carbon emission factors depend on the leazetwfacyneeded, the
types of information available, and the situations for modeliine Hybrid Model is a
very flexible method that often overcomes the disadvantages of either model, but the final
model maysuffer from thecombination of errors of thethermodels. It contains both the
disadvantages of the other twmdels such asrolume ofassumptions, and boundary

justification problems.

3.3.4 Direct and Indirect Carbon Emissions
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The 1/0O Model, the Process Model, and the Hybrid Model require justification of
what activities should be counted in the model. The justification is based bouheéary
of direct and indirect carbon emissions. Direct carbon emissions refer to the emissions
that are directly emitted from a process, while indirect emissions refer to emissions that
are generated by supplementary procefisat support the main pess(Viera &
Horvath, 2008)For example, energy consumed by a cooling system that is used to cool a
retail store is a form of direct carbon emission to the store, however, this energy is an
indirect carbon consumed by a comsr who buy something from the store. The
definition of carbon emission depends on the established boundary of a product, material
or individual.Figure6 shows a simplified manufacturing process of plasterboard that
highlights he classification method for carbon emissions. Carbon emissions within the
boundary are fAdirect emissionso, while those
e mi s si o n gram alsdshavs that a the eofdife of the plasterboard, it will
either go tdandfills or be recycled or reused. For construction material, when it is reused
or recyclel, the process will be called cradkecradle. On the other hand, when the
material is shipped to landfills, the process will be called cradigave. Carbon
emissions accounting will address both direct and indirect carbon emissions oftoradle
cradle and cradl®o grave process because it will affect the decision on material use in
the building(Viera & Horvath, 2008)In other word, the embodied energy of each

construction material should be considered in the carbon emissions calculation.
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Carbon Emissions
Boundary

o =
Gypsum Mining
\Eplasterl\ﬂll \

Plasterboard
Production
Distribution ]/
Construction
Process:
@ Installation

[ Landfill or Recycle ]

Figure6 Direct and Indirect Carbon Emissions of Plasterboard (adapted from Lafarge
Plasterboard, 2010)

3.4 Carbon Emissionsfor Raw Materials

The carbon emission factors used in this research came from msittipteessuch
as Singapore Public Utility Board (PUB), United States Environmental Protection
Agency (EPA)United States Energy Information Administration (ElAnd Inventory of
Carbon and Energy at the University of Bath. The data from Singapore PUB was
provided from their representatives and the research team had never been able to verify
the methodology of the calculations. On the other hand, the data eam&mRA came
from the total carbon emissions of each region in the United States. Kansas was located
on Region SPNO according to the eGRID report 2012 and the number was similar to the
electricity carbon emission factor that was provided by the Singapdse Fi¢emission

factorfrom EPA wad.8487kg per kWh; the emission factor from Singapore was 0.5360
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kg CO per kWh; the emisen factor from EIAwas0.8527 kgCQper kWh for Kansas.
The number that came from the Unitethtes EPAvas higher due to the fathat coal
was used to generate power in Kandasfson, 2007) The research showed tlutta
representinghe same countryasdifferent due to the difference in methodology
between agencie$he carbon emission factor thaince from EPA was lower because it

was normalizd with Missouri and Missouri had Callaway nuclear power plant.

3.5 Inventory of Carbon and Energy (ICE)

This research usalargeamountof data from the Inventory of Carbon and Energy
at the University of Batland the inventory was the most commonly used for carbon
emissions estimatiofekundayo, Perera, Udeaja, & Zhou, 2QIR)e inventory provided
most of the embodied carbon emissions of the construction materials, such as glass,
insul ation, paper, paint, copper, <c¢clay, conc
sources of embodied carbon emission breakdown, such as electricity, natural gas, and
oi |l éet c. , Table3 Bhémmposers of the invenggrrovide the sources of
their data in the reference section and the data shows that that they have been collecting
data all over the world. The data may only be used as a reference to get a rough picture of
how much carbon emissions each activity contabun the construction industry. Thus,
to estimate a more precise number, localized data should be used in the carbon emission
calculation as discussed earlier on the electricity carbon emissitoms However, there

is no current localized database floe U.S.
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Embodied Energy & Embodied Carbon Split
% of
% of Embodied Energy | embodied
Energy source f
rom energy source carbon
from source

Coal 3.4% 5.1%
LPG 0.0% 0.0%
oll 0.8% 0.9%
Natural gas 8.8% 7.5%

Electricity 87.0% 86.5%
Other 0.0% 0.0%

Total 100.0% 100.0%

Table3 Sample Embodied Energy & Embodied Carbon Split: Bfidssnmond & Jones,
2011)

3.6 Localized Data and the Difficulties of Obtaining Data

Greenhosge Gas Protocol 2012 pointed out that many cities in the U.S. conducted a
GHG inventory and set reduction targets, but there was no consistent guidance for
conducting a citylevel inventory. They also saw that there was a lack of common
approach to determé carbon emission factors and it prevented comparison between
cities(GPC, 2012)

As mentioned before, this research showed that different government agencies
came up with different carbon emission factors bseaof their stvey methodology. For
power generatiorthevariances in power generation methods neagignificant
difference in carbon emissians addition, some cases like the Singapore PUB did not

provide their methodology how they obtained their carbon emissiboréafor water and
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NEWater (water that goes through reverse osmosis). The research team could not obtain
the processes that were counted for the calculation and it took months for them to come
up with the number that may not have been accurate. A comppooaeh should have

been established in order to have a fair comparison between cities, and between different
construction materials. In the case of the construction materials carbon emissions, the
data from ICE did not indicate whether or not transpameagmissions were included in

the calculation. According to a study by EPA, transportation accotot@8% of the

total greenhouse gas emissamthe U.S. The amount was too significant to be ignored

(USEPA, 2013a)

3.7 Building Strategy in Carbon Emissions and Environmental Impact Reduction

3.7.1 Needs for Carbon Emissions Reduction and Carbon Trading

The American Clean Energy Act, President
Security proposal, and the Kefkyeberman proposal contamany provisions for
renewable electricity, carbon emission, energy efficiency, and cap and trade. Under the
new bill and proposals, the state governments across the country are required to report,
account for, and propose solutions to reduce its carbossEms.

The American Clean Energy and Security Act institutes the future environmental
and energy standards for the United States of America. It establishes the standards for
renewable electricity, carbon emissions, energy efficiency, and cap andMisaet sets
the direction of investments in energy techn
and smart cars and grids. These standards and investments address several critical
environmental and energy issues in the United States, such ateahmage, and energy

security, diversity, and technology.
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One of the components of the bill is the cap and trade legislation. This will require
private companies and public agencies tosgbrt and reduce greenhouse gases, toxic
particles, sulfur digides, and nitrogen oxide emissions, along with sell or buy
greenhouse gas credits from the market. Private companies that exceed their carbon
emissions limits will have to buy carbon credits from the market, while those who have
excess emissions will béle to sell the credits back to the market. Even though only
private companies may be taxed or required to purchase credits for their carbon emissions,
the U.S. Environmental Protection Agency (EPA) will require public agencies to report
and reduce theiracbon emission levels and the EPA set a target reduction each year for
the public and private agencies.

Carbon emissions from large size corporation are generated from: (1) the energy
use to run and oper at kildindgseehicle equipnertc.); on 6 s
(2) the energy and materials used to produce or develop assets and products for the
corporation; (3) the materials used to operate, maintain and repair the assets and products;
and (4) the materials used by assets and/or its occupaetg are two ways to identify
energy use and carbon emission: Direct and Embodied. Energy used and carbon
emissions generated by the construction, operation, maintenance, repairing and running
of the assets, and to produce and develop assets and pfodtiaéscorporation is
identified as direct energy use and carbon emissions. Embodied energy and carbon is
defined as the sum of energy inputs and carbon emissions (fuels/power, materials, human
resource®tc) that was used in the work to make any prodiotn the point of
extraction and refining materials, bringing it to market, and disposglumeosing of it.

A corporation consuming a product and not responsible to produce it is consuming
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embodied energy and carbon. A corporation has more contnoitekrect energy and

carbon and able to implement plans to reduce them. On the other hand, a corporation has
lesser control over its embodied energy and carbon and could only influence its embodied
energy and carbon emissions with their procuremensides.

Researchers find that energy and carbon footprint of buildings are effective
method to monitor buildings energy use efficiency and the overall energy efficiency of
the whole industry and economy. Energy can be converted into carbon dioxide
equivalats and the total may then be compared between similar buildings and the whole
industry(USGBC, 2008)

The construction industry and the operation and maintenance of buildings
consume over 40% of all energy consumed in theddrbtates and generated over 35%
of all carbon emissions. The transportation sector followed closely consuming 20% of
energy andyenerang over 27% of all carbon emissions. Carbon dioxide is a form of
Greenhouse Gas (GHG) that traps heat from the emagoth Too much GHG in the
environment will cause the atmosphere to heat up due to the dissipation of heat that is
trapped in the GHG. This will lead to chasget h e wdimatedReducing GHG is
thus important as it will alleviate the impact on theiemment. In addition, growing
demand for energy has pushed prices of fuels tohglsand threatens global
econonesand national security. Energpnservatiorhas become more important than in
the past as national security has overshadowed the ngedtfmoney savings.

Carbon and energy calculation is an important process of determining the energy
use and carbon footprint of buildings and vehicles. Various studies suggest that the total

energy consumption of buildings has increageal over yeaeven though the energy use
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per square foot has actually decreased. This suggests that energy use has gone beyond the
control of building occupants. Lighting and space cooling are the largest consumers of
electricity while space heating consumes the majofityatural gas in the U.fDavis,

1998)

3.7.2 Green Building Criteria with Carbon Emissions

Different countries develop their own green building certifications. For example,
the United States Gr een BdhipihBnergygggndCounci | 6s
Environmental Design (LEED) is the green building standards adopted by the U.S.,
Canada, Mexico, and Italy. Building Research Establishment Environment Assessment
Methods (BREEAM), and GreenMark are the standard itJtend Singapore,
respectively(BCA, 2010; USGBC, 2009; BREEAM, 2012)

These certifications rate buildings based on compliance with specified standards
in energy and water efficiency, protection of greenfield, indoor envieotah quality,
andchoice of materia[&uggemos & and Horvath, 200&Jewly constructed nen
residential or residential buildings and existing buildings need to comply with a certain
level in each criterion in order to be cadd. Majority of the recommended green
features in certification manwsadaved large amount of energy. According to a study in
the Cascadia Region, USA on eleven buildings, all eleven buildings performed better
than their baseline, and six of the buildimgsformed better than their design energy use.
Nine buildings performed better than the average commercial building(dtealsham,
Mancini, & Birt, 2009) However, these systems do not provide means to quantify the
actual emnironmental impacts, and thus are unable to directly target the reduction of

environmental impacts (like carbon emissions).
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Carbon modeling and carbon emission boundary justification deliver carbon
factors for each material or fuel during the construcéind the operation of buildings.
Still, carbon factors need to associate with the general information of buildings in order
to calculate the carbon emissions or savings. General information is the specification and
the information of the users of buildimghcluding number of occupants, number of
visitors, type of water faucets, number of lavatories, number of electric appliances,
number of computers, and type of materials of the structure...etc. In Green Building
certification such akeadership in Energ§& Environmental DesigiLEED), GreenMark,
andBRE Environmental Assessment MetH@REEAM), this information is used to
calculate the points in order for a building to achieve certain level of certification. For
example, material use may affect the qyatarbon emissions. In Singapore, GreenMark
addresssConcrete Usage Index (CUBCA, 2010)due to the large numbers of high
rise buildings in Singaponghile other certifications focus on green features, such as
water savindaucets, greeneffigatures irthe building, and using energy saving

appliances.

Using energy efficient appliances will reduce energy consumption in buildings.
According to Appraisal of Pol i £Bmisdionsst r ument s
Energy Staappliances can save significant amount of energy in buildiirge-Vorsatz,

Harvey, Mirasgedis, & Levine, 2007)he U.S. Energy Star Program is expected to save
833 Mt CQ equivalentoy 2010 according to Urgéorsatz, Koepple & Mirasgedis 2007

(UrgeVorsatz, Koeppel, & Mirasgedis, 2007)

3.7.3 Building Operation and Construction Energy
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Buildings (residential or neresidential) consume a significant amount of energy
in the form of electricity, gg or other types of fossil fuel during operation. A study
indicated that energy use in ldings was responsible for 7.85gaton ofcarbon
dioxide emissions in 2002, which was 33% of the global total enetgied emissions in
that year(UrgeVorsatz, Harvey, Mirasgedis, & Levine, 200EJectricity consumption in
buildings for heating and cooling, water heating, office equipment, lighting, ventilation,
refrigeration, and cooking will be included in the calculations. Theggrensumption
breakdown in Canada and the US is shownhahle4. Energy consumption during
building operation is recommended to follow American Society of Heating, Refrigerating
and Air-Conditoning Engineers (ASHRAE) 90.1asdards. The guidelines offer
suggestions on building envelope, heating and cooling methods, service water heating,
lighting, equipment and energy cost methods, and it contains energy consumption
calculations, and ways to lower power consumptions and carb@sions.

In addition, a significant amount of energy is needed to consttugtding. A
study in Japan showed that betweenah813 GJ/n? (an average of 8.95 GJ¥pis
needed to construct every % of floor area(Suzuki& Oka, 1998) The significance of
such emission renders it necessary to include the energy use (thus carbon emissions)
during construction such as gas consumptiomanhinestransportation, materials, and

power consumption during installation process.
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Table4 Breakdown of Residential Building Energy Use in the U.S., the EU, and Canada
(Data from Mitigating CQEmissiondrom Energy Use in the World's Buildings by urge
Vorsatz, Harvey et al. 2007)
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Table5 Breakdown of Commercial Building Energy Use in the U.S., the EU, and Canada
(Data from Mitigating CQEmissiondrom Energy Use in the World's Building by urge
Vorsatz, Harvey et al. 2007)
As shown oriTable4 and 5 energy use and carbon emissions from buikling

come from several sources like space heating, water heating, refrigeration, and lighting.

The tables also highlight that the numbers vary significantly between different Quildin
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types; therefore, it shows that building characteristics are important variables to
determine the amount and types of energy use in a building.

Oil, coal and natural gas are the three most common fuel sources to power
buildings, even though an increaginumber of buildings are beginning to use renewable
energy. These sources of fuel emit carbon and thus should led¢donvards the

bui | diaydeerergy and carbon footprints.

3.7.4 Water Consumption

Water consumption is also included in all the GrBaitding certification criteria
and it contributeso carbon emissions. Water supply is one of the most significant
indirect contributors to energy use and carbon emissions. Domestic water contributes
almost as much carbon footprint as construction migea@ording to U. S. Green
Building Council(USGBC, 2009)Energy is needed to sanitize and filter water in order
to make it potable in a water treatment plant. Depending on the quality at the source, the
energy use to treatater can be different. For example, water from dakigers, and
reservois uses relatively less energy than water treated thradigisalination plant (sea
water or reclaimed water). In addition, transportation of water from the source to the
treatmenplant and to its end users require a significant amount of energy due to water
pumps used in the water distribution system.

Some countries such as Singapore reclaimed wastewater through reverse osmosis.
Wastewater and rainwater that are treated usingetfese osmosis process consumes a
lot more energy and thus it generagdargercarbon footprint. The sanitation process for
tap water requires water pumps, mixer motatsch consume electricity, and gasoline.

From a study in the United Kingdom, thetman emissions factor for water is 0.276 kg
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CO; per n¥ of water(DEFRA, 2009) In Singapore, the carbon emissions for potable
water are 0.0005 kgG® per liter and the carbon emissions for water that goes through
reverse osmosiare 0.0008 kgCe per liter. As such, water consumption needs to be
considered for carbon emission calculation models for green buildings.

Table6 highlights the carbon footprint contribution of water and water for
landscapeFigure7 summarizes the scheme for water and wastewater treatment carbon
emission calculation for buildings. Watgse, including distribution, supply and
treatmentcontributes 1.2% of thiotal carbon emissions ithe United Stateszigure?7
shows that other than water treatment for potable water, transportation of water and
wastewater treatment should also be considered since these processes contribute carbon

emissions and energy consunoptioo.

Categories Percentage (%)
Building Systems 35.0
Transportation 2.0

Landscape 0.2

Domestic Water 1.0

Materials 63.0

Solid Waste 0.8

Total 100.0

Table6 U.S. Carbon Footprint BreakdowWbdSEPA,2013a)
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Figure7 Summary of Water Carbon Calculation

3.7.5 Energy Saving

Indirect energy saving criteria is included in Green Building measurement such as
transportation of materials. In LEED Material and Resources Credit 5otieges
builders to use regional materials for their buildings. It can lower the gas consumption on
transportation. In addition, other indirect factors may affect the energy efficiency of
buildings. According to a study in Jordan, residential building®sgtal locations can
save close to 50% on energy while residential buildings in the highland can save more
than 90% energy on heating and cooling with better ventilation and insulaaalhi,
2009) A pilot project in $ockholm had a heat exchange system installed in the
ventilation system of a subway station and it generategD% per year of heating of a

13-story building 100 yarslaway by the body heat of 250,000 commuters in the subway
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station per dayKelly, 2010) The study also showed thaetmore people occupying a
building, the more energy is needed for cooling and air ventiléietty, 2010)

Therefore, characteristics (i.e. its use, types of occappatposes, density etc.)
can determine the level of carbon emissions of each building. The characteristics have to
be considered in carbon emission calculation during the certification for each green

building rating criteria.

3.8 Building Materials Lifecycle

Construction materials are the backbone of the infrastructure of the modern
society. For exampleement which is one of the most commonly usedterialsn
buildings, accounts for about-BD% of the energy use in nonetallic minerals
production, andtiaccounts for almost orguarter of the total direct G@missions in the
construction industr{international Energy Agency, 2010)

The study of the service life of construction materials is a continuing need since
the indusry adopts new materials and new composite materials. Even though prediction
of service is essential, service life prediction is still unreliable due to the unpredicted
natural events. In addition, life prediction is lack of the knowledge of service icorsglit
defects and flaws in materials, degradation mechanisms, and the kinetics of degradation.
The life prediction of noitomposite materials, such as concrete, metal, and ceatiag
well-documented and common predictiamsilar tosteel corrosionConaete failure can
be accuratelgimulated by computer. However, composite materials, such as fiber
reinforced concrete, plywood, and fiberglass, areyatdtudied and it is hard to predict
the service life due to the complexity of the combination of ptegsfFrohnsdorff,

1996)

46



A study by Willmott Dixon in the UK shows that construction material embodied
energy in a normal house is about 10% of the total over its life. The number seems small;
however, the construction masdrembodied energy is about 30 to 40 % of the total over
its life for a low energy houg@Villmott Dixon ReThinking Limited, 2010)In other
words, construction material embodiedkergycan be significant for houses that use
green features or green certified. Embodied energy analysis, Lifecycle Analysis (LCA),
and transportation energy analysis on all the construction materials may be considered for
carbon emission calculations during green building certification becausedahiipute
significant of carbon emissiorif€hong & Hemreck, 2010)The scheme of lifecycle
analysis should include the processes from raw material extraction to recycle and reuse of
the materials if LCA is adoptedable7 shows the common construction materials and

their life duration.
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Part/equipment

Life

(years)
Roof Bituminous membrane waterproofin({ 25
Polyvinyl membrane waterproofing | 15
Protecting tile 30
Exterior gloss paint 20
Outer wdl 20
Floor finishing 20
Substation Circuit breaker 20
Disconnecting switch 20
Vinyl tile Transformer 20
flooring Capacitor 15
Battery Lead storage battery 15
Alkaline battery 15
Battery charger 20
Electric cable RN, BN 20
CV 6.6133 kV 20
CV 600V 20
VV 600 V 20
Bus duct 1.5
Lighting system | Fluorescent lamp 15
Incandescent lamp 1.5
Mercury lamp 20
Other electric Amplifier/speaker 20
systems Electric clock 20
Interphone 20
Sanitary pump | Drain pump 10
Drain pump (submerged) 25
Water supply pump 30
Fire pump 20
Motor 20
Pipes Hot dip galvanized steel pipe (suppl 20
Hot dip galvanized steel pipe (drain) 20
Valve 8
Hot water supply| Storage type water heater (gas fired 7
equipment Instantaneons water heater (gas fired 20
Chiller Centrifugal refrigerating machine 20
Centrifugal refrigerating machine 20
Accessories 20
Absorption type chiller 20
Chilling unit
Cooling tower Fan 15
Motor 15
Casing 15

1993)

Table7 Table of Lifecycle for Common Construction Materi@@ka, Suzuki, & Kounya,
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Figure8 Construction Materials Lifecycle

3.9 Construction and Demolition Debris

The onstruction industry in the United States generated 136 million tons of
construction and demolition waste according to 1996 @#&PA, 2002and more than
5 million tons of organic hazardous waste requires thermal treatnenytyear.
Construction waste and debris argnificant elementsf theurban waste stream.
According to the California Department of
2004 Statewide Waste Characterization Study, construction and demolition (C&D)
materials make up approximately%f California's waste dispos@lalRecycle, 2011)
In a report by Napier for the U.S. Army Corp of Engineers, construction waste is about
25% to 40% of the solid waste stream in the UnitedeStand only 20% of construction
and demolition waste is recycl@dapier, 2011)Also, other than debris from

construction and demolition, natural disasters, such as wildfires, floods, earthquakes,
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hurricanes, tornadoes, andhter storms, generate large amauwftadditionaldebris in
the U.S. every yedtJSEPA, 2011a)

The cement industry currently uses over one million tons of hazardous waste a
year as an alternative fueteplacing expensive dmonrenewable fossil fuels such as
coal (CKRC, 2004) However, using such fuel cost may cause severe environmental
impact. Hazardous waste releases dioxin, arsenic, and other toxic substance to the air
during combustiofATSDR, 2011; USEPA, 2011bfonstruction waste and debris
include absorbent materials, aerosol cans, asbestos, empty containers, paint, shop towels,
treat ed JWiashihgtahState Departmieof Ecology, 2011)According to a
study bythe Massachusé&t Department of Environmentatd®ection, wood, gypsum, and
asphalt shingles are found primarily in building defbSM Environmental Services,

Inc., 2008) Cleanwood, and landscape materials that are not painted witkbkesetl

paint treated with arsenibased preervative, or contaminated with hazardous materials
are usually sold for boiler fu¢Napier, 2011)Construction and Dentibon Debris

(CDD), however, is usually shipped from the construction sites as mixed CDD.
Mechanical processing is usually usegtsitively pick suitable materials like wood

from conveyor belts for recycling or making biomass fuel. In Maine, for exarnhgg

use negative pick operations to remove-neeyclable or toxic materials from conveyor
belts in order to have suitable materials for biomass(faine Department of
Environmental Protection, 20Q7)

In mechanical pro@sing, norcombustibles, plastics, treated wood, fines,
asbestos arsenic, lead, pressure treated wood, and polychlorinated biphenyls (PCBs) are

removed tdulfill the fuel quality standard#laine Department of Environmental
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Protection, 2007)Poly vinyl chlorides (PVCs), a type of plastics, releases hydrogen
chloride when it is subjected to a 100 degree Celsius or higher enviroftiogett &
Levin, 1987) and PVCs also release polychlorinated di#melioxins (or dioxins) during
combustionBeychok, 1987)Treated wood contains chemical preservatives, such as
chromated copper arsenate (CCA), borate preservatives, and bifenthrin spray
preservatives, releases arsenic dudognbustiofUSEPA, 2011band arsenic may
cause changes of human skin color, corn and small warts for low level exposure.
Exposure to high levels of arsenic can cause dédaiBDR, 2011) Treated wod can
only be used as fuel for cement K{MSM Environmental Services, Inc., 2008)
Therefore, mixed CDD requires to be processed in order to lower the risk of toxin release
to the environment when it is used as biomasisftwugower generation.

In mixed CDD, wood debris is about 25% of mixed C{IalRecycle, 2011due
to the fact that wood products made up a large portion of all industrial raw materials
manufactured in the U.S., about 47% adaowg to a 1987 studfAPA, 1999) Figure9
shows the breakdown of different types of wood from C&D waste in the U.S. Two
commonly used types of plywood are softwood plywood, and hardwood plywood.
Softwood plywood is made by cedar, Douglas fir or spruce, pine, and fir (collectively
known as spruceinefir or SPF) or redwood and is typically used for construction and
industrial purposes. It is used to make floors, walls and roofs in house construaimn, w
bracing panels, and fencing. On the other hand, hardwood plywood is made by birch tree
and it has high strength and high impact capacity. It is usually used to make panels in
concrete formwork systems, floors, container floors; floors subjected ty e in

various buildings and factories, and scaffolding mate(/iPA, 2011) After
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construction or demolition, the wood debris is shipped with other debris and it may be

used as biomass fuel if it is not contaminated. U$eof wood debris as biomass fuel

will be studied to determine the energy efficiency, and environmental impact in this

research.

% of
Total C&D

9.1%

Non-Wood \ 24%
Portion of C&D 8.1%

6.5%

1.6%
0.3%
6.0%

Wood Type

Untreated/
Unpainted

Pallets & Crates

Engineered

Painted/Stained

Pressure-Treated
Wood Furniture
Other Wood

% of Waste
Wood Only

27%

7%

24%

19%

5%
1%
18%

Figure9 Average of C&D Waste Characterized Study Results (by We{BI8M

Environmental Services, Inc., 2008)
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CHAPTER 4: DATA ANALYSIS (EMBODIED ENERGY)

Building lifecycle includes five stages as showrkrigure10 and the arrows
below the stages are the corresponding methods used to calculate thamamtiabn
impact at different lifeycle stages. This research was to find methods to determine the
environmental impact in diffent stages in the building ligcle. In somanodels such
astheembodied carbon emissions modwlijlding datavaslimited and mg not have
been available to this research. Alternative metheere used another modeling
methods were proposed for futuesearch or projects that faced similar incideite
following sections start from material extraction and manufacturing asdebearch

showshow the carbon emissions factors were collected

® Life Cycle Assessment L 4

Material Extraction Operations and

and Manufacturing Construction Building Life Maintenance End of Life

®—— Embodied Energy and Carbon —@
@—— Baseline Energy and Carbon Use —— @

®— Direct Energy Path - Construction —®— Direct Energy Path - Operation —®

L Input Output Assessment &

Figurel0 Lifecycle Breakdown and Analysis Methods

4.1 Raw Materials

The models, such as direct, indirect, hybrid, irputiput, and process models,
mentioned abovare used to determine carbon emissions factors. Research institutes and
government agencies are providing these factors for the public to find the total carbon

emissions of their activities. Government agencies like United States Environmental
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ProtectionAgency USEPA), Department for Environment Food and Rural Affairs
(DEFRA) in the United Kingdom provide electricity carbon emissions

However, not many agencies provide the carbon factors that the construction
industry may use. To calculate carbon emissfona building or create a carbon
emission calculator for buildings, one should use data from different agencies and their
methodology to determine such factors areiméine with each other. The respitsing

factors from different agencies may notdseaccurate.

4.2 Building Construction Carbon Emissions

During the construction of a building, the carbon emissions are due to the
manufacturing process of construction materials, the fuel consumptioratininesand
vehicles, and powesupply forelectrictools. The carbon emissionsthis stage of the
building lifecycle are the embodied carbon emissions of a building because the carbon
emissions come from the raw materials, construction process, and instd(lzroron
Design,2012) Figurell shows the stage of embodied aarlemissions in a building

lifecycle.
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Figurell EmbodiedCarbon Emissionm a Building Lifecycle

4.2.1 Building and Construction Material Embodied Energy of the Material
Measurement, Materials and Sustainable Environment Center

The Measurement, Materials and Sustainable Environment Center (M2SEC) was
used as one of the case studies and pilot carbon emission estimation framework in this
research for buildinghaterials. M2SEC was chosen in this study because the
construction process and transactions are well documented due to the requirement for
American Recovery and Reinvest Athe general contractor for M2SEC was JE Dunn
Construction and they provided #ile transactions between satntractors, contractors,
and enginees during construction. All the materials used in the building, excluding
furniture and interior finishing are included in these transactions and the scope of this
research. The documemsovide thesize, quantity, and substanafthebuilding
materials.The datavas organized on a spreadsheet. A sample table for excavation is

shown onTable8
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Description Unit Quantity
Drilled Piers, 40" Long m® 995
Haul Pie Spoils m3 995
Grade Beam & Ftg Excavate m® 567
Crushed Rock @ SOG, 18" Thick | m® 784
Granular Backfill m® 2031
Perimeter Foundation Drains m 256

Table8 Sample Data Collectioftom M2SECwith Only Quantity
The excavation, foexample, includes piers, rocks, backfill, drain and the quantity is
shown onTable8. Using the average density of each material, the weights can be

determined as shown drable9.

Density Weight

Description Quantity | Unit (kg/m?) (kg)
Drilled Piers, 40' Long 995 | m® 2300| 2288500
Haul Pier Spoils 995| m3 2300| 2288500
Grade Beam & Ftg Excavate 567 | m? 2300| 1304100
Crushed Rock @ SOG, 18"

Thick 784 | m? 1225 | 960165
Granular Backfill 2031| m® 1225 | 2487366
Paimeter Foundation Drains 256 | M 2300 259

Table9 Sample Data Collectioftom M2SECwith Quantity, Density, and Weight
There is no existing localized collection of carbon emission factors of these
materials in the United States. Tafore, this research used the carbon emissions factors
provided by the Inventory of Energy and Carbon & Energy from the University of Bath

and they are selected accordingly based on ICE Version 2.0 as shdwahleho.
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Carbon
Factor
Density | Weight | (kgCO2e/kg
De<ription Quantity | Unit | (kg/m?) | (kg) of material)
Drilled Piers, 40'
Long 995| m? 2300| 2288500 0.107
Haul Pier Spoils 995 | m® 2300 2288500 0.107
Grade Beam & Ftg
Excavate 567 | m® 2300| 1304100 0.107
Crushed Roc @
SOG, 18" Thick 784| m® 1225 960165 0.010
Granular Backfill 2031| m® 1225| 2487366 0.010
Perimeter
Foundation Drains 256 | m 2300 259 3.230

Table10 Sample Data Collectiomom M2SECwith Quantity, Density, Weight, and
Carbon Facto

Since ICE 2.0 provides all the carbon emissions in kgeG@r kg of the material,
Equation3 was used to calculatarbon emissions for a particular pafthe building as
shown onTablell. For thisexample, all the carbon emissions are added to get the total

carbon emissions for excavation.

Carbon Emissions = Weight of Material x Carbon Emission Factor

Equation3 Carbon Emission Equation
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Carbon Carbon
Weight Factor Emissions

Description Quantity | Unit | (kg) (kgCO2¢e/kg) | (kg CO2€)
Drilled Piers, 40' Long 995 | m® 2288500 0.107 244870
Haul Pier Spoils 995 | m® | 2288500 0.107| 244870
Grade Beam & Ftg 567|m* | 1304100 0.107| 139539
Excavate
Crushed Rock @ SOC 3
18" Thick 7841 m 960165 0.01 9602
Granular Backfill 2031 | m? 2487366 0.01 24874
Per!meter Foundation 256! m 259 3.93 837
Drains

Total 664590

Table11l Sample Data Collectioftom M2SECwith Quantity, Density Weight, Carbon
Factor, and Total Ghon Emissions

The calculations were repeated for the other parts of the building including:

T
)l

Excavation

Structural

Masonry

Carpentry

Roofing and Flashing
Doors and Glazing
Plaster and Ceilings
Flooring

Equipment

Fire Protection and Plumbing
HVAC

Electrical
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The summaryables areshown in Appendix ASome of the materials or parts could not
be found in the ICE version 2.0 and carbon emission factors are calculated based on the

weight of different materials of a part. The calculation is shovEgmation4.

6 QQ06 66 AEGQI i"OhEako € |

b ¢ "0 ®0o QIdamd® W0 06 OO BOGEOD & £Q G0 QITQM &

Equationd Adjusted CarborfEmission Factor

The embodied carbon emissions resulihefM2SEC showshat all the structural
works, including piers, beams, walls, and columns, contribute the most embodied carbon
emissions in th&12SECand it was about 33.59% of the total embodied @admissions.
The secondesource oEmbodiedcarbon emissions in the building is the excavation
works of the building and the pidisavethe most carbon footprim this category,
which is 244757.57 kg C@®. Thehigh embodied carbon emissions from stwual works
is expected because the manufacturing process for concrete, aggregates, and sand
consumed a lot of energy on grinding, explosion during mining, and transportation from
mines(Wright, 2011; Hmmond & Jones, 2011; Hammond & Jones, 2008grefore,
thehigher thecarbon factorshehighertheembodied carbon emissiaria addition,
concretas the most common material of the building and floors, beams, columns, and
walls are all made out obacrete. The other majspurces of embodied carbon
emissions com&om roofing and flashing, and doors and glazing. The higher
contributionis due to théhigh-energy consuming manufacturing procesthefglass used

in the cutain walls, windows, and dodihe other products that require highergy
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consuming manufacturingrocess aréhe metal finishing, and the polycarbonate products

useal on the roofingTable12 showsthe total embodied carbon emissions for M2SEC and

the percergtiges of each category of the buildifggure12 showsthe breakdown of each

category.
Carbon Emissions | Percentage

Category (kg CO2e) (%)
Excavation 664590 24.82
Structural 899201 33.59
Masonry 14177 2.77
Carpentry 16965 0.63
Roofing and Flashing 279123 10.43
Doors and Glazing 162415 6.07
Plaster and Ceilings 300450 11.22
Flooring 11842 0.44
Equipment 72994 2.73
Fire Protection and Plumbing 7529 0.28
HVAC 57981 2.17
Electrical 129783 4.85
Total 2677050 100.00
in meric tons 2677

Tablel12 M2SEC Total Embodied Carbon Emissions Breakdown
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Figurel2 M2SEC Carbon Emissions Distribution

M2SECstudyshowsthat if the materials in a buildingerewell documented, the
emlodied carbon emissions of a building could easily be determiimedstudy also
indicatesthat contractors, engineers/architects, and owshen®t usually summarize the
material and transaction data. Thiesepelectronic copiesf email written
communicéions, purchase orders, and invaick is difficult to determine the embodied
carbon emissions of a building unléle professionals involved in the projeetrganize
the data. lis time consuming and some transactions ialpst.

To improve this, ontractors, engineers/architects, and owners slumydlopa
database before a building constructwaject beginsThis would allow tracking oéll
the construction material data, including quantity, size, weight, and the element.

This study initiallytried to determine the transportation emission of all the

materials. However, no record was kepbutthe origin of the products artbefuel use
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of the constructiomachinesThe addresses of all the busiresavolved in the
constructionwere theonly record that existed. However, the locations of them may not
have reflected where the materials came from.

In order to further study in this, a fuel usage record should be kept by contractors,
and the engineers/architects and suppliers should keep d oé¢he origins of materials

and save the data in the database.

4.2.2 Building and Construction Material Embodied Energy of Kansas
Department of Transportation

Unlike M2SEC that was discussed earlier, KDOT had over 900 buildings across
the state of Kansas. Muaity of the buildingsvereold and no detadld datawasavailable
to the research team. KDOT representatives did not keep a database of all the materials
used and installed in their buildings and they could only offer blueprints of their buildings.
K D O § buildings were first sorted into thg building size locations, and buildingse.

Data was sorted according to the size, Hrelisage of the building®ata for
these categories wecollected from the KDOT blpeints. While most KDOT blueprints
wereavailable to the research team, the older ones were no longer reliable as many of the
older buildings had been renovated or modified and information and new blueprints were
not available to the research team. As a result, the research teamilusitetive
buildings and callethe occupants to verify the changes made to the older buildings. The
research team visited a number of KDOT campuses to aotampressiorfor the
agencyits buildings andtheir operations. Four additional trips were madeutdhier
clarify any discrepancies and confirm any updates.

Phone interviews with KDOT personnel were conducted on the buildings where

plans were not available to verify the design of those buildings. In addition, Google
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Maps®and street view weralso usedo determinghe design anthe material®f those
buildings. As most KDOT buildingaerevery similar in design anchaterials the
research team made reliable assumptions on the designaaedals as well

Building blueprints shoedthe dimensions angpes of materials of the buildings.
Engineeringudgmens or phone call verifications were made to verify information that
could notbe sen clearly on the drawings. For example, materials used and the sizes of
them were estimated usitige older or damageblueprints. Usingheknowledge andhe
images from four site visits, the unknown mateneé¢seidentifiable. The research team
found many similarly designed buildings and thus made reliable assumptiod®base
several buildings that they visited. Plearall verifications allowed the research team to
confirm their results.

Assumptionshadto be made on most of the data and analysis. Only reasonable
and verified assumptiongereused in the models and analyses. As many KDOT
blueprints and records werdler missing or out of date, the following table of

assumptions was used to reduce the impacts due to missing and out of date information.
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. Weight per
Material gg;iléness/ Area Other Notes
(kg./m?)
Plaster 1.5875 cm
thick 13.48
Glass 0.3175cm single pane
thick 8.19
Glass 5.3975cm doublepane with a
thick 16.38 gap
Gravel 10.16 cm
deep 170.88
Common Standard 40 x 2 2/ 30 x
Red Brick 195.30
Cast Iron 0.635cm
thick 45.77
Rolled Steel | 0.9525 cm
thick 75.53
Wood doors | 5.08 cm solid doors
thick 13.43
Sandstone | 20.32cm value used
thick 472.13
Sandstone | 30.48 cm not standard assumption
deep 707.95
Concrete 15.24 cm not standard assumption
Wall thick 361.30
Concrete 20.32thick value used
Wall 481.90
Concrete 30.48 cm not standard assumption
Wall deep 722.60
Fiberglass 4.88 Assumption
Shingles 4.88 Assume soft wood
Siding Assume heavy duty plastic
4.88 siding

Table13 Material AssumptiongLegacy Formwork, 2011)
Data gathered from KDOT building blueprintereadjusted taeduce the
amount of errors from some of the incomplete blueprints. Highway restvséops
excluded from the study due to time and resource constraints. Even though the rest stops

wereconstructed by KDOT, thegid not have direct control and jurisdictiorner many
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of them (such as those intstate highways). These rest stopealso unstaffed and
thus data cannot be verified.

The Inventoryof CarbonandEnergy(ICE) by the Universityof Bathprovided
the carbon emission factors for the materialsiusall the KDOT buildings. A summary
table is shown oifable14. Using the average sizesrofterials and average ceiling
heights that were shown dmablel13, average carbon emissions per area for idiffe
materials were obtaine&or examplethe average weight per arebreinforced concrete
was 481.90 kg/fand the carbon emission factor for reinforced concrete 0.1 kpp@O
kg according to ICE. The carbon emissions for reinforced conerete
Carbo emissions peAreafor Reinforced Concrete = (Carbon Emission Factor)

(WeightperArea)
= (0.1 (481.99
= 48.19kgCQ; per nt

In general, the carbon emissiper area for all the materiats

6 006 6 "OWFA) (UC)

Where CEA is Carbon EmissiqrerArea
CF is Carbon Emission Factor from ICE
WEFA is Weight per Area
UC is Unit Conversiortif necessary)

Equation5 Equation of Carbon EmissiqrerArea

The calculation was repeated for all the enais and the carbamissions per area are

shown onTable15.

65



Material Carbon Emission Factor
(kg CO2/kg of material)
Reinforced 0.100
Concrete
Concrete 0.100
Concrete Block 0.100
Brick 0.230
Corr. Iron 1.910
Metal 1.820
Fiberglass 1.50
Gravel 0.073
Shingles 0.710
Lap Siding 2.730
Glass 0.840
Glass Skylight 0.860
Glass(Insulated) 0.880
Door 0.710
Door Reinforced 0.710
Wood
Garage Door 1.910
Door with 0.8
insulatedGlass
Metal Door 1.910
Gravel 0.073
Stane 0.087

Table14 Summary of Carbon Emission Factor Used in KDOT Building Embodied
Carbon Emissions
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Materials Carbon Emission per Area kg CO2/m?)
Reinforced Concrete 48.19
Concrete 48.19
Concrete Block 48.19
Brick 44 .92
Corr. Iron 87.66
Metal 137.47
Fiberglass 7.52
Gravel 12.47
Shingles 3.47
Lap Siding 13.33
Reinforced Concrete 48.19
Concrete 48.19
Concrete Block 48.19
Brick 44.92
Corr. Iron 87.66
Metal 137.47
Fiberglass 7.52
Gravel 12.47
Shingles 3.47
Lap Siding 13.33

Table15 Building Material Carbon EmissionerArea

The KDOT buildings are categorized into numbers of building types as shown in

Appendix B. Using the blueprints provided by KDOT, the square footage of each

materialwas determinednd wassaved on a spreadsheet. By using the carbon emissions

per area shown ohable15, carbon emissions for each builditypes were calculatess

shown in Appendix CAppendix Dshowed the result of the embaodliiearbon emissions

of all KDOT buildings andtte total embodied carbon emissions from KDOT buildings

was23319806 kgCeke.

The Kansas Department of Transportation (KDOT) has over 900 buildings

throughout the state #fansas and they consstoffice buildings, garages for vehicles

and

construct.

on

equi pment ,

was h

bays,
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KDOT did not have a database to record all the construction materialseteaised and
installed in their buildings. Blueprintgerethe only reords they have for their building.
The materialsverepredicted using the blueprints and the embodied carbon emissions of
the agencyvereestimated based on the area occupied by the materials. Assumptions
weremade according to the legacy formwork weigbitsonstruction materials and
concrete.

The result showethat concrete, reinforced concrete, fiberglass, corrugated iron,
garage door, and metal contribditeh e most embodi ed car bon emis:¢
buildings as shown iffable16. The garage doomseremade out of steel. Therefore, the
most embodied carbon emissions came from metal, concrete, and fibergtassain
processe for iron and steel production includatktallurgical coke production, sinter
production, pellet produion, iron ore processing, iron making, steelmaking, steel casting
and very often combustion of blast furnace and coke oven gases for ofnesqsuThe
metalwasrequired to be heated at very high temperature for forming, and treatment and
they are vergnergy consuming. Thus, tpeoduction ofmetalleadto emissions of
carbon dioxide (Cg), methane (CkJ, and nitrous oxidéN-O) from fuel, and the

production processé€d?CC, 2006)
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Percentage

Area of Carbon of Percentage

Material Emissions | Material of CO2
Material (m?) (kgCO2) | (W) (%)
Concrete 8255 397800 2.09 1.70
Concrete Block 46220 2227331 11.68 9.60
Stone 2065 84831 0.52 0.40
Fiberglass 104365 784722 26.36 3.40
Glass 5072 35717 1.28 0.20
Insulated Glass 1062 14961 0.27 0.10
Glass Skylight 880 6194 0.22 0.00
Reinforce Concrete 34182| 1647233 8.64 7.10
Brick 2263 26297 0.57 0.10
Gravel 5153 64286 1.30 0.30
Corrugated Iron 97536/ 8550041 24.64 36.710
Wood Door 4524 43128 1.14 0.20
Garage Door 22262| 2981093 5.62 12.8
Standard Door 4361 43800 1.10 0.20
Shingles 39 134 0.01 0.00
Metal 57608| 6412238 14.55 27.%
Total 395846 23319806 100.00 100.00

Square Footage of Material

120000
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60000

Square Footage (m?)

Figure 13 Square Footage of Materials in KDOT's Building

Table16 Construction MaterialandCarbon Emissions Distribution of KDOT Buildings
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Figure14 Embodied Carbon Emissions Distribution of KDOT Buildings

Unlike utility consumption, thereasno benchmark or average value that
buildingscouldfollow like the values from United States Energy Information
Administration for utility consumption. Hence, the accuracy for embodied carbon
emissionsvasunknown and itvasdifficult to judge whether or not a buildirfgadtoo
much embodied carb@missions. Another unknown for embodied carbon emissass
the transportation carbon emissions during the construction process. As indicated, the
parties in the construction industhd not keep aecord of fuel consumption and
distance travelled of ghconstruction materials. For green buildings that obtained points
for using regional materials in MReBquirementthe transportation carbon emissions of
the materials could be lower because the contractors are required to use a simple 500

mile radius fom the site for both extraction and manufacturing distdd&&sBC, 2009)
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4.2.3 Construction Equipment and Installation

Construction equipmemrbonsumed.1% of the US. energy consumption
according to a study kthe Department of Emgy in 1981(Stein, Buckley, Green, &
Stein, 1981) Anothe study in the Netherlands showt the largest fuel consumption
and carbon emissions on a construction site is due tgwaarssorkum, 200). On a
construction site, the energy sourcesildbe categorized into two main categories: fossil
fuel, and electricity for construction and interior installatidowever, very littlevas
knownabout theconstruction equipment activif)Kable, 2006)and theravasno protocol
to monitor construction site fuel consumption and electricity BREEAM, 2012)

M2SEC was used tdeterminea methodology to estimate the fuel consumption
and electriciy use during construction. However, the transactions between owner,
engineerdrchitects, contractors and sointractors did not shoany fuel cost of their
equipmentEven though extensive documentation was expected due to the requirements
of the AmericarRecovery and Reinvestment Act of 2009, the fuel cost was absorbed into
the total work expensdy the contractors and subcontractors and it was not recorded.

The research team contacted the Business Operations Service Center at the
University of Kansasdr electricity use during construction and interior material
installation of M2SEC. The representative could not providel#ite asthey did not
keep records until a building was occupied.

In order to determine the construction and installation enengsuenption, the
contractors and subcontractors should have a record of fuel consumption of all the heavy
machinesand vehicles. At the same time, the owner should hadarecord of

electricity consumption during the whole construction period. If, iffutee, the
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construction industrikept track of the fuel consumption mlachinesand vehicles on the
construction siteit would improve the accuracy of the environmental impact of buildings
during construction. Similar methodsuldbe applied to highwagnd roacconstruction
projectsto determine their environmental impact.

Other than the energy that is usedtf@manufactuing process of materials,
embodied energy calculation alseludesthe energy of the fuel used to power the
harvesting or miningquipment, the processing equipment, and the transportation devices
that move raw material to a processing facilkym & Rigdon, 1998) With globalization,
transportation is accounting folbgy partof the total amount ofreergy spent for
implementing, operating and maintaining the international range and scope of human
activitiesand it is growing radicallyin developed countries, transportation accotmts
between 2% and 25% of the total energy being consurffeadrigue & Comtois, 2013)

M2SECat the University oKansas was chosen for this part of the resetarch
determine ways to quantifpe transportation energy and carbon emissions of materials.
The owner, contractor, and subcontracterevcontacted and they provided only
transactions and purchase orders of all the construction materials used to build M2SEC.
No separated record from the suppliers that documented the distance travelled and fuel
consumption of the matals were archived

However, the purchase orders showed the address of the supjdiaggthe
address of supplierthe distance travelled by the materials couldi&@rmined
assuminghe materials came from the location of th@ivider facilities These
addressewereinsertedn a MySQL database and GooglepMAPIwasused to

determine the fastest and closesites to the construction site after pinpointing the
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longitudes and latitudes of the suppliekkhoughthe result may ndtavebeen
completelyaccurateit was still the most efficient approach ardvasmore reliable than
existing methodTheprovider facilitiesof the suppliers may ndtavebeenlocatel from
theprovided addresses andbt of businesses hddcatedtheir warehouse somewhere
else. hey shipedtheir materials direct from their warehoas$e construction sitdn
addition, thismethoddid not take trucld r i vbehavsoand personal driving habits

into accountThe materials may have been transported to multiple locations.

4.3 Building Embodied Carbon Emissions Modeling

The result from the building embodied carbon emissions estimation of M2SEC and
KDOT proves that building embodied carbon emissions can be roughly modeled. Two
different methods provide an outlook how embodied carbon emissinrieaaodeled
and what should be accountied in the calculation. The KDOT case, on the other hand,
shows that estimation can be done using the blueprints from the owner of the buildings
with some assumptions. Therefore, older buildings that do not hiigestt records of
their construction materials can use the method similar to the one that is used on the
KDOT case study. Buildings that have good documentation of construction materials can
use the method that is used in the M2SEC case study. For edladbon emissions
that are contributed by transportation of materials, the construction industry should
change the way thegccount foithe transactiosmbetween engineers/architects,
contractors, and suppliers. Contractors and engineers/architects fututte, should
require suppliers to provide the origins of the construction materials, including the
country, and locations of warehouses. As such, the distance travelled by the construction

materials can be calculated and the fuel consumption willtbeatsd. At the end, the
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carbon emissions due to transportation can be estimated. At the same time, the
contractors and subcontractors should keep a record of total fuel consumption of the
construction equipment and engineers/architects should requiredfseromit that at the
end of their contracts. The summary of the modeling methods for building embodied

carbon emissions is shownhigure 15.
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CHAPTER 5: DATA ANALYSIS (UTILITY -BASED
BUILDING OPERATION)

The carbon emissions generated during building operation come frarilities
usa by theoccupantslt includes electricity, natural gas, water, steam, and sewer. The
building operation is in the middle of the buildiligcycle as shown ifrigure 16.

Chapter 5 and @ill discuss the carbon emissions during building operation.

Raw
Materials

Reuse,
Recycle,
Use as
Biofuel

Building
Construction

Building
End-of -

Building

Life Operation

Figure16 Building Operation in the Building Lifeale
5.1 Energy Flow

In energy flow analysisChen, Hsu, and Hong suggested that five steps including
energy supply, central energy generation/utilities, energy distribution, energy conversions,
and process energy ugehen, Hsu, & Hong, 2012%imilar steps proposed biong, et
al. are:

1 Step 1: Energy suppdy Summation of fuel consumption, purchased electricity,

steam, biomass, and black liquor or byproduct fuels.
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1 Step 2: Central energy generation/utiliiesmcluding the energy supply which is
mentioned in Step 1. In adidin, power generation means #ergyproduced
onsite by fuel, biomass and renewable energy, which actually enters the plant.

1 Step 3: Energy distributiénthe energy distributed to the process energy systems
is represented. Energy distribution is obtaibgdubtracting boiler and electricity
generation losses in pipes, valves, traps, and electrical transmission lines from the
central energy generation/utilities.

1 Step 4: Energy conversidnthe available energy that can be used by process
equipment is callednergy conversion, which is calculated by subtracting
transmission losses and facilities energy from the energy distribution systems.

1 Step 5: Process energy @sthe energy use is estimated by subtracting energy
| osses due t o equi pgyeonversionisysténystoiprecessy f r om
energy use system@long, et al., 2011)

Guzm8nbés and Atheenergy flosvs amkgassemiss®ons of three asparagus
production systems. In their energy flow analysis, they tracedeafertizers and

chemicals, fuels for equipments, and electricity used in three farms and they converted
the amount of fertilizer, fuel, and electricity used to emboidied energy in mega Joules .
Using similar manner, they caletgd the gas emissionsing gas emissions in GO
equivalenf{Guzman & Alonso, 2008 his method was adopted to estimate the
operational carbon emissions of a building. A building electronic device,rike a
asparagus production system, could be bral@m into different parts. For example, a
Heating, Ventilation, and Air @ditioning(HVAC) system can be broken down into

ventilation,refrigerant, chiller, cooling tower, and furnace. Carbon emissions due to
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power consumption or water use could be et in each part of the system. This
method can be applied to other devices in a building that would be discussed later in the

chapter.

5.2 Building Operational Carbon Emissions

The United States Energy Information Administration (EIA) is a government
agerty that collects and analyzes energy data in the U.S. and promotes sound policy
making in energy, environment, and economy. The agency publih@&smmercial
Buildings Energy Consumption Survey (CBECS) every 4 years since 1992 and CBECS
contains the totaenergy consumption in different forms, such as natural gas, gasoline,
and electricity, in different sectors and economic activ{iEsEIA, 2011) The agency
also provides average energy consumption for different typesldings, such as
education, food service, sales, and office. The data is published in a per square foot
manner so that the public can use the data as a benchmark for different type of buildings.
They assumed education, and office buildings are occupigdlarihg office hours and
thepower usage is at minimum during weekends and holiddesutility study atEaton
Hall at the University of Kansas atftke utility study at th&ansas Department of
Transportation would use the EIA benchmark to compare tggiconsumption of the
agency and the average nati onTablelAsloWwsues f or

an example of EIA energy consumption per square foot.
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Principal RSEs for

Building Total Electricity . RSES for .
Activity Expenditures Electricity Expenditures
per kwh per Square foot

Northeast Midwest South West Northeast Midwest South West Northwest Midwest South West
Education 20.5 145 | 13.7 | 10.9 7.2 41 | 33 | 106 | 104 105 | 6.7 | 91
Food Sales | 17.7 329 | 283 | 413 | 165 91 | 63 | 98 13.0 19.8 | 10.3 | 435
Food Service| 229 216 | 20.7 | 37.2 7.9 6.1 55 | 119 | 193 18.6 | 13.3 | 20.1
Health Care | 13.0 16.8 | 12.1 | 180 | 113 53 | 62 | 63 14.3 76 | 116 | 6.0
é. .. 1lny| 179 111 | 158 | 195 | 112 4.2 78 | 89 15.6 7.8 97 | 76
€. . . dent| 278 26.8 | 16.9 | 22.3 9.1 70 | 6.6 | 99 21.2 16.7 | 245 | 115
Lodging 27.0 15.6 | 205 | 403 | 8.4 46 | 48 | 93 62.1 6.9 9.0 | 324
Rtﬁf: égﬁ)er 20.2 247 | 244 | 323 7.5 71 | 47 | 191 | 130 13.8 | 175 | 18.6
Office 16.6 374 | 149 | 178 7.8 3.4 27 | 74 9.6 7.5 50 | 7.9
Assuebrlrlmzly 29.5 119 | 209 | 56.8 | 1238 38 | 54 | 188 | 776 13.8 | 15.2 | 53.0

Table17 Exampleof Energy Consumption Benchmark from E(ASEIA, 2008)
5.2.1 Single Building Analysis(Eaton Hall)

Somestate agencies, such as the University of Kansas, have a dedicated
department that collecand organizethe operational energsonsumption, and other
utility data.Many states require their agencies to keep a database of all the utility data for
future planningandfor utility regulation and lawlURC, 2013; CPUC, 2007)

In this research, data was collectemin the Business Operations Service Center
through the Building Complex Manager of thehool ofEngineering athe University of
KansasThe data included electricity, gas, water, sewer, and steam from 2004 to 2012 as
shown onTable18. Discussed in the previous section, the United States Energy
Information Administration (EIA) provided avage values for electricity, gas, water, and
steam consumption in the U.S. for buildings with different usa§mce Eaton Hall
contained classrooms, computer laboratories, and offices, the average education building
data from EIA was used to comparetwifaton Hall. Due to the fact that EIA did not

provide data on sewer, the EIA comparison for sewer was skipped.
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5.2.1.1 Eaton Hall Utility Result

EIA average values for education buildings wet8.40kWh per squareneter
for electricity,11.25cubicmeterper sgiaremeterfor gas,84.35cubic meteper day for
water, andl23051164)Joulesper square foot for steam. The square footage at Eaton Hall

was7,872squarameters The EIA average values were calculated as showirable18.

Usingthe carbon emission factors dable19, carbon emissions from each utility were

determined as shown drable20.

Power Natural gas | Water Sewer Steam
consumption | consumption | consumption | consumption | consumption
Year (KWh) (md) (md) (md) (md)
2004 2,107,750 175564 5031 1142 5038759251
2005 2,132220 42475 5127 1050 | 4779837207
2006 2,065800 283168 4315 1001 | 2,705811,068
2007 2,335270 201,049 5068 1049 | 1,442619751
2008 2,267,080 65,129 4908 1229 3,817,207,444
2009 2,250,720 62,297 6159 1481 4,799142,798
2010 2,321,100 87,782 8867 1228 | 4,296061,809
2011 2,109760 67,960 4570 1366 | 1,672015597
2012 2,140,336 76,455 7851 14341 1477066982
Average 2,192226 117,987 5766 1220 3336502434
EIA
Average
Value 932085 88,632 6,297 | N/A 3,864,654,528

Table18 Eaton Hall Utility from 2004 to 2012
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Carbon Carbon

Emissions Emission

Source Factor Unit Source

Electricity 0.8527| kgCO/kWh | EIA

Natural gas 2.422| kgCO/m*® | DEFRA

Steam 0.0002152 kgCO/m® | DEFRA
Singapore

Sewer 0.75| kgCO/m*> | PUB

Water 0.3441| kgCO/m* | DEFRA

Table19 Carbon Emission Factors Used For Eaton Hall Case Study

Natural
Power Gas Water Sewer Steam Total
Carbon Carbon Carbon Carbon Carbon Carbon
Emissions | Emissons | Emissions | Emissions | Emissions | Emissions
Year (kgCO2e) (kgCO2e) | (kgCO2e) (kgCO2e) (kgCO2e) (kgCO2e)
2004 | 1,797278| 425216 1,731 857 | 1,084601| 4,165455
2005| 1,818144| 10,2875 1,764 787 | 1,028868 | 3,739044
2006 | 1,761,508 | 685833 1,485 751 582430 | 3,781,926
2007 | 1,991,285| 486941 1,744 786 310526 | 3,576945
2008 | 1,933139 157,742 1,689 922 821,660 | 3,835814
2009 | 1,919189 150883 2,119 1,111| 1,033023| 4,216025
2010| 1,979202| 212608 3,051 921 924,734 | 4,040298
2011 | 1,798992 164,600 1,572 1,025 359904 | 3,349875
2012 | 1,825065| 185175 2,702 1,076 317941 | 3,406565
Average| 1,869311| 285764 1,984 915 718188 | 3,790216
EIA
Average
Value 794789 | 214666 2167 | N/A 831873| N/A

Table20 Utility Carbon Emission Summary of Eaton Hethm 2004 to 2012

Eaton Hall at the University of Kanshas3 floors, and7,872-squaremetes of
space and Mvasopened to student 2#burs a day7 days per weeklt hasclassrooms,
instructional and computdabs,an atrium and computing commoffeagulty and gradate
teaching assistant officemnda multimedialecture hallwhich seats 25(KU, 2011) The
Business Operations Service CeraeKU provida all the utility data fron2004 to 2012.
The data includgelectricity, gas, water, sewer, and steam. The average American

consumption on power, gas, water, and stesmecompared to the average national
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values for educational buildings calculated by the United States Energyétion
Administration (EIA). Sewewasnot compared because EIA does not conduct survey on
the average sewer release of buildings in the U.S. The carbon emissions from all the
utilities werecalculated and compared to the national value calculated byehage
educational buildings per square foot.

Table21 showsthe summary of utilities, their carbon emissions, and the EIA
average values for each utility, excluding sewer. The result showigurel7indicates
that Eaton Hall consundeanore than twice the amount of electricity per year during the
study period and Eaton Hall consurever 2,000,000 kWh per year during this period.
The valuewasvery high because it is open Bdurs per day? days per wekand lights
arealwayson withoutregardfor the presence @tudents anéhculty. On the other hand,
the EIA values assurdehat buildingswvereonly operating during office hours and power
consumptiorwentdown to the minimum during holidays and weed®throughout the
year. This mayavebeenthe reason why the power consumption at Eatonwizslso
high compared to the national average value. In addition, the values from EIA dssume
that educational buildingsontainclassrooms and faculty offices gnlvhile Eaton Hall

hada few computer labs with hundreds of computers.
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Table21 Summary of Eaton Hall Utility Usage from 2004 to 2012
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Eaton Electricity Consumption Vs. EIA Average Value
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Figurel7 Eaton Hall Electricity Consumption 20@012vs. EIA Average Value

The result on natural gas consumption shdthat Eaton Hall consundeabout
national average in gas consumption except 2004, 2006, and 2007 as shayund8.
The weather during the winters of these years wakeictdwan normal and sevetalrge

winter weatherevents happened during these winters in LawrencéNKB\A, 2007,

NOAA, 2009; NOAA, 2008) The steam consumptiavashigher than EIA average value

as shown irFigure19 and itdid not follow the weather pattern during the study period.

Figure20indicated that the water consumption at Eaton Hall was about average when the

data was compared to EIA average value.
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Eaton Hall Natural Gas Consumption 2004
2012 Vs. EIA Average Value
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Figurel8 Eaton Hall Natural Gas Consumption 2e€@@t2vs. EIA Average Value
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Figurel9 Eaton Hall Steam Consumption 20R@12vs. EIA Average Value

The result othe Eaton Hallstudyindicatedthatif all the utility datais available
of a building, real time carbon emissions modetingldbe made and building users, and

ownerscouldcheck their carbon footprints due to the operation of their buildings.
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Eaton Hall Water Consumption 2004 2012
Vs. EIA Average Value
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Figure20 Eaton H# Water Consumption 2002012vs. EIA Average Value
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Figure21 Eaton Hall Carbon Emissions 2004 to 2012

5.2.2 Multiple Building s Analysis (KDOT)
Unlike Eaton Hall, KDOT had over 900 buildings and they have different types

and usagedot all the data was given to the research team. Also, unlike KU, KDOT did
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not have an individual department or a person to collect the data. Therefore, the data
analysis was conducted in a different manner so that the building could be compared to
the aerage values provided by EIBuildings werdirst categorized according to the
actual use of the building rather than the intended or planne8uwisding usage
separated buildings based on their energy usage and space conditioning requirements. For
exanple, office spaces required energy mainly to conditioned spaces for the occupants
while workshops spent most of their energy on runemugpmentKDOT
representatives were interviewed to see if the building plans portray accurate building
usage.
Even thaigh some KDOT buildings were designed to deliver conditioned air for
up to several occupants, these buildings were not frequently occupied during their
operating hours. Most of the occupants spent their time on the roads. Phone calls were
made with those o actually occupied the buildings to determine if the above was
accurate. Fultime and partime occupants were also separated in the analysis in order to
determine how many actual occupants are occupying the buildings full timeinkeull
occupants conibute to greater energy use in those buildings than part time occupants.
State policies and agency practices are also collected to understand how they
impact energy consumption of various buildings. Sgeeading and cooling the single
greatest energyonsumer. For this reason it is important to determine if occupants alter
their interior temperatures based on the exterior temperatures. While a shop worker might
be expected to wear gloves during winter and expect heat during the summer, an office
workeer s6 t ol erance towards fluctuations in tem

worker. Cultural differences may also impact expectations and requirements.
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Policiespr act i ces, and employeesd behaviors
regions employ fil-0 wythd spol i cy that enforces that
in a room. Some offices turn off lights on hot summer days in order to save energy, and
some area offices may utilize windows rather than the thermostat to control indoor
temperéure.

Data gathered from KDOT building blueprints and from the utility companies
were adjusted to reduce the amount of errors from some of the incomplete blueprints and
unclear utility bills. Three trips were made to verify the locations of some of tleganet
Highway rest stopwereexcluded from the study due to time and resource constraints.
Even though the rest stops are constructed by KDOT didayot have direct control and
jurisdiction over many of them (such as those Hstate highways). Thesest stopsvere
also unstaffed and thus data cannot be verified.

The first task within the energy analysiasobtaining the utility data. The utility
information for all accounts within the agency miiavebeenamassed from each of the
supplying utilitycompanies. Large buildings and campusasasionallywerecontained
under a single account numbey iorother casesyerebroken into several accounts. Each
accountcould consist of multiple meters. When contacting providirs,year, locations,
value guantities, and meter detail were obtained from the providers

In the case of KDOT, a span from 2007 to 2010 was desired. Due to availability,
most accounts contadroughly three and a half years of data siKBE®T no longer
had access tdatabefore the spng of 20070f many accounts.

Each account numbe&rasassigned to its corresponding address. Some addresses,

such as those attached to large campuses, cedtauitiple account numbers with
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multiple meter numbers per account, so if possiblgagimportant to obtain as much
meter data as the utility provideadavailable. An alternativerasto sunmarizethe
meter values to create a total value per account number.

Utility dataand analysisvere grouped into building types. Building types
describedheuses and sizes of the buildsi@s the utility companies instaitlone meter
for each campus rather than for each building, the utility\datagrouped by campuses
first and then grouped by buildings (whenever possible). The building wgres
descriledin Appendix B.The table also highlightesbme energy use averages for
different building typesbageo n t he Depart ment of Energyos
Agencyds averages for the bui atejoriasgeachy pe s .
building type was given an ideal version of the type based upon the majority of the
buildings. These ideal buildings were used to get a uniform set of variables that would
work for the building type. These variables included items sublifting material,
government/nofgovernment owned, geographic location, number of workers, hours of
operation, type of lights used, hours lit, etc. This ideal building was used to make the
EIA benchmark that would be used for the analysis of the bgilgipe by kwh pem?
per year It was then compared to the meter data supplied for each building, showing if

the buildingwasperforming above or below the national average for that type of building.

5.2.2.1 KDOT Utility Result
The analysis of direct energyeau@utility) is divided into KDOT districts and is
shown in the following table. District 1 consumes the highest amount of electricity, and

this result is expected since District 1 covers the major metropolitan areas of Kansas such
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as Greater Kansas Cityppeka, Lawrence, and Manhattan. In addition, its energy

intensity is also the highest.

Total Total Annual
Area Annual Use Use kWh (2009) Total Area (m?)
kwh (2008)

District 1 | 8,241,006 8,177,974 63784
District 2 | 1,131,044 1,225,434 34710
District 4 545350 517,483 38532
District 5 | 6,043,107 6,144,828 41792

Total 15,960,507 16,065,719 178818

Table22 Total Electricity Consumption in Relation to Square Footage

The Energy Information Administration (EIA) average per District saghin
Table23. Table25 exhibits the top 10 power consuming locations in various KDOT
districts. Most of these buildings are located in Topeka, KS. The electricity use of the
main campusonsumed the most power and its average per kWh per square foot is higher
than similar buildings across the United States. On the other hand, most of the other top
10 energy intensive KDOT locations have lower average per kWh per square foot than
similar buildings across the United States. Districts 1, 4 and 5 total annual electricity use
is higher than the baseline of the EIA CBECS. On the other hand, the overall total annual

use in 2009 is lower than the EIA average.
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Total

Area Annual Use Total Annual Use Total EIA
KWh (2008) kwh (2009) Average kWh
District 1 | 8,241,006 8,177,974 7,825,825
District 2 | 1,131,044 1,225,434 4,154,812
District 4 545,350 517,483 3,709,672
District5 | 6,043,107 6,144,828 5,518,733
Total 15,960,507 16,065,719 21,209,042

Table23 Total Power Use Compared to EIA Averagaue

Most of the top 10 locations have power consumption lower than EIA average.

The total CQproduced by the power generation is showmhable24. The carbon factor

used in the conversion is 1.871 pound per KWBEPA, 2007)Since District 1 has the

highest power consumption, it has the highest carbon emissions on utilities in KDOT.

The total KDOT utility carbo production in 2009 is 15,028 tons. The top 10 carbon

producing buildings are the same as the top 10 power consuming builthbis25

shows that 2300 Van Buren, Topeka (the main office of KDOT) contribute 17.8% of the

carbon poduction of KDOT. The other locations are around or less than 3Pe odtal

carbon production.

Total Annual Total An_nual CO2

Area Use kWh (2009) Production (2009)
(Tons)
District 1 8,177,974 7,650
District 2 1,225,434 1,146

District 4 517,483 484

District 5 6,144,828 5,748
Total 16,065,719 15,028

Table24 Total Amount CQ Emissions from Ultilities by District
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Electricity
Rank Location Use kWh Percent
(2009)
2300 Van
1 Buren, 2,858,580| 17.80%
Topeka
2 101 Gage,| gy 763 | 5150
Topeka
3200 449, 0
3 Wichita 631,937 3.93%
t
4 1212, | 453540 | 2.26%
Topeka
500
5 Hendricks,| 281,599 1.75%
Hutchinson
650 K7
6 HWY, 1 573880 | 1.70%
Bonner
Springs
7 10413, 1 50s 480 | 1.46%
Salina
8 1123, 1 129080 | 1.11%
Salina
1812 4", 0
9 Pittsturg 102,875 0.64%
h
10 12208, | 145160 | 0.64%
Hutchinson

Table25 Top 10 Buildings in Carbon Emissions

The utility data from KDOT showed how energy use may have been varying

more drastically than what theprmally assumed. For ample,a furnacevas brokenn

an office basemermnewinter and their employees had to work without heating in the

building for several weeks. Computers, lights, electronics, and laboratory equipment were

left running throughout the day and into the nigftie resulting heat was enough to

maintain building temperature despite the outside wintery conditions. Many employees

compl i mented

t he

comfor't

|l evel

of

t he

produced uneven and spotty heating. The energy useydbat period actually came
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down significantly. As there were massive amount of stigtels and highways in the
state, they were excluded from the research but will probably be included in future
project.

5.3 ProposedBuilding Utility Models

The result othe findings in this researatiaspresented on a website and the input
page, and result pagegreshown in Appendix E and F. The KDOT study and Eaton
Hall study providd a new vision that utility data and its related carbon emissiounls
be modeled andrganized on a website so that building users, and building ocoeic
determine their carbon emissions due to their activities in the building. In the case of
KDOT, it did not have a specific department that organizes the utility data.

In the proposedhodel for utility, catais collected fom the utility providers and the
data is organized and summarize by year and location. Then, the utility data is converted
to carbon emissions by carbon emissions factors. The data is disptagraphs and on a
table so that building owners and operators know their operational carbon emissions of

their buildings A summary modeling method is shownFigure22.
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the data by

year and
location

Figure22 Building Utility And Carbon Emissions Motle

An unforeseen problemccurredwith the KDOT campus accounts. Due to utility
providerds grouping of meters, it was | mposs
lights, road lights, and campus yard lights) from building utility draw. After speaking
with the utilities companies it was found that in many cases, coverage for these lights is
on a seffee basis rather than a wattaggage basis. Further confusion was added when
individual meters represented multiple small buildings.

Because of the discrepaes, buildings were grouped into campuses. KDOT
proved to be the perfect candidate for this method since its campuses were repeated
throughout the state in roughly the same form. For example, a standard sub area campus
generally contained a chemical dgraevash bay, a salt bunker, a sub area office, and a
storage/equipment building. By being able to group accounts and meters into campuses,

meter allocation problems were avoided.
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CHAPTER 6: DATA ANALYSIS (EQUIP MENT -BASED
BUILDING OPERATION )

There are wide varig of energy consuming devices and equipment in a building.
By using the energy flow analysis mentioned in Chapter 3.3.1, energy consumption of
each device can be obtained using related energy fundamental equations of each device.
This part of the resedralid not take equipment efficiency into account. Due to
the wide variety of devices and equipment, only atigves ofequipment antuilding
areas were chosen in the study. The study could be extended to other energy consuming
devices in the future. Tretudy included the equipment and areas below:
1 Building Envelope
1 HVAC (including Chiller, Cooling Tower, and Ventilaticonly)
1 Means of Transportation
1 Lighting
1 Elevator & Escalator
1 Water Consumption

1 Renewable Energy and Greenery

6.1 Energy Transmittals through External Wall: ETTV and U values

Green Building certification such as energy saving features from wall, facade, and
roof materials are tackled in all the Green Building certifications. According to a study in
Jordan, residential buildings in costal looas can save close to 50% on energy while
residential buildings in the highland can save more than 90% energy on heating and
cooling with better ventildon and insulatiorfRadhi, 2009)A pilot project in Stockholm

hada heat exchange system installed in the ventilation system of a subway station and it
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generated 1-30% per year of the energy consumption used for the heating estard3
building 100-yards away by the body heat of 250,000 commuters in thevaulstation
per day(Kelly, 2010) The more people occupying a building, the more energy is needed
for cooling and air ventilation.

Materials used for building envelope including the s/alhd the glass windawv
are important to the engrgonsumptiomelated tcheating, ventilation and cooling
systems in a building. Envelope Thermal Transfer Value (ETTV), normally expressed in
W/m?, is a concept developed in Singapore to measure building cooling energy. U values
of a building envelope nainly represent the thermal conductivity of a building envelope
material, they also represent the temperature difference between indoor and outdoor. The
unit of U-values is W/(rAK). ETTV measures the thermal conductivity of building
envelope materials. HV of a building material inversely correlated with its insulation
and characteristic. Thus, lower ETTV value means that less energy is needed to cool
down indoor space in a building during the summer. As such, ETTV and W calube
used to estimate tr@mount of energy needed for the immediate interior space of building
(and thus the equivalent carbon) and energy saving from differentiating ETTV and U
values. Carbon emissions can be calculated according to the savings from external wall
and glass choise

The ETTV is determined by the window and wall ratio, thermal transmittance of
an opaque wall, thermal transmittance of fenestration, equivalent temperature difference,
temperature difference, solar factor, correction factor for solar heat gain through
fenestration, and shading coefficients of fenestration. The relationship between these

variables is shown below:
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ETTV (in W/M) = Toegx (1-WWR) x Uy, + (pT(WWR)Us + SF(CFx WWRx SC)

WWR: window/wall ratio
WWR = 0, Uvalue brickwall = 2.62 W/hK
WWR <0.5, Uvalue = 4.25 W/rhK
Uw: thermal transmittance of opaque wall (VW)
Uf: thermal transmittance of fenestration (Vi)
Tdeq: equivalent temperature difference
o T temperature difference
SF: solar factor
CF: correction factor for solar heatig through fenestration
SC: shading coefficients of fenestration

Equation6 Equation for ETTV

The solar factor is related to latitude where a building is located according to a
study by Sam CM Huand ChuSeeFigure23). In their study, they determined that solar
factor increases with increasing latitude. In other words, locations at higher latitude will
have higher heat gain from solar energy. The ETTV at higher latitude will be higher tha
the one atower latitude(Hui & Chu, 2009) For example, itsingapore, the latitude is

1°2 2 6, and the sol ar factor wil/l be 363 Watt
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Solar Factor VS. Latitude
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Figure23 Solar Factows. Latitude(Hui & Chu, 2009)
Once the ETTV is found for a building, the carbon emisssavengs from

choosing better building envelope matedah be calculated byuttiplying the area of

the wall,by the carbon emission factor for electricigynd by theamount oftime that

heating, ventilation, aiconditioning and coolingHVAC) system is operating he

ETTV is multiplied by the electricity carbon emission factor because the materials of the
wall, as previously mentioned, transfer the heat gain from ttsédeu Walls with lower
ETTVs have less heat gain and they save the cooling load of the HVAC system. In other
words, the materials used in the walls lower the energy consumption. Therefore, the
ETTV is multiplied by the electricity carbon emission factoorder to calculate the

carbon emissions lowered by changing the choice of wall materials.

6.2 HVAC
The Heating, Ventilating, and Air Conditioning (HVAC) system is a system that
improves indoor environmental comfort by circulating the air and adjustingdber

temperature according to userdés preference.
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commercial buildings and most of the residential housing the United States. In the rest of
the world, and some parts of the U.S., windowcamditioners are used insteaid

universal HVAC units in residential buildings. In Singapore, most of the residential
buildings use window units, while commercial buildings use HVAC systems.

The HVAC system includes a central hegtsystem, ventilating systems, cooling
tower,and airconditioning system. The heating system usually has a boiler, furnace or
heat pump. It is used to heat the air or the fluid, and the piping of the rest of the HVAC
system distributes the heat by convection. The ventilating system is used to remove
excessndoor humidity, odors, and contaminants and exhaust them outdoor by
mechanical or force ventilation using a burltfan. The system also introduces air from
the outside to the inside of a building. The ventilating system can be replaced by a natural
venilation system that does not contain a f@penng windows or trickle vents replase
the fan of a ventilating system. Warm air rises and flows through the open windows and
trickle vents, and natural air will be introduced through the windows and triekils.\t
is a good option and it uses less energy but it can only be used in low humidity and cool
regions. Air conditioning systesnon the other hand, is the systesmich removes heat in
the HVAC system. Heat is removed through the process of radietiomection, and
cooling through a process called the refrigeration cycle. The conduction mediums used in
the industry are war, air, or refrigerants. Theraconditioning system also contains a
dehumidifier to remove the humidity of the indoor air by eragion.

The casestudy of this research was trying to estinthteairconditioning power
consumptiorof the HVAC system and the research assumed that the window unit had

similar power consumption to the HVAC system.
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6.2.1 Chiller

In a HVAC system, the chdl is used to remove the heat from the indoor air.
Chiller Tonnage (TR) is a quantity that measures the amount of thermal energy removed
from a room. One chiller tonnage is equivalent to 3024 kCal per hour, and 859.9 kCal is
equal to 1 kW hour of electrenergy. In order to determine TR, the mass flow rate of
coolant, the specifitype ofcoolant, and the temperature difference of coolant are needed
in the calculation (SeEquation?). Since calories can be converted to elecyricit
consumption by a conversion factor, carbon emissions can be calculated if the carbon

emission factor of electricity is applied in the calculation.

Chiller TonnaggTR) = QG (Ti - T,)
3024

Where

Q is mass flow rate of coolant in kg/hr

Cp is coolant specific heat in kCal /kg °C

Ti is inlet, temperature of coolant to evaporator (chiller) in °C

To is outlet temperature of coolant from evaporator (chiller) in °C.
Equation7 Chiller Tonnage

Chiller tonnage is the thermal energy removed from the interior per hour. In the
chiller tonnage carbon emissions modglithe efficiency of the chiller is assumed to be
100%. In other words, the electricity is well consumed by the chiller and all the power is
used to renove the heat from a building. The carbon emissions of chiller can be estimated
by multiplying the chille tonnage byhe carbon emission factor of electricity using the

appropriate units (1kWh equals 3.6 mega joules).
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6.2.2 Cooling Tower

The cooling tower is connected to the chiller in a HVAC system. The water
running in a cooling towaemovesheat from the chiér. Water is used as a coolant
because it has high specific heat capacity and water can more efficiently remove heat

from the chiller than air near the wetilb temperature.

COOLING TOWER SYSTEM
E AR

. 'S
\ = - " AMBIENT g
sl - AR

Process

./l L\. coolers

M = = g AMBIENT
fl [“‘u AR

5 f

emn )

COOLING TOWER Pump

——— D

Figure24 Schematic Diagram of Cooling Tower

The coding tower consumes water. Therefore, the carbon emission calculation
focuses on the water use and evaporation. The enethg@imp is disregarded in this
case. The total water flow of a cooling tower is called Mag€M) water, which is the
summatiorof Circulating water (C), Dravoff water (D), Evaporated water (E), and
Windage loss of water (W). The water flow measurement is in gallon per min. In order to
calculate the annual wateonsumption of a building, the &keup water in gallon per

min shouldbe multiplied by the operating minutes per year of a building. The carbon
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emissions of coolingpwer will be the multiple of Mkeup water and water carbon
emission factor.
M=C+E+D+W
Where M isMake-up water in gal/min
C is Circulating water in gal/min
D is Draw-off water in gal/min
E is Evaporated water in gal/min
W is Windage loss of water in gal/min

Equation8 Windage Loss Equation of Cooling Tower

The windage loss of a cooling tower measures the water evaporated when the
warm water on top of the tower trickles downward over the fill material inside the tower,
and the warm water contacdhe rising ambient air by natural or forced draft using large
fans in the tower. The loss depends on the type of draft and the totalogatdue to
windage is calculated by taking a percentage off from the circulating water inside a
cooling tower.The carbon emissions of cooling tower can be calculated by multiplying
the Makeup water by the carbon emission factor of water, and by theatpg time of
cooling towerAlso, if the energy consumption of the water pump is considered, the
carbon emissions due to the water pump can be estimated by multiplying the energy

consumption of the cooling tower water pump by the carbon emission édiatactricity.
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Windage Loss Type of draft

0.3t0 1.0%0f C natural draft cooling tower
0.1t0 0.3%of C induced draft cooling towe
about 0.0X% of C cooling tower with

windage drift eliminators
Table26 Windage Losses v®raft

6.2.3 Ventilation

Ventilation is the subcategory system of the HVAC system, and it is used to
circulate the air in a building. Currently, there are three kinds of ventilation systems:
Mechanical, Natural, and Hybrid. The mechanical ventilation systesiarsair handler
unit (AHU) to circulate the air. The AHU is usually made out of metal with a filter, and it
is installed on the rooftop of a building. The unit has a fan, and it forces the fresh air
inside through the air filter. Then, it exhales theomdair with odor, humidity and
contaminants outside a buildiggSHRAE, 2005)

The energy consumption can be estimated by the design ventilation quantity, and
operating hours. The average flow rate is between 900 to 13@@mfioor) (ECCJ,
2010) The equation is listed below:
E=QxTx3.676 x 16
Where

E: Assumed primary energy consumption for ventilation (unit: kWh)

Q: Design ventilation quantity (unit: #mour)

T: Annual operation timeufit: hour)

Equation9 Ventilation Energy Consumption

In Green Mark, the Green Building Certification in Singapore;@onditioned

System Efficiency (in kW/ton) is considered as factor for energy efficiBCA, 2010;
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USGBC, 2009)Air-Conditioning System Efficiency is a factor that measures the power
needed to generate a certain amount of cooling @& lowerthe Air-Conditioned

System Efficiency number, better the eneefficiency is. In other organizations around
the world, such as Energy Star, energy efficiency is represented as Energy Efficiency
Ratio (EERYUSDOE, 2007)Energy Efficiency Ratio (EER) is a measure of the
efficiently of a cooling systerduring operating outdoor temperature atRHigher the
EER, more efficient the system(IdSDOE, 2007) The conversion between Air
Conditioned System Efficiency and EER is listed below:

EER=12/(Airi Conditioned System Effiency)

Equation10 Air-Conditioned System Efficiency

6.2.4 Refrigerant
Other than the ventilation and cooling tower, refrigerant is another part of the
HVAC system that contributes carbon emissions. Accorditgjtdepartment for
Environment, Food and Rural Affaireach type of refrigerant has a different Global
Warming Potential (GWP). This is a relative scale enabling comparison to be drawn
between the six Kyoto Protocol greenhouse gases (GHG). Each GHG is given a number
based orits effect on the atmosphere relative tog®hich has a GWP of 1). The GWP
is expressed in kg of G@quivalent, or kgCee. For example, refrigerant R410a has a
GWP of 1725kgCe.The GWP fi gures for each GHG are tz¢
DEFRA/ DEBEBEIG6 L£Lonversion Factors for Company Re
DEFRA in 2010. The table below shows different refrigerants have different carbon

emissions factor.
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Refrigerant GWP(kgCO2¢) | ODP(kgCFC-11e)
HCFG22 (R22) 1810 0.05000
HCFC123 76 0.02000
HCFC12 470 0.02000
HFC134A 1300 0.000015
R404A 3260 0.0000D
R407B 2285 0.0000D
R410A 1725 0.0000D

Table27 Refrigerant Global Warming Potentials & Ozone Depletion Potentials

6.3 Renewable Energyand Greenery

Buildings thatuseremea bl e ener gy, such as solar and
the carbon emissions from equivalent amount of energy that energy sources generate. The
offset varies on the sources of A@mewable energy that the renewable energy replaces.
The total savingwill be based on the carbon emitted by the-remewable energy

normally used in buildingéCarbon Retirement, 2013)

10t



Building Envelope]

- Appliances

Renewable Energl

Carbon Offset

I HVAC

Energy
Consumption

Greenery

Total Energy
Consumption
Calculation

]

— Lighting

Energy Efficiency

Figure25 Summary of Energy Consumption and Savings

Increasing the amount of greenesyuch as green roofs, green walls and fields,
near or on site can lead to energy saving in buildings with the help of the
evapotranspiration of plants depending on the height and orientation of buildings
(USEPA, 2010)It increases Rralues, and the benefit may vary by roofs depending on
the building hotspot. Shading provided by green roofs and trees reduces surface
temperature on the roof and pavement, and thus reduces cooling load in buildings during
summer. In winter, the aisture in soil moderates the temperature of buildings with green
roofs.In addition plants absorb carbon dioxide for photosynthesis. Greenery, therefore,
is a key criteria in most green building stand4tdSGBC, 2009BCA, 2010) and
carbon emissions saving can be estimated according to the energy use mitigation of this
feature.

Water that evaporates from leaves will absorb thermal energy during the
transition between liquid and gaseous state. According to UA.r&&imum surface

temperature reduction due to the shading from trees is ranging from 20 to 42%9° @)L
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for walls and roofs. In the winter, this insulating effect, on the other hand, causes less
heat loss from the inside of the building roof, whictiuges heating nee@@SEPA,
2010)

A study by the EPA o€hicago City Hall, 20,300 square fodtuilding where a
green roof wasddedfound the green roof saved 9,270 kwWh per year on cooling and 740
million Btu per year on &ating. The EPA carried out a similar study on the green roofs in
Toronto, ON, and Santa Barbara, CA. A building in Toronto, ON with 32,000 square feet
of green roof saves 6% on energy cost for cooling and 10% on energy cost for heating per
year, while a bilding in Santa Barbara, CA with 32,000 square feet of green roof saves
10% on energy cost on cooling and 10% on energy cost for heating per year This study
also shows thahe cooling energy savings would be greater in lower latit(IdS&EPA,

2010)

To determine the energy saving on cooling in Singapore, the research team
extrapolated the data to the equator, and the other locatiociustfear calculation (See
Table28 & Table29). Singapore is at 1.36 degrees north of the equator, and the cooling
saving is determined to be 24.36 % of the total cooling energy consumption if green roof
is installed on top of a building. When the users of the carbon emission calculator
indicae that their buildings have green roof, the cooling energy consumption is
discounted according to the cooling saving percentage extrapolated from the study by

USEPA.



LocationfLatitude|Cooling s
Toronto 4 3. 6
Santa Ba 344 1C
Equator 0 24.
Table28 Latitude and Cooling Saving in Different LocatiqusSEPA,
Locat|Lati t{Cool i n|Coolingsaving(kwh
(degr|saving /(m? of greenery - year)
Chi ca 41 . 6. ] 4.95
Singa 1. 2 4. 17.65
Hong 22 15. 11.09
Kong
Kansa 39. 7. 5.81
City
Lawr e 38. 8 . 5.81

2010)

Table29 Extrapolated Cooling Saving Results

Another green roof study showed that the plant absorbsrantsgpf CQ per

study(Gili, 2009).

square meter per 2 years, assuming that the weather will be very similar feyehe 2

In Chapter 5, the modeling methodologies of the major energy consuming, and

includes Rvalue, HVAC systems, and greenery.

carbon emissions contribagl parts of the building was presented and it was discussed in
details individually. In this chapter, they are grouped accordingly in order to create
overall models for buildings. For example, thev&ue or ETTV, and greenery are related

to the energy sang of the HVAC system and the proposed models for air conditioning
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6.4 Proposed Carbon Emission$/odeling for HVAC, R-Value, Greenery,
Location

Earlier figures shows that the World GHG emissions on electriody-eeating is
about 24.4%WRI, 2010b)andTable4 that energy use in HVAC system is about 43 to
61% in residential buildings, and 20 to 57% in commercial buildings in Canada, the
United States, and Eapean Unior{irgeVorsatz, Harvey, Mirasgedis, & Levine, 2007)
As mentioned, a study in the United Kingdom determines that water contains significant
of carbon footprint, and the carbon emissions factor for water is 0.27®kget nv of
water(DEFRA, 2009) In western countries, buildings are commonly made by concrete.
Therefore, the proposed models for energy use and carbon emissions will consider these
three major sources.

In the proposed modér HVAC system, the energy consumption determination
will be broken down into different parts of the system, such as ventilation, cooling tower,
and chiller The Energy use in each component is determined in equigrasetl manner.
In current green buildig certification, energy saving features like facade, green roofs,
and greenery will lower the energy consumption on heating and cooling. The ETTV, and
RTTV values of a building are determined and they can be used to estimate the heat gain
from solar radiion. Greenery near the building can have temperaturé@erating effect

to a building due to evapotranspiration. The proposed model is shdviguire 26.
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Figure26 Proposed HVAC Energy and Carbon Eross Model

6.5 Lighting

Lights consume significant amount of energy in a building. According to a study in
2011 by the United States Energy Information Administration (EABdut 461 billion
kilowatt-hours (kWh) of electricity were used for lighting by tlesidential and
commercial sectors. This equal to about 17% of the total electricity consumed by both
of these sectors and about 12% oékdt.S. electricity consumptioficlA, 2013)
Estimating energy consumptiama buildng due to lighting only is difficult because a
building usually does not put a meter for every single lightthadarge quantity of lights
make it impracticalln order to generally estimate the energy consumption, the lighting
power densities from thed9Al standard by th@merican Society of Heating,
Refrigerating and AiConditioning EngineerfASHRAE) can be used. According to
ASHRAE 90.1, office power consumption per square foot is 1.1 Watt per sgetems
shown onTable30and the carbon emissions can by calculated by multiplying the carbon

emission factor of electricity.
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LPD Building -Specific LPD
Common Space Types (W/m?) | Types (W/m?)
Gymnasium/Exercist
Office-Enclosed 11.84| Center
Office-Open Plan 11.84| é P | a yArea ¢ 15.07
Conference/Meeting/Multipurpog 13.99|é Exer ci s e 9.69
Courthouse/Police
Classroom/Lecture/Training 15.07| Station/Penitentiary
eFor Penitenti g 13.99]..Courtroom 20.45
Lobby 1399/ é Conf i nem 9.69
éFor Hot el 11.84| é J u d g eembers 13.99
...For Performing Arts Theater 35.52| Fire Stations
...For Motion Picture Theater 1184/ ¢ Engi ne R 8.61
Audience/Seating Area 969/ €Sl eeping 3.23
Post OfficeSorting
...For Gymnasium 4.31| Area 12.92
Convention Center
eFor Exercise ( 3.23| Exhibit Space 13.99
€éFor Conventi orn 7.53| Library
éCard Fil
éFor Penitenti g 7.53| Cataloging 11.84
éFor Religious 18.30|é. St acks 18.30
€For Sports Ar ¢ 431|é Readi ng 12.92
e€For Perfor ming 2799 Hospital
eéFor Motion Piqg 1292/é Emer genc 29.06
eFor Transportg 538 éRecovery 8.61

Table30 ASHRAE 90.1 Lighting Power DensitiéASHRAE, 2013)
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6.6 Elevator & Escalator

Elevatorscontribute a large percentage of building energy consumption.
According to AtSharif, elevators consume 5 to 10% of a typical building's total energy
costs, and the drive system and rated speed of an elevator affect the energy efficiency.
The same study b shows that the hydraulic system is the least efficient and the VVVF
system is the most efficie(Al-Sharif, 1996)

The estimation of power consumption of the elevator is very straight forward that
requires the motor rati) number of starts per day, and the trip time fa@biSharif,
1996) The architect or engineering company of a building should have this information.
The equation used for energy consumption is listed below:
E = (R x ST x P)/3600
Where E igdaily energy consumed in kWh/day

R ismotor rating in KW

ST isnumber of starts per day

TP isTrip Time Factor

Equationll Elevator Electricity Consumption

The energy consumption calculated by the equationeals determined on daily basis.
However, the calculation of the carbon calculator is based on annual carbon emissions.
TheR will be multiplied by the number of operating days and hours in order to get the
same time unit.

The motor rating is usually praed by the elevator manufacturer in the
specification, and the trip time factor depends of the type of gear an elevator uses (See

Table31). By using the equation abowlge power consumption of the elevator can be
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determined and can be converted to carbon emissions by multiplying the local carbon

emission factor of electricity.

Type of Lift Drive Trip Time Factor
Hydraulic coefficient 6.0

Geared AC Zpeed 10.5

coefficient

Geared ACVV (high mass) | 8.5

coefficient

Geared AV (low mass) 6.5

coefficient

Gearless (MG) coefficient | 5.0

Table31 Trip Time Factors of Different Types of Lift Driy@arney, 2004)

The power consumption of the escalator is estimated using rigsuitshe power
consumption factors of a study at the Honolulu International Airport. The study looked at
15 horsepower escalators with thygease motor controllers with a twesftyot rise per
descent incline. The escalators chosen were subject to véoeing conditions based
upon the number of passengers traveling at a given time. The controllers were installed
and ran for six days (140 hours) being controlled and ran for six days in bypass. Escalator
in controlled means the escalator speed is clhedraccording to traffic and time of the
day, while bypass means the escalator ran all the time regardless of the traffic. The results
were collected in Hninute intervalgPower Efficiency Corporation, 1999)

The calculations based on the assumption outlines of the Honolulu International
Airport. The average power consumption of escalators for the upward motion is 2.574
kW per (operating hourgear), and the power consumptiam downwardmotion is
2.623kW per (operating lios-year)(Power Efficiency Corporation, 1999)he power of
the lighting on the sidef anescalator is ignored in this study. The power consumption is

converted to carbon emissions using the local electricity carbon emfiasion
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6.7 Proposed Carbon Emissions Modeling For Electronic Deviceand Appliances

There arenanyelectronic devices and electric appliances in a building. Other
machinedike elevatos, and escalatsrare also consuminglectricityin a building and
theirenergy sources came from the same power source and so as the HVAC system. Due
to the complexity, only lighting, elevator, and escalator (other than HVAC) are
considered and the same method can be applied to other devices and appliances. As
mentioned in thearlier chapter, some generalization on energy consumption estimation
is needed because energy consumpsigrotknown forall of the devices in a building.
Sometimes, there is no fundamental equation to estimate the energy consumption.
Lighting, for exanple, is needed to be generalized as 1.1 Watt per square foot per time of
operation using existing studies. The proposed model for electronic appliances is shown

in Figure27.
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Figure27 Proposed CarboBmissions Model for Electronic DevicaadAppliances

6.7.1 Example of Carbon EmissiondModel for Electronic Devicesand Appliances

Eaton Hall was chosen in the carbon emissions model testing for the carbon

emissions from different electronic devices and iappks. Some electronievces were

excluded due to theironexistence in the building. The gross area obRadall was

7872 square meters and the exterior wabisefacing north, east, south, west, and

northwest. Using the ETTV equation mentionedchia ¢arlier section of the chapter and

with the help of Google Earth, the thermal transfer value of each side béilkling was

calculatedas shown in the tableelow with the assumption of tleeitdoor and indoor

temperature differenaaf 15 degree Celssuthroughout the year.
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Carbon
Emissions
(kgCO2e
Area | Window ETTV | per
Wall (m?) | Area (m?) | WWR | CF (W/m?) | hour)
North 314 52.00| 0.1657 1.00] 96.89| 25.92
East 1018 129.50| 0.1273 1.29| 95.06| 82.48
South 1232 52.00( 0.0422 1.43| 56.23| 59.08
West 768 68.00| 0.0886 1.46| 81.70| 53.47
North
West 216 72.00| 0.3333 1.18| 181.39| 3341

Table32ETTV Values Summary of Eaton Hall
TheETTV values varied from 56.23 to 181.30 W/emnd the numbers indicated

that the heat transferdfrom theoutdoorto theindoor of the building duringhe summer
andthe heat transferredom the indoorto the outdooiwof the building during the winter.
Assume there is no heat loss in this process, theautitioningwasrequired to regulate
the interior temperatutdroughout the year and the carbon emissparshour of HVAC

operationwasshown onTable32.

The chiller in Eaton Hall was assumed to be an average commercial @RII&T,
2005)and it ran on avage 236.21 kg per minute using R410A refrigerahe chiller
tonnage was calculated to be 6377.67 kilojoules per minute, which requir80 RD6.
per hourof electricity. The carbon emissionvgould be90.64kgCQCze per hourof
operation The GWP of R410Aafrigerant was 172kgCQye per kg of refrigerant.
According to IPCC, 0.25 kg per kW was the average refrigerant charge in th@RCS,
2005)Thereforethe carbon emissions from the refrigerant was.25kgCOe per kW
of electricity spent on the HVAC system.

The ventilation system in Eaton Hall required to serve 7872 squaresioeter

space. Assuming the ceiling height was 3 meter high. The total volume of spagd & 23
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cubic metes. The average exchange ratetfoe educaion building is about 4Bearg,
1993) Using the ventilation equation, the power consumption for ventilation would be:

E (KW per hour) =Q X

= (4 x23616) x3.676 x 16

= 34.72 kW per hour
Therefore, the carbon ersisns fromtheventilation system would be 29.&fCCOe per
hour of operation.

The lighting fixtures irEaton Hall were a combination of can lights and
florescent lights. According to ASHRAE 90.1 standards, the energy consumption on
lighting was15.07 Wat per square metef he energy consumption for lighting at Eaton
Hall was11863 kW per hour of operation. Thus, the carbon emissions for lighting was
101.15kgCQOve per hour of operation.

The devatorused in Eaton Hall was Kone gearless Eco elevator32itA3kW
motor ratingand number of uses per hour was about 20. Therefore, the energy
consumption was:

E (kWh per hour) = (R 8T x TP)/3600
= (52.23 x 20 x 5)/3600
= 1.45 kWh per hour
The carbon emission of elevator at Eaton Hall was Rg20,e per hour obuilding

operation.

6.8 Water Consumption
Thereis a lot of research and online calculators that are available for the public to

estimate the water consumption from users and irrigation. Consumer Council for Water



offers a calculator forasidential buildings or houséSonsumer Council for Water,
2013)and Southwest Florida Water Management District offers water consumption
estimation for domestic water U@ VFWMD, 2013) However there is only one unified
water consumption estimation for residential buildings, retail stores, schiagésgjon,
and other commercial buildings and it is provided by United States Green Building
Council(USGBC)in the LEED BD+CReference GuiddJSGBC, 2009)This study will
borrow its method and the estimation will be explained below.

TheUSGBC reference guide provides a method of water consumption estimation
and the method requires degaiinformation on the users of aitding. For instance, to
estimate a commercial building, the number of full time employees (FTE) and visitors are
requireda n d t h gendersrealssnéed for the calculation due to the biological
differences and requirementswater consumptianThe USGBC provides number of
uses per day for each type of user and each fixture type on a table as shiaie38.

On the BD+CReference Guide, the USGBC also includes a table that provides the flow

rate of different types ofdish and fixtures as shown ®able35andTable35.
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Student | Retalil
FTE | /Visitor | Customer | Resident

Fixture Type Uses/Day
Water Closet
---Female 3 0.5 0.2 5
---Male 1 0.1 0.1 5
Urinal
---Female 0 0 0 n/a
---Male 2 0.4 0.1 n/a

Lavatory Faucet

---duration 15 sec; 12 sec witl

autocontrol 3

---residential, duration 60sec | 0.1 0.5 0.2 5
Shower

---duration 300 sec

---residential, duration 480 se| 0.1 0 0 1
Kitchen Sink

---duration 15 sec 1 0 0 n/a
---residential, duration 60 sec| n/a n/a n/a 4

Table33 Users and Fixture Types in a BuildiggSGBC, 2009)

Flow Rate
Flush Fixture (m%/flush)
Conventional water cket 0.0061
High-efficiency toilet (HET), singleélush 0.0048
gravity
HET, singleflush pressure assist 0.0038
HET, dual flush (fuliflush) 0.0061
HET, dual flush (lowflush) 0.0042
HET, foam flush 0.0002
Nonwater toilet 0.0000
Conventional urinal 0.0038
High-efficiency urinal (HEU) 0.0019
Nonwater urinal 0.0000

Table34 Flow Fixturein A Building (USGBC, 2009)




Flow rate
Flow Fixture (m3/minute)
Conventional private lavatory 0.0083

0.0019or
Conventimal public lavatory <=0.0009
Conventional kitchen sink 0.0083
Low-flow kitchen sink 0.0068
Conventional shower 0.0095
Low-flow shower 0.0068

Table35 Flow Fixturein A Building (USGBC, 2009
To estimate the water consumption of a building per year, one can use the equation

below:

WO Q¥ 1 6amOOOEOIocpu 0 YO

Where Q= Different Type of Users
U = Number of Uses Per day
F: = Different Types of Flush and Flow Fixture

Equation12 Water Consumpdn Equatiorfor a Building

The USGBCalsooffers a method that can estimate water used on irrigation. This
method is borrowed from Irrigation AssociatiA, 2005; Awady, Vis, & Mitra, 2003)
and the USGBC providestable to identify the vegetation types and their Species Factor,
Density Factor, and Microclimate Factor as showrTable36. Using the factors, one
can determine the landscape coefficient one plant on site. Using the reference
evapotranspiration, the landscape evapotranspiration can be found and the total water
applied for each plant per day can be calculated using irrigation efficiency and controller

coefficient. If the processes are repeated for each plant around a buliditgal water
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applied (TWA) per day can be determined. Some buildings are reusing water or using
rainwater for irrigation, the amount of water from these two wsd®mg systems can be
deducted from the TWA. The total potable water applied (TPWA) percgeabe
calculated bynultiplying the number of days per year as showdqoationl3.

The total water use of a building can be obtained by adding the water
consumption from water fixtures and irrigation together. To find &nban emissions

due to water consumption, the carbon emissions factor of water can be used. The carbon

emission factor i844100kg CQpe perme,

Microclimate
Vegetation | Species Factor (Ks)| Density Factor (Kd) Factor (Kmc)
Type Low | Average High | Low | Averag High | Low | Average High
Trees 0.2 0.5 09| 05 1 1.3 | 0.5 1 1.4
Shrubs 0.2 0.5 0.7 | 0.5 1 1.1 | 05 1 1.3
Groundcovel| 0.2 0.5 0.7 | 0.5 1 1.1 | 05 1 1.2
Mixed
Trees,
shrubs,
groundcover| 0.2 0.5 0.9 | 0.6 1.1 1.3 | 05 1 1.4
Turf grass 0.6 0.7 0.8 | 0.6 1 1 |08 1 1.2
Table36 Table of Species, Density, and Microclimate Factor®ifferent Vegetation
Types
0 VIVIV)
ay OYu

"YE 000)d0 O N a QQD

Total Potable Water Applied TPWAN) per year =365x (TWA i Reuse Water)

Where K is Species Facto

Ka is Density Factor

Kmcis Microclimate Factor

‘00

a
oominmeTt Ungﬂ—ﬂc—g)mw
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KL is Landscape Coefficient

ETL is Landscape Evapotranspiration
ET, is Reference Evapotranspiration
A is Area Covered a Type of Plant
IE is Irrigation Efficiency

CE isControllerCoefficient

Equation13 Equation for Water Consumption on Irrigation

6.9 ProposedCarbon Emissions Modeling forWater Consumption and
Irrigation

Water consumption in a building is divided in two parts: water consumption by
occupats, and irrigation. The water use by occupants is directly related to the water
carbon footprint of a building and the carbon emissions of water come from water
treatment plants, water pump, and other water treatment equipment. Some countries, such
as Singpore, handle their water using reverse osmosis in the filtration process. The
process requires more energy and the carbon emission factor is higher. The other water
consumption consideration in a building is the irrigation for greenery. Water use for
greeery depends on the species of the plants and the type of sprinklers used around a

building. The proposed model is showrFigure28.
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Occupant Reverse Osmosis

oo (optional)
Consumption:—— Water
Water Closet, Supply Water
Faucet, Toilet Distribution
Water Filtration

Species (Water

Saving)
Irrigation ———— Greenery

Type of
Sprinklers

Figure28 Proposed Water Consumption Energy and Carbon EmissionslMod

6.9.1 Example of Carbon Emissions Model folWater Consumption

The School of Engineeringad2927 students and two main buildings on campus.
Therewereabout 70faculty and staffalsoin Eaton Hall. The number of students that
stayed in Eaton Hall was 146#udents. The male to female ratio was assumed to be
50/50. Using the methods by USGBC BD+C Reference Guide, the water consumption
from water closet, urinal, and lavatory fixture w@ré6 1.11, and 0.35 fper day. The
total water consumption per day westimated to be 4.12° per dayand the carbon
emission per day of water use wiag2kgCQpe.

The greenery around Eaton Hall were turf grass and trees only. The turf grass
covered area was 362.5 and the tree covered area was 250°6Wsing the equation
from USGBC BD+C reference guide with the assumgtafnirrigation efficiency of 0.8
and controller coefficient of 0.3, the total water applied to grass, and tree were 0.0620,

and 0.0306 rhper day. The total carbon emissions was 0.0&80ze per day.

12¢



6.10 Means of Transportation

Transportation processes of construction materials, energy and water cansume
significant amount of energy. The distances of which materials are shipped from their
original sources to be installed-site correlates to the amouwftenergy needed to
transport them.

The green building certification process in the U.S., means of transportation is
one of the factors that green buildings can get extra credits for. For example, bike racks
and changing room installation and conveni@eas to public transportation could earn
up to 7 points. LEED in the U.S. also awards points to buildings that use regional
materials for the sake of lowering fuel consumption on transportdtadre 37 shows the

significant diferences on carbon emission between automobiles and public transportation.
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Transportation Emission | Units

Car 05812 kgCOzdL

Bus 0.4337 kgCOxdkm/person
Rail 0.2200 kgCOxdkm/person
MC 0.2206 kgCOxdkm/person
\r/l\(/J?rrwléR/t/alk/Bike 0.0000 kgCOxdkm/person

Table37 Means of Transport Carbon Emission Fact{Makivierikko 2009

6.11 Proposed Carbon Emissions Modeling for the Means of Transportation

During building operation, the only carbon emissions contributing factor that is

related to transportation is theeans of transportation of building owners, and users. As

mentioned in the earlier chapter, it is part of the green building certification of a building

in the United Statelseadership in Energy & Environmental DesigfED) certification.

If bike racks ad changing rooms are installed for bikers in the building, and a building

has convenient access to public transportation, it can earn up to 7 points in the

certification. According to research, these features can reduce carbon emissions. For

example, on aarage, a car contributé812kgCQOye perm?® whereas bus contributes

0.4337kgCQOee perkilometersper person only.

To

mo d e | t he

car bon

emi ssi ons

t hat

the number of users of each mean in a building is medde proposed model is shown

in Figure29.
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Train

ENumber of

users

users

Subway
PNumber of

Bus

ENumber of
users

Car

Figure29 Proposed Carbon Emissions Mo#t®i the Means of Transportation

6.11.1 Example of theMean of Transportation Model

PNumber of
users

Carbon
emissions
and
reduction

Telecomute

ENumber of
users

Bike

ENumber of
users

The Eaton Hall was chosen to be éxample of the mean of transportation number

model. There were 1464 people staying full time in Eaton Hall. Most of the students and
staff live within 4 miles (6.44 km) from scho@&ssuming 70% of the people drive to

schooland D% of the people take thmis to school. The rest of the people wallbike

to school. Also, assumirthe mileage of thewehicle is16 miles per gallon (6.80 km per

liter, the carbon emissions fromthet ude nt s 6

and facultieso

per day and the carbomessions from the buses was 1635.60 kg€ er day.
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CHAPTER 7: END-OF-LIFE OF BUILDING MATERIALS

Construction materials require higimergy during production. To determine the
environmental impact of these materials, embodied energy calculation should be
consicered, and cradio-cradle strategy should be used to get accurate numbers.-Cradle
to-Cradle model by McDonough and Braungart indicated that technical nutrients are
strictly limited to nortoxic, norrharmful synthetic materials that have no negative effect
on the natural environment, and they can be used in continuous cycles as the same
product without losing their integrity or quali(iicDonough & Braungart, 2002)

In earlier chapters, this research discussed the carbori@midsiring the
manufacturing process of materials. In this chapter, theoghfi of the building
materials would be examined and the stage of the buildiatie end of the building
lifecycle as shown ikigure30and two nethods were used for ewmdH-life analysis.

Raw
Materials

Reuse,
Recycle, Use
as Biofuel

Building
Construction

Building Building
End-of-Life Operation

Figure30 End-of-Life of the Building Materials in the Buildingifecycle



7.1 Bulk Weight Method

Solid waste calculation covers transportation to landfill, landfill emissar,
energy onsumption on recycle and reuse treatment. During construction phase of
buildings, contractors always try to recycle and reuse solid waste such as scaffolds,
unused concrete, and tiles for green building certification credits. If materials cannot be
reusedor recycled, they will be transported to landfills as solid waste. These solid waste
managemennethodsare usually summarized as a lusym carbon factor based on the
weight of solid waste for easy calculation. Solid waste emission faco7 &COekg
solid waste is recommended by a carbon calculator in the(M&kivierikko, 2009) The
disposal calculation model is shownHigure31. In order to determine the carbon
emissions from disposaf construction materials, contractor and-santractor are
required to keep a record of the weight of recycled and reused materials and the carbon
emissions are estimated using the solid waste emission factor mentionedawever,

the method may notflect the actual carbon emissions of C&D debris.

Recycled .
Mat()e/rials —— Bulk Weight
Disposal
Reused Materials——  Bulk Weight
Figure31 Disposals Calculation Model

7.2 Calorimetry
Most of the C&D debris eratiup in landfills and being used as biomass flibe

purpose of this research initially wasdetamine the best type of debris to be used as
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biomass fuel form C&D sites. Due to tluss of the oxygen charging statjeé@stingwas
not carried out as planned. As a result, a method to determine energy release from the
construction biomass fuel was propdgased on the IKA C2Glorimeter.

Bomb Calorimeter IKA C 20@vassupposed tbe used to determine the heat
releasd from the proposed materials during combustion in this research and the
calorimeter include other devices, such as decomposition vessehbustible crucible,
venting station, oxygen station as showifrigure 32 to Figure36. Wood debris (with
varying moisture content), used shingles, used gypsum boards, and other C&D debris
could beteged in the firspphaseof the experiment to determine the best types of
constructiordebris to be used as biomass fuels based on the energy generated during
combustion. Th@roposedexperimentouldbe run according to ASTM D116 for
wood ash and ASTM&0-82 for wood debris, ASTM E711 for other construction
materials, and ASTM D586%0a calibration process for system calibration. For wood
debris, the moisture conteculd be determined by ASTM D44427 methodASTM,

1982; ASTM, 1984; ASTM, 2007; ASTM, 1987; ASTM, 2010a; ASTM, 2007; ASTM,
2005; ASTM, 2010c; ASTM, 2006; ASTM, 2011a)

The samplsweresupposed tbe weighed before testing by a lasiry balance
with accuracy up to 0.00001 gram. The rewswdtild be displayed on a computer or the
LCD on the calorimeter imariousenergy uni (kJ, Btu, Calories). The energy release
factorswould be calculate@ds energy release per weiginit of sampe and @ch sample

shouldhavebeentested at least tmesto get an average dagtaint



Figure32 IKA C200 Bomb Calorimeter

Figure33IKA C 5010 Decomposition Vessel
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Figure35IKA C 14 Combustible Crucible
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Figure36 IKA C 248 Oxygen Station

Theexpectedesult showdthat the heat generated thye construction mniarials
as biomass fuel adéc, Xw, and Xf. TheXc, Xw, and Xfcouldbe converted int&Wh
eledricity per kg of the material when construction debris was used as biomass fuel for

power generation.

Average Average

Heat Heat

Generated | Generated | Average energy

(kg per (kg per Generated (kg per
Material kCal) Joules) kWh)
Concrete | Xc Xc/4184 Xc/[(4184)(2.78E7]
Wood Xw Xw /4184 Xw/[(4184)(2.78E7]
Fiberglass | Xf Xf/4184 Xf/[(4184)(2.78E7]

Table38 Result of the Calorimejr




7.3 Proposed Modelsor Construction Debris

The proposed total embodied energy is the addition of energy consumption in raw
material extraction, transportation, production, and reuse and recycling process as shown
in Equation 3. Considering tmaterials ike metal used in a building, the extraction
energy includes the energy spent on extracting iron ore from rocks; the transportation
energy includes the energy consumption on trucks to and from mine, factory,
construction site, and recycle facilities. Threguction energy is the energy consumed in
melting and metal treatment in a factory. The installation energy is the energy consumed
during the installation process of metals, including power consumption on power tools.
The recycling and reusing energyhe tenergy consumption in the melting, and
retreatment during the recycling and reuse proddss Recycle/Reuse Ere in the
embodied equation also represents the energy gained when the materials are used as
biofuel to generate electricity. In this case, ®ik be negative because it is a carbon
offset in the embodied energy calculation.
Embodied Energy = Eex + Etran + Epro + Einst + Ere

Equationl4 Total Embodied Energy

A study by Australian government showed that metal prodasts higher
embodied energy than other construction materials. To lower the embodied energy of a
construction, they recommended using materials with lower embodied energy, such as
concrete, bricks, and timb@vliine & Reardon, P10) The same study indicated that
transportation energy is location dependent. Construction materials manufactured from
different cities have different embodied energy even within the same country. Therefore,

transportation embodied energy should Hewated separately depending on the

13¢



material original location. The equation of the transportagimioded energy is shown

in Equation 13The proposed embodied energy and carbon emissions model is shown in
Figure37.

Transporation Energy Etran=Etranl + Etran2 +Etran3

Equationl5 Total Transportation Energy

Extraction(Raw/Us
d Materials)=Eex
7
Transportatio= Transportation
Etran3 =Etranl
_ Production=
Recycle/Reuse=Er Epro
Installation=Eins Transportatio

=Etran2
é_’

Figure37 Embodied Energy Model for Construction Materials
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CHAPTER 8: RESEARCH FINDINGS: COMPREHENSIVE
MODEL

The purpose of teiresearch was to determineanprehensivéramework to
guantify carbon emissions throughout the building lifecycle. The findings showed that the
initial step to determine carbon emissions of a building was to consider the building
lifecycle basedonthed e a o fto-QirCardaldd oe by McDonough & Br au
the process needed to start from the groun@Mgibonough & Braungart, 2002)
Therefore, the building lifecycle carbon emissions estimation first focused on the raw
materials and construction materials that were used in a building. At the same time, the
fuel consumption by construction equipment and vehicles should have also been
considered in the process.

The study concluded twmethods could be used to investigie ¢mbodied

carbon emissions of the building. The first method was to collect data from transactions
and purchase orders between engineers/architects, owners, and contractors. If data had
not been available, especially for existing buildings, bluepringsyings, Google Street
View, and Google Magpcould be used to determine the materials in a buildiiggire 38
shows thdramework to determine the embodied energy and embodied carbon emissions
of a building.The research at @ Hall and with KDOT showed that the methods
proposed in the framework could be used to estimate the carbon emissions from the
embodied energy of a building. The framework also showed that it could be used even

when the data was not available like the acddbe KDOT buildings.
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Method 1

(Ch
4.2.1)

-Transactions
-Purchase orders

-Quantify materials (Tables 7
11)

-Quantity>Carbon Emissions
(Tables 125)

Step 1

Optional : Embodied
Transportational & Carbon
construction fuel Emissions
consumption
p Ch4 Drawings
Google Maps

Determine and estimate the quantity
of materials (Tables 18.6)
-Quantity>Carbon Emissions
(Figures 1214)

Method 2
(ch 4.2.2)

*Ch means Chapter

Figure38 Step 1 of the Overall Framework

The research also showed that the building operational carbon emissidechise
determined by the utilityseandFigure39 shows thédramework of determining the
utility consumption and the related carbon emissions of a builtfiatj.the utility data,
such as electricity, water, steam, and natural gas are available, the framework could be
used to compare the national averaggeth onthe EIA CBECS publication. The utility
data collected from Eaton Hall showed that the framework could be applied in real life
data analysis. Thissultindicatedthat the framework could be used aldoeone type of
datawhen only electricity data wasailable like the case of KDOT.o runthis part of
the comprehensivieamework,utility data such as electricity, water, steam, and natural
gaswere requiredo determinghebuilding operation carbon emissiorddso, the
framework could be used to estite multibuilding casesnd the framework could be
applied to computer coding to compose a webpage for carbon emission calciilagion

single andnulti-building computertesting moded will be shown in Chapter 9.
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-Determine utility consumption
using utility bills (Tables 20, 21)
-Convert to carbon emissions

using carbon emission factors
(Tables 22, 23)

-Compare the values with EIA
average values (Tables-2B)

Natural
gas

Electricity
Chb5.21

Operational
Carbon
Emissions
(Utility -
Based)
Ch5

*Ch means Chapter
Figure39 Step2 of the Overall Framework

Utility data alonedid not show how and where the utilities were consumed.
Therefore, Step 3 of theomprehensivéramework, as shown iRigure40, was to use an
equipmembased estimation method tetdrmine buildig operational carbon emission
and to investigate utilifgonsuming locations in a buildin§ihe equipmenbased
framework was to break down each appliance into smaller parts and estimate the power
consumption and carbon emissions of eachgfea componenfThe equipmenbased
methodin this researchnly focused on building envelope (ETTV), HVAC, renewable
energy and greenery, lighting, elevator and escalator, water consumption and irrigation,
and means of transportatiofrhe method propesl in the framework was run as a test at
Eaton Hall. The result showed that enecgpsumptiorcould be predicted even without
local metering. Like the case afelevator, when the type of gear and the power of the
motor were determined, the power constiompcould be calculate&ince the base of
this part of the framework was to break down appliances into comporentsarnework
could be extended to other electronic apes) such as computer, television, and stove

top, using the same methodology.



Chiller (Ch 6.2.1) (Table 26)
Lighting Cooling Tower (Ch 6.2.2)
Ch6.5 (Figure 24)
) Ventilation (Ch 6.2.3)

Refrigerant (Ch 6.2.4) (Table
27)

ASHRAE 90.1 (Table 32

Framework adjustment for Step 3

Elevator

other electronic appliances osg:giig%al 2
and devices (Equipment Escalator
-Based) Ch L
6 Ch6.6 Trip Time Factor (Table 31)

Transportation typg _Means of Water USGBC BD+G Method
Transportation FTE (male/female)
(Tables 37} =\ " 11 Ch6.8 (Table 33)
Types of faucets, urinals,
flushes
; Renewable i yati
ETTV equation Energy and Irrigation (Tables 385)
Energy saving on HVAC Greenery Types of plants &
(Tables 28, 29) Ch6.3 sprinklers (Table 36)
Area of walls & windows
Greenery

*Ch means Chapter
Figure40 Step 3 of the Overall Framework

In the last step of theomprehensiveramework as shown ifrigure41, theendof-
life analysis was used to find the carbon emissions, and environmental irhpaittlimg
demolition debris. Two methods were discovered in this research. The first method was
the Bulk Weight Method that only considered the total weight of demolition debris and
this method estimated the carbon emissions of the debris if it was ghgjaadfill. The
second method was to determine the carbon offset that could be created when the
construction debris was used as biomass fuel for power generation. In the future, this part
of the framework could be extended to a$8HNS analyzer to estiate the emissions

when the building demolition debris was incinerdmdoower generation.
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Determine total
weight of waste

Solid waste
emission factor of
0.7 kgCQelkg

Step 4

Future

Study: End-of -
CHNS Life
Analysis for Analysis

Emissions

-Use calorimeter to determine
energy release from
construction debris used as
biomass fuel for power
generation

-Determine carbon offset (Table
38)

*Ch means Chapter

Figure41 Step 4 of the Overall Framework

Ch7

Method 2:
Calorimetry

Ch7.2

The research concluded that the proposed framework could be applied to reality.
On some occasi@) some crucial data may no¢ available, the frameworikcludes
backup alternative methods to estimate the carbon emissions from specific parts of a
building. The summary of the building lifecycle carbon emissions framework is shown in

Figure42 and the total proposed framework is showfigure43.



Step 1
Embodied Carbon
Emissions
AMethod 1: Transactions,

Purchase Orders
AMethod 2: Drawings,

Maps, Interviews
AoOptional:
Transportation and
construction equipme

Step 2 Building
Operational Carbon
Emissions (Utility

Step 4 Enebf-Life
Analysis

AMethod 1: Bulk uel consumption Based)
Weight Method AElectricity
Amethod 2: Awater
Calorimetry and o Asteam
CHNS Analysis Building Asewer
Lifecycle WNatural Gas
Carbon
Emissions

Flowchart

Step 3 Building Operational Carb
Emissions (EquipmerBased)
A(if detail electronic devices and appliances ari
available)
ABuilding Envelope
AHVAC
ARenewable Energy and Greenery
ALighting
AElevator and Escalator
ALighting
Awater Use & Irrigation
Means of Transportation

Figure42 Summary of the Building Lifecycle Carbon Emissidgtiramework
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Figure43the Complete Proposed Framework of RResearch

8.1 Model Testing

This research did not have data from one single building throughout its whole
building lifecycle. However, M2SEC and Eaton Hall were both located at the University
of Kansas andhe construction othe buildingand energy consumption pattern were
similar and they were both occupied by the School of Engineering. In this test model,

data from Eaton Hall and M2SEC were used to run the maggiming there was a
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building similar b Eaton Hd and M2SECcalled Building X with similarfeatures and
square footage of Eaton Hall.

Chapter 4.2.1 determined that the embodied carbon emission26Gva950
kgCQee. Suppose Building X has similar square footage as Eaton Hall, the embodied
carbon emissions would be:

Embodied carbon emissions = 2677050 x (7872/436826783kgCOe

Chapter 5.1 showed the detail calculation of the utddged building operational
carbon emission$or Eaton Hall If Building X had similar pattern of utility usehé¢
carbon emissiongould be794789, 285764, 1984, 914969, 718Xk8& Oye per year for
electricity, natural gas, water, sewer, steam respectively. The total utility carbon
emissions would be 37902k§CCQze per year.

Assuming the electronic devices and appliances were knowwilding X and
they were similar to Eaton Hall, the carbon emissmaisulation could be borrowed from
Chapter 6.7.1. The carbon emissidrean HVAC to cool the building envelope would
range from 25.92 to 82.48COye per operating hour depending on dhientationof the
walls. The carbon emissions from the chiller would be 92.64 kgQ@r hour and the
refrigerant contributed 431.25 kg@®per kW assuming the refrigerant was R410A. The
ventilation would contribui# 29.61 kgCQe per hour in the HVAC syste of Building
X. Thelighting contributed 101.15 kgG® per hour. Since Building X, like Eaton Hall,
had only an elevator. Assuming the elevator was made by Konwdésagearless with
similar motor, the carbon emissions would b&24 kgCOe per hour ofbuilding
operation The water consumption carbon emissions would be Kg@&»e per daybased

onthe detail calculation was shown in Chapter 6.9.1
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Assuming the same studemtsd staff memberare using Building X, there were
1464 people that were regular tsef the building and 70% were driving to school. The
rest of the people either took the bus or walked to school. Therefore, the carbon
emi ssions from the occupankgQO i pep day and the | vehi
carbon emissions from buses was 168%gCQee per day.The total would be88576.69
kgCOee per day.The detakdcalculations were shown in Chapter 6.11.1.

No bulk weight demolition data could be collected since Eaton Hall and M2SEC
were still operating during this study. However, accordiogUSEPA, the average
demolition of a building was 845 kg pef ftUSEPA, 2013h) Therefore, the demolition
debris of Building X would weigh ,651,840 kg. From the method proposed in Chapter
7.1, the carbon emissions from the aditron debris would be:

Building X demolition debris carbon emissions = (KgCOze per kg) x (6651840 kg)

= 4656288gCOe
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CHAPTER 9: COMPUTER BASED MODEL TESTING

Due to thehuge number of buildings and the u$gendly interface of the result
of the data analysis, the data was analyzed by website language PHP and MySQL
database in the same manner for the Eaton Hall data. The data, such as building address,
square footage na power consumption, was stdren a MySQL server at the University
of Kansas as shown Figure45. PHP was used to program the website and calculated
the total power consumption of each district, city, zip code, and countyhamesuks
were compared to the EIA average values. An input webpage was compasaddbto
find their desird data analysis for each studied year as showigare46. A sample

result was shown iRigure47. A detail result is enclosed Appendix F.

[-NsNs] (MySQL 4.1.13-standard) mysqldb.cc.ku.edu/sims/kdotbuildingtypearea e
\ sims J Ge WO OO G0 B W [l
Select Database Structure | Content | Relations Triggers Table Info Query Table History Users Cme
Q Filte Search: | id D (= - (Q Filter
TABLES umber  StreetName City County ZipCode | District State Ing lat address
EH assumptionconcrete 2646 NE CALHOUN BLUFF RD TOPEKA SHAWNEE 66617 K -95.597977  39.090225 2646 NE CALHOUN
EH assumptioncoal 800 NE KS HIGHWAY 4 TOPEKA SHAWNEE 66606 KS -95.816727  39.048824 800 NE KS HIGHWA
BB beacarbonfactor 2246 SW STTH ST TOPEKA SHAWNEE 66609 ks -95.706886  38.964214 2246 SW S7TH ST,
EE] buildinginput 101 SW GAGE BLVD TOPEKA SHAWNEE 66606 KS -95.720467  39.068935 101 SW GAGE BLVD)
Eilertire 2300 SW VAN BUREN 5T TOPEKA SHAWNEE 66611 Ks -95.680969  39.027294 2300 SW VAN BURE
[ ———_— 1205 GRAPHIC ARTS RD EMPORIA LYON 66801 KS -96.226295  38.412384 1205 GRAPHIC ART]
e 2230 SE LAKEWOOD BLVD TOPEKA SHAWNEE 66605 [ -95.675285  39.027847 2230 SE LAKEWOOL
= 121 SW 21ST ST TOPEKA SHAWNEE 66612 ks -95.680191  39.027863 121 SW 21ST ST, T
Ed) Greenery 1290 S ENTERPRIZE ST 2 OLATHE JOHNSON 66061 KS -94.809357  38.862610 1290 S ENTERPRIZE
& Input 16490 SPRINDALE RD ML LEAVENWORTH LEAVENWORTH 66048 ks -94.922462  39.311111 16490 SPRINDALE R
=2 IR 1462 US 24/40 LAWRENCE DOUGLAS 66044 [ -95.227470  39.000591 1462 US 24/40, LA
Z2 )t L o R 313 WOODLAWN AVE ATCHISON ATCHISON 66002 ks -85.150429  39.556400 313 WOODLAWN A
£ kdotbuildingembodiedinput 205 EJEFFERSON OSKALOOSA JEFFERSON 66066 KS -95.309975  39.215809 205 E JEFFERSON, O
L] kdotbuildingmaterialdb 5700 TUTTLE CREEK BLVD MANHATTAN RILEY 66503 KS -96.615463  39.247879 5700 TUTTLE CREE
ks -94.883575  39.059727 650 N K7 HWY, BO

officestoragearea 650 N K7 HWY BONNER SPRINGS WYANDOTTE 66012

=
7

HWY 9 & 75 NETAWAKA JACKSON 66516 -95.731194  39.613705 HWY 9 & 75, NETA
gtypenumber 12960 BUCKSNORT RD BLAINE POTTAWATOMIE 66549 KS -96.411743  39.493870 12960 BUCKSNORT
{1 kdotbuildingutilityinput 21416 SHAWNEE MISSION PKWY  SHAWNEE JOHNSON 66218 KS -94.833778  39.010056 21416 SHAWNEE M|
[1] kdotcarbonemissiondatabase 17989 K-99 HWY B ESKRIDGE WABAUNSEE 66423 KS -96.098671  38.855461 17989 K-99 HWY B
EH kdotdemo RR 2 ALMA WABAUNSEE 66401 KS -96.289162  39.016666 RR 2, ALMA, WABA
KdOtEIA 1811 CENTERSTA MARYSVILLE MARSHALL 66508 KS -96.635452  39.842072 1811 CENTER STA,

— 12332 US 24 HWY PERRY JEFFERSON 66073 KS -95.370476  39.077843 12332 US 24 HWY,
(TARLE INFORMATION HWY 77 RILEY RILEY 66531 [ -96.838707  39.303944 HWY 77, RILEY, RIL|
0 created: 6/4/12 ADMIRE ADMIRE LYON 66830 Ks -96.103882  38.642231 ADMIRE, ADMIRE, |

0 updated: 6/4/12 RT 1 SCRANTON OSAGE 66537 KS -95.736008  38.782261 RT 1, SCRANTON,
0l engine: MylSAM NAVIGATION LIGHTS LEAVENWORTH LEAVENWORTH Ks -94.922462  39.311111 NAVIGATION LIGHT]
Ol rows: 285 9548 WOODEND RD EDWARDSVILLE WYANDOTTE 66111 KS -94.801117  39.050945 9548 WOODEND R(J
B size: 30.6 Kig 802 US 59 HWY NORTONVILLE JEFFERSON 66060 KS -95.314514  39.402699 802 US 59 HWY, NJ

B encoding: latind 1551 NW US 75 HWY -DMS TOPEKA SHAWNEE 66618 KS -95.730934  39.077511 1551 NWUS 75 H
B auto_increment: 286 4713 SW CEDAR CREST RD TOPEKA SHAWNEE 66606 [ -95.734993  39.066654 4713 SW CEDAR CR|
015 SW WANAMAKTD DA ThoEYA SLAWNEE RERIS ve 08 781777 30157307 Q15 SWIWANAMAVH

+ @ ¢ B mn + | = + ¢ fdF 285 rows intable « .

Figure45MySQL database for KDOT Utility Research
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800 Kansas Department of Transportation Building Power Consumption Research e

<> | |O) &) )|+ K www2.ku.edu ¢ =2 (0]
[0 ## News ¥ Entry Level jobs at Boeing Pratt & Whit... Job Today! Available E.... i i Healthy Scho...ch | US EPA 8 free tools ...reative Blog »
Kansas Building Power C Research Taking Screenshots in Mac OS X - Mac Guides

earcn ku weo— Rropvosrame ——— |

Kyou Email Blac d Enroll & Pay
Home A-Z«

Kansas Department of Transportation

Useful links
Building Energy Usage and Embodied Main Page
Energy Research Civil, Environmental,
This research is caried out by the University of Kansas. The purpose is to create a ﬂEll'l_Id i-:;i?il‘ll_lecwral
system to monitor Kansas Department of Transportation energy use and the embodied 9 9
energy of their buildings. This website contains multiple forms for users to get their Kansas Department of
information they want respectively. Transportation

Analysis Type| District B
Analysis Year| 2007
District District L ¢

Submit
P
7]
L

Figure46 KDOT Utility Data Analysis Input Page
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State Power Use By Month

—2007 —2008 —2005 —2010

State Total Power Consumption

2,000,000 — -
1 £00,000— 15,000,000 — KWH per year
’ 13,500,000 —
1,600,000 — 12,000,000
1,400, 0t = g 12,000,
£ 1200 006 9 10,500,000 —
2 1 000,000 g 000,000
= 1, ! — =%
T 7.500,000
500,006 — 2 6000000
400,006 4,500,000
450,000 = 5,000,000 —
200,000 1,500,000 =
0= (=
January March  May 2007 2008 2000
State Total 2007 Summary State Total 2008 Summary
District 5 District 5
District 4
District 4 District 2
District 2
District 1 District 1
State Total 2009 Summary State Total 2010 Summary
District 5 District 5
District 4 District 4
District 2 District 2

District 1

State Total Vs. EIA Suggestions

— KWH
30,160,698 - per year

15,127,273.5 -

10,084,849 |

KWH per year

5,042,424.5 -

District 1

State Total EIA Suggested Value

Figure47 Sample Result from KDOT Utility Research

Using the MySQL server and PHP coding, the equipment based carbon emissions

calculation of building operation was also calculated of a building as shdwgure48



andFigure49. The two examples of carbon emissions calculations using MySQL and
PHP coding indicated that the modeling methods discussed in Chapter 3 to 7 could be
applied in real life applications. It couldqvide a real time calculation of carbon
emissions during building operations and the users of buildings could see the carbon
footprints of their activities inside their buildings.

To improve the computerized modeling methods, intensive Java coding bleould
used to improve the graphical output and more equipment should be considered in the

calculation to increase the accuracy of the results.

This Carbon Calculator is designed to allow users of GreenMark to calculate Carbon Emissions as a result
of compliance with GreenMark credits. The calculator is able to estimate the carbon emissions resulting
from different credits. If you need more information on BCA GreenMark, please visit:Here For more details
on this project, please visit:

Building Input Parameters
Building Information
Total GFA (Exclude Carpark):m?
Total GFA (Include Carpark}:m?

Carpark areas with MV system:m?

Carpark areas with Natural Yentilation:m?
Figure48 Screenshot of the Input Page of the Equipment Based Carbon Emissions
Calculaton of Building Operation
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Resulted Input Parameters

Carborn Emissions From Base Case DESign Case
REFRIGERANT booko02 |

AC PLANT s o2 |
MECHANICAL VENTILATION 320.65 kpCO2. ::goue

Figure49 Screenshot of the Result Page of the Equipment Based Carbon Emissions
Calculation of Building Operation
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CHAPTER 10: CONCLUSIONS AND RECOMMENDATION
10.1 Summary

Green Building Certification is a good start tbe construction industry to
benchmark the environmental impact of their products. However, the current Green
Building Certification around the world disregards the carbon footprint calculation for
certified buildings. The positive significance of greenilding designs may not be
reflected on the points and rating in the certification. It is hard to understand the
environmental impact through points. In 2008, the New Building Institute did a study on
energy performance on LEED certified new constructiaifdings. It showed that the
calculation might not have been accuidte to the variability of lifeycle cost evaluation
(Turner & Frankel, 2008)A similar study showed that LEED certified buildengre 29%
less energy effieint(Gifford, 2008) The author of this report filed a $100 million
lawsuit against USGBC and requested them to pay the vitiimasleged fraud under the
Sherman AntiTrust Act. The lawsuit argued that the author and USG8%d dlifferent
energy methods to determine the energy performance of buildings. It is difficult to have
similar results using different methodologies, and it highlighted the imperfection of the
current rating systems.

This research shows thedrbon emissins, a welknown factorcanbe
deliberated on and related to the building systenfuture development in this area using
themodeling methodmentioned in this dissertatiomhe proposedodelsshould be
used as guidelines to calculate the cafymissons, including the embodied carbon
emissionsfor buildingsthroughout the building lifecycl@he proposed modeling

methods should be extended to the areasatleaipt covered in this dissertation, such as
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electronic devices and appliances, on sitewaide energy sources (wind, solar, and
geothermal), compressor, evaporator, and condenser in the HVAC system, and outdoor

lighting. A summary of the models throughout a building lifecycle is showngare50.

Utility use during Combine all the Computerize the
construction models models
Transportation energ :
of materials, fuel Enﬁg{gﬂg’isﬁ Real time modeling
consumption
Material Use Bundlnngtﬁg/eranonal

Figure50 Summarized Models and Future Use8uildings

10.2 Recommendation

For future research, data and models need be adjusted to fit the needs in specific
countries due to geographic, political, technatagand lifestyle differences and a
localized citybased methodology should be establistheaddition, the average value
from the United States Energy Information Administration should be adjusted to reflect
the fact thatnany commercial buildings do not switch off the light during-pifice
hoursso that the public has a cloderreality benchmark to compare to.

The proposed energy and carbon emissi@o@ating models can combin&o
building information modeling (BIM)The calculations of each individual model can be
computerized using coraper scriptand it can be incorporatevith building information

modeling software such as ArchiCAD, Autodesk Revit, and Autodesk Navisworks. These
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programshave already been useddmaniz the drawingsandthe materials of a building.

If proposed modelare incorporated into thepeogramsthey can accurately calculate

the environmental impact, including toxin release, carbon emissions, and energy
consumption, of a building in reime. The construction industry can easily monitor the
environmental imact of their activities and lower their footpridtiso, a webbased

system should be made to show users their environmental impact due to their activities in
a building.

TheKansas Department of Transportati®OT) research was to determine the
energyusage and carbon emissions (operational energy and emissions) of buildings. In
the U.S., building users always leave their lightscamditioning, and computers on
even after office hours and the data shows this practice. The regional offices coresume th
most energy and contribute the most carbon emissions. From the KDOT research, there is
a challenge to monitor the operational energy and carbon emissions of government
agencies. KDOT is austomerof hundreds of power suppliers, and it is difficult td ge
their power consumption through them. Also, a power meter may serve a campus of
different building and it is difficult to determine power consumption of each building
considering the large variety of uses of these buildings. The other challengehe that
current drawings of these building do not reflect the reality. A lot of old buildings have
hada few renovations and the drawings are not updated. It is not easy to know the power
consuming appliances and machines inside each building. This parres#aech
determind that book keeping, including power bills and updated drawings is vital for
energy consumption arghrbon emissions monitoring. This research suggests that KDOT

should have a bookkeeping system likeEagon Hall, andhe Measuremeniaterials
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and Sustaiable Environment Center (M2SEC) at theiversity of Kansa$or existing
and future buildings.

To improvethe endof-life analysis in this research, more common construction
materials should banalyzel in order to find the energy redse of these materials as
biofuel. However, some construction materials contain hazardous elements and the
benefit of their energy release may be offset by their environmental impact during
incineration. To determine the emissions during incineratiaripn, hydrogen, nitrogen,
sulfur (CHNS) elemental analysis should be carried out to construction materials as well.
This analysis can find out the amount of carbon, hydrogen, nitrogen, and sulfur released
during oxidation through chromatograpfye laboratoy testing will establish
frameworks of environmental impact study and testing for other materials within or
outside the construction industry. In the ng&seof this research, the six most popular
construction materials, such as concrete, wood, gypsampet, aluminum, and steel,
should be analyze determine their carbon emission factor by lifecycle analysis. The
carbon emission factors of them should be put on a database that is location dependent

according to transportation and geographical dsffees.

15¢



REFERENCES

ABS. (2010)Australiads Envi r omBelcermén; Austraia u e s
Australian Bureau of Statistics.

Al-Sharif, L. R. (1996, May 1). Lift Power Consumptid@ievator World

APA. (1999).Performance RatePanels Product Guidd.acoma, Washington:
American Plywood Association.

APA. (2011).HDO/MDO Plywood Product Guidémerican Plywood Association.
Tacoma, Washington: American Plywood Association.

ASHRAE. (2005). Ventilation and Infiltration. In ASHRAEundamentals volume of the
ASHRAE HandbookAtlanta, Geogia, USA: American Society of Heating,
Refrigerating and A#Conditioning Engineers.

ASHRAE. (2013)Energy Standard for Buildings Except L-&%se Residential Buildings
90.1 Standard 2013tlanta, GA American Society of Heating, Refrigerating
and Air-Conditioning Engineers.

ASTM. (1982). Standard Test Methods for Analysis of Wood Fuels8878merican
Society for Testing and Materials. West Conshohocken, Pennsylvania, USA.

ASTM. (1984). Standard BeMethod for Ash in Wood D11624, American Society for
Testing and Materials. West Conshohocken, Pennsylvania, USA.

ASTM. (1987). Standard Test Method for Gross Calorific Value of Rebeseved Fuel
by the Bomb Calorimeter E71187, American Society folesting and Materials.
West Conshohocken, Pennsylvania, USA.

ASTM. (2005). Standard Practice for Outdoor Weathering of Construction Seals and
Sealants C15805, American Society for Testing and Materials. West
Conshohocken, Pennsylvania, USA.

ASTM. (2009. Standard Practice for Operating Fluorescent Light Apparatus for UV
Exposure of Nonmetallic Materials G184, American Society for Testing and
Materials. West Conshohocken, Pennsylvania, USA.

ASTM. (2007). Standard Test Methods for Direct Moisture Qaneasurement of
Wood and WoodBase Materials D444Q7, American Society for Testing and
Materials. West Conshohocken, Pennsylvania, USA.

154

and

Tr



ASTM. (2010a). Standard Test Method for Gross Calorific Value of Coal and Coke
D58651 10a, American Society for Teisty and Materials. West Conshohocken,
Pennsylvania, USA.

ASTM. (2010c). Stadard Practice for Cyclic Salt Fog/UV Exposure of Painted Metal,
(Alternating Exposures in a Fog/Dry Cabinet and a UV/Condensation Cabinet)
D589410, American Society for Testing aMhterials. West Conshohocken,
Pennsylvania, USA.

ASTM. (2011a). Standard Practice for Atmospheric Environmental Exposure Testing of
Nonmetallic Materials G7/G7M1, American Society for Testing and Materials.
West Conshohocken, Pennsylvania, USA.

ATSDR. 2011, March 11)Toxic Substances PortalArsenic Retrieved September 26,
2011, from Agency for Toxic Substances & Disease Registry:
http://lwww.atsdr.cdc.gov/toxfags/tf.asp?id=19&tid=3

Awady, M. N., Vis, E. G., & Mitra, S. (2003). Distribution uniformftpm popup
sprinklers and landscape wasaving.Misr J Ag. Eng., 2(4), :181194.

Baldo, G. L., Marino, M., Montani, M., & Ryding, 8. (2009). The carbon footprint
measurement toolkit for the EU EcolabBhe International Journal of Life Cycle
Asses, Volume 14, Number 391 596.

Barney, G. C. (2004Elevator Traffic Handbook: Theory and PracticElorence,
Kentucky, USA: Taylor & Francis.

BCA. ( 2 0-Apfl). Buitflidy ahd Construction Authority, BCA Green Mark:
Certification Standard for New Buildings GM Version 3.0. Singapore.

Bearg, D. W. (1993)ndoor Air Quality and HVAC System$Boca Raton, FL: CRC
Press. .

Beychok, M. R. (1987)A Data Base For Dioxin and Furan Emissions From Refuse
IncineratorsAtmospheric Environment , @1l), 29-36.

Boughton, B., & Horvath, A. (2004). Environmental Assessment of Used Oil
ManagementEnvironmental Science & Technology(38 pp. 358358.

BREEAM. (2012).Man 03 Construction site impactRetrieved September 10, 2013,
from BRE Environmental Assessment Method (BREEAM):
http://www.breeam.org/BREEAM2011SchemeDocument/Content/04_manageme
nt/man03.htm

15¢



Brownea, D., O'Regan, B., & Molesc, R. (2012). @amison of energy flow accounting,
energy flow metabolism ratio analysis and ecological footprinting as tools for
measuring urban sustainability: A cagedy of an Irish cityregion.Ecological
Economics, 8397 107.

Brunge, J. (2007Does climate changeose a threat or opportunity to Swedish
business? Norrkdping, Sweden: LinkOpings universitet.

CalRecycle. (2011, January Donstruction and Demolition (C&D) Recycling
Retrieved September 18, 2011, from California Department of Resources
Recycling andRecovery:
http://www.calrecycle.ca.gov/condemo/Materials/default.ntm#Common

CalRecycle. (2011, November @onstruction and Demolition MaterialRetrieved July
9, 2013, from California Department of Resources Recycling and Recovery:
http://www.calrecyat.ca.gov/ConDemo/Materials/default.htm

Cannon Design. (2012)aterial Life- Embodied Energy of A BuildinRetrieved
October 31, 2013, from
http://media.cannondesign.com/uploads/files/MateriaiRi& pdf

Carbon Retirement. (2013, JanuaryQarbon Offsé Retrieved September 1, 2013, from
Carbon Retirement: http://www.carbonretirement.com

Carbon Trust. (2009Resources conversion factorsRetrieved Feburary 17, 2010, from
Carbon Trust: http://www.carbontrust.co.uk/oatrbonreduce
costs/calculate/chonfootprinting/pages/iR2ypescarbonfoot-print.aspx

Chen, H-W., Hsu, C:H., & Hong,G:B. (2012). The case study of
and strategy in pulp and paper induskgergy Policy, 43448 455.

Chester, M. V., Horvath, A., & Madanatc, S. (2010, March 1). Comparison -afife
energy and emigms footprints of passenger transportation in metropolitan
regions. Atmospheric Environment, @), pp. 10711079.

Chong, W., & Hemreck, C. (2010). Understanding Transpiration Energy and Technical
Metabolism of Construction of Construction Waste Recyclimigrnational
Journal of Sustainable Resource Management and Environmental Efficiency,
Volume 54, Issuse 979.

CKRC. (2004) About CKRC: HistoryRetrieved December 5, 2005, from 2005 from
Cement Kiln Recycling Coalition Web site:
http://www.ckrc.org/aout_ckrc.shtml

15¢



Consumer Council for Water. (2013)yater Meter Calculator Retrieved Auguest 22,
2013, from Consumer Council for Water:
http://www.ccwater.org.uk/server.php?show=nav.388

CPUC. (2007, January IGalifornia Public Utilities CommissiarRetieved August 27,
2013, from The State of California: http://www.cpuc.ca.gov/puc/

CSI. (2013, January 1About The Carbon Sequestration InitiativéCSl Retrieved
October 24, 2013, from Massachusetts Institute of Technology:
http://sequestration.mit.ediSIl/index.html

Davis, J. (1998)Trend in Energy Use in Commercial BuildingSixten Years of EIA's
Commericial Buildings Energy Consumption SurWashington, DC: Energy
Information Administration.

DEFRA. (2009, SeptembeB009 Guidelines to Defra /BBCC's GHG Conversion
Factors for Company Reportinetrieved Feburary 17, 2010, from Department
for Environment Food and Rural Affairs:
http://www.defra.gov.uk/environment/business/reporting/pdf/20090928
guidelinesghg-conversiorfactors.pdf

Dissou, Y. (D05). Cost Effectiveness of the Performance Standard System to Reduce
CO2 Emissions in Canada: A General Equilibrium AnalyR&source and
Energy Economics, 27187 207.

DSM Environmental Services, Inc. (2008D07 Massachusetts Construction and
Demolition Debris Industry Studylassachusetts Department of Environmental
Protection (MassDEP) . Windsor, VT: Massachusetts Department of
Environmental Protection (MassDEP) .

ECCJ. (2010, December 1Bfficient Use of Energy of Mechanical Ventilation
EquipmenOther Than Air Conditioning Equipmemetrieved December 30,
2010, from The Energy Conservation Center, Japan: http://www.asiaeec
col.eccj.or.jp/law/pdf_kenl_e/building_3.pdf

EIA. (2013, January 1How much electricity is used for lighting in the Unitgites?
Retrieved September 1, 2013, from United States Energy Information
Administration: http://www.eia.gov/tools/fags/fag.cfm?id=99&t=3

Ekundayo, D., Perera, S., Udeaja, C., & Zhou, L. (2012). Carbon Review And Qualitative
Comparison of Selected CarbGounting Tools2012 RICS COBRA.as Vegas,
Nevada: Royal Institution of Chartered Surveyors.



Encyclopedia Britannica. (2011Bomb Calorimeter(2. W. Encyclopaedia Britannica,
Producer) Retrieved Oct 7, 2011, from Encyclopedia Britannica Online:
http://www.britannica.com/EBchecked/topic/72493/beuodlorimeter

European Commission. (200Bromoting a European Framework for Corporate Social
ResponsibilityBruxelles, Belgium: European Union.

Facanha, C., & Horvath, A. (2007). Evaluation of t@#gcle Air Emssion Factors of
Freight TransportatiorEnvironmental Science & Technology(2Q), pp. 7138
7144,

Frohnsdorff, G. (1996). Predicting the Service Lives of Materials of Construction. In K. P.
Chong (Ed.)Materials for the New Millennium Conferende pp.38-53.
Washington, DC: American Socirty of Civil Engineers.

Fuertes, A., Casals, M., Gangolells, M., Forcada, N., Macarulla, M., & Roca, X. (2013).
An Environmental Impact Causal Model For Improving The Environmental
Performance of Construction Processgesirnal of Cleaner Production, 5225
437.

Gangolells, M., Casals, M., Gassoé, S., Forcada, N., Roca, X., & Fuertes, A. (2009). A
Methodology for Predicting The Severity of Environmental Impacts Related to
The Construction Process of Residential Buildifgslding and Environment 44 |
44(3), 558571.

Gifford, H. (2008).s the USGBC peddling in greenwadRétrieved from Green
Buildings.com: http://www.greebuildings.com/content/783%enrygifford

Gili, E. (2009, December 11¢ooling the Asphalt Jungl®etrieved August 18, 2010,
from Miller-McCune: http://www.milleimccune.com/scienee
environment/coolinghe-asphakjungle-5947/

GPC. (2012)Global Protocol For CommunityScale Greenhouse Gas Emissions.
Washington, D.C.: Global Protocol For CommunBgale Greenhouse Gas
Emissions.

Green Design Institute. (201@conomic InpuOutput Life Cycle Analysis Taol
Retrieved February 24, 2010, from Green Design Institute at Carnegie Mellon
University: http://www.eiolca.net/Method/Interp_Results.html

Gronewodl, N. (2011, January 3). Chicago Climate Exchange Closes Nation's First Cap
And-Trade System but Keeps Eye to the Futurbe New York Times

15¢€



Guggemos, A., & and Horvath, A. (2006). Decist®apport Tool for Assessing the
Environmental Effects of Constrileg Commercial BuildingsJournal of
Architectural Engineering, ASCE, @), 187195.

Guzman, G., & Alonso, A. (2008). A comparison of energy use in conventional and
organic olive oil production in SpaiAgricultural System , Q8L67176.

Hammond, G., &ones, C. (2008)nventory of Carbon & Energy Version 1.@ath,
United Kingdom: University of Bath.

Hammond, G., & Jones, C. (201Iyventory of Carbon & Energyath, United
Kingdom: University of Bath.

Hong, G., Ma, C., Chen, H., Chuang, K., Chang,C & Su, T. (2011).

analysis in pulp and paper industBnergy, 363063 3068.

Huggett, C., & Levin, B. C. (1987). Toxicity of the Pyrolysis and Combustion Products
of Poly (Vinyl Chlorides): A Literature Assessmefitire and Materials, 1(3),
131-142.

Hui, S. C., & Chu, C. H. (2009). Green roofs for stormwater mitigation in Hong Kong.
Proceedings of the Joint Symposium 2009: Design for Sustainable Performance
(pp. 10.110.11.). Kowloon, Hong Kong: The Chartered Institution of Building
Servce€ngineers Hong Kong Branch.

IA. (2005).Landscape Irrigation Scheduling and Water Managentealts Church, VA :
Irrigation Association.

ICE. (2011).Global Commodity, Currency, Credit & Equity Index Markets,
IntercontinentalExchangdRetrieved October 22011, from
https://www.theice.com/productguide/ProductDetails.shtml?specld=814666

IKA. (2011a).Analytical TechnologyStaufen, Germany: IKA&\Verke GmbH & Co.
KG.

IKA. (2011b).Calorimeter System C 208taufen, Germany: IKA@\Verke GmbH & Co.
KG.

Internatonal Energy Agency. (2010Beyond the OECDUAE. Retrieved February 15,
2010, from
http://www.iea.org/country/n_country.asp? COUNTRY_CODE=AE&Submit=Sub
mit

IPCC. (2005)Residential and Commercial Air Conditioning aridetrieved from
IPCC/TEAP Special R®ort: Safeguarding the Ozone Layer and the Global

Ene



Climate System, Intergovernmental Panel on Climate Change:
http://lwww.ipcc.ch/pdf/specialeports/sroc/sroc05. pdf

IPCC. (2006, January 1¥letal Industry Emission&etrieved September 30, 2013, from
Task Force on the National Greenhouse Gas Inventory, the Intergovernmental
Panel on Climate Change: http://www.ipcc
nggip.iges.or.jp/public/2006gl/pdf/3_Volume3/V3_4 Ch4_Metal_Industry.pdf

IPCC. (2007)Climate Change 2007: Mitigation of Climate Change, Sumrftary
Policymakers from IPCC Fourth Assessment Ref@eheva, Switzerland:
Intergovernmental Panel on Climate Change.

IPCC. (2010)IPCC Fifth Assessment Repd&eneva, Switzerland: Intergovernmental
Panel on Climate Change.

IPCC. (2013)Climate Change 2IB.IPCC- Intergovernmental Panel on Climate
Change, The Physical Science Basis. Geneva, Switzerland :-IPCC
Intergovernmental Panel on Climate Change.

IURC. (2013, March 1)Water Resource Data CollectioRetrieved August 27, 2013,
from Indian Utility Regulatory Commission: http://www.in.gov/iurc/2720.htm

Kable, J. (2006)Collecting construction equipment activity data from Caltrans project
records.Davis, CA: University of California at Davis.

Kelly, T. (2010, April 15)Body Heat: Sweden's New Greemergy SourceRetrieved
September 14, 2010, from Time:
http://www.time.com/time/health/article/0,8599,1981919,00.html

Kessler, G. (2013, May 30). John Kerryods
emissions target3he Washington Pagp. The Fact Checker

Kim, J-J., & Rigdon, B. (1998). Sustainable Architecture Module: Qualities, Use, and
Examples of Sustainable Building Materials. In T. U. Michigamstainable
Building Materials(pp. :44). Ann Arbor, MI: National Pollution Prevention
Center for HigheEducation.

KU. (2011).Campus Buildings DirectoryRetrieved September 12, 2013, from The
University of Kansas: http://buildings.ku.edu/e.shtml

Laidler, K. J. (1995)The World of Physical Chemistiew York, NY, USA: Oxford
University Press, USA.

16C



LegacyFormwork. (2011, January MVeights of Construction Materials and Concrete
Retrieved August 23, 2013, from http://www.forming
framing.com/Helpful%20Hints/weights/index.htm

Liu, L. (2009).Tracking the Life Cycle of Construction Steel: The Use of Resduaap
and Cradle to Cradle ModeLawrence, KS: University of Kansas.

Maine Department of Environmental Protection. (20&8port on the Substitution of
Wood from Construction & Demolition Debris for Conventional Fuels in Biomass
Boilers .Augusta, MaineMaine Department of Environmental Protection.

Makivierikko, A. (2009).CTG Carbon CalculatorUppsala, Sweden: Uppsala
universitet/Institutionen for informationsteknologi.

Mann, L., Walther, J., & Radcliffe, D. (2005). Sustainable Design Practionersth&fny
must be at the Centre of Discussions on Sustainable Design Education.
Proceedings of ASEE/AaeE 4th Global Colloguim on Engineering Educaéion.
pp. 17. Sydney, Australia: 2005 ASEE/4th ASEE/AaeE Global Colloquim of
Engineering Education.

McDonough W., & Braungart, M. (2002Cradle to Cradle: Remaking the Way We
Make ThingsNew York, NY, USA: North Point Press.

Milne, G., & Reardon, C. (2010 ustralia's Guide To Environmentally Sustainable
Homes Retrieved July 27, 2011, from Your Home :
http:/www.yourhome.gov.au/technical/fs52.html#common

Mufson, S. (2007, October 19). Power Plant Rejected Over Carbon Dioxide For First
Time. Washington Pospp. Nation, Green.

Napier, T. (2011)Construction Waste ManagemeBhgineer Research and
DevelopmenCenter / Construction Engineering Research Laboratory.
Washington, DC : U.S. Army Corps of Engineers.

NBT. (2010).Environmental Impact Ret r i e v e-dunefrom Natuialddidiry 3
Technologies: http://www.naturhluilding.co.uk/environmental_impactrhl

Newsham, G., Mancini, S., & Birt, B. (2009). Do LEET®rtified Buildings Save Energy?
Yes.Energy and Buildings, 41, (8397905.

NOAA. (2007, August 3)Winter 20042005 OutlookRetrieved September 14, 2013,
from National Oceanic and Atmospheric Adstration:
http://www.crh.noaa.gov/dtx/winter202D05.php#temp

161



NOAA. (2008, March 13)Coolest Winter Since 2001 for US, GloBetrieved
September 13, 2013, from National Oceanic and Atmospheric Administration:
www.noaanews.noaa.gov/stories2008/200803¢ o ol est . ht ml

NOAA. (2009, November 17Heavy Snow &Significant Ice Event November 30th
to December 1st, 200®Retrieved September 12, 2013, from National Oceanic
and Atmospheric Administration: http://www.crh.noaa.gov/Isx/?n=11_30_2006

NOAA. (2011,September 1National Oceanic and Atmospheric Administration, Trends
in Atmospheric Carbon Dioxid®etrieved September 18, 2011, from Earth
System Research Laboratory: http://www.esrl.noaa.gov/gmd/ccgg/trends/

Oka, T., Suzuki, M., & Kounya, T. (1993). &ltstimation of Energy Consumption and
Amount of Pollutants Due to the Construction of Buildirigsergy and Buildings,
19, 303311.

Pacca, S., & Horvath, A. (2002). Greenhouse Gas Emissions from Building and
Operating Electric Power Plants in the Uppelotado River Basin.
Environmental Science & Technology(B4), pp. 319%3200.

Parr. (2006)Calorimeter ApplicationsMoline, lllinois: Parr Instrument Company .
Pearlman, J. (2011, November 8). Australian carbon tax passed in Sémalelegraph

Petes, V. A., & Manley, D. K. (2012). An examination of fuel consumption trends in
construction project€nergy Policy, 5(November), 496506.

Power Efficiency Corporation. (1999, May Bascalator Case Study: Honolulu
International Airport.Las Vegas, LV, BA: Power Efficiency Corporation.

Radhi, H. (2009). Evaluating the Potential Impact of Global Warming on the UAE
Residential Building$ A Contribution to Reduce the CO2 EmissioBsilding
and Environment 42451 2462.

Rodrigue, JP., & Comtois, C. (203). Transportation and Energy. In T. a. Eneffye
Geography of Transportation Syste(8sd Edition ed., p. 416). New York City,
New York, USA: Hofstra University.

Stein, C., Buckley, M., Green, M., & Stein, R. G. (1981andbook of Energy Use for
Building ConstructionTechnical Information Center Oak Ridge Tennessee. New
York: Department of Energy.

Stokes, J. R., & Horvath, A. (2009, February 17). Energy and Air Emission Effects of
Water SupplyEnvironmental Science & Technology (883 pp. 26802687.

162



Strogen, B., Horvath, A., & McKone, T. E. (2012, April 4). Fuel Miles and the Blend
Wall: Costs and Emissions from Ethanol Distribution in the United States.
Environmental Science & Technology(4®), pp. 52855293.

Suzuki, M., & Oka, T. (1998). Estimatiaf Life Cycle Energy Consumption and CO2
Emissions of Office Buildings in Japdanergy and Buildings33-41.

SWFWMD. (2013)Water Use CalculatorRetrieved August 22, 2013, from Southwest
Florida Water Management District:
http://www.swfwmd.state.fl.usonservation/thepowerof10/

Turner, C., & Frankel, M. (2008Energy Performance of LEED® for New Construction
Buildings .Washington, DC: U.S. Green Building Council, New Buildings
Institute .

UC Berkeley. (2013, January Brpad Horvath Retrieved Octoér 20, 2013, from
University of California, Berkeley:
http://lwww.ce.berkeley.edu/people/faculty/horvath

drgeVorsatz, D., Harvey, L. D., Mirasgedis, S., & Levine, M. D. (2007). Mitigating CO2
Emissions From Energy Use in the World's Buildirgsilding Resarch &
Information, 35: 43798 398.

UrgeVorsatz, D., Koeppel, S., & Mirasgedis, S. (2007). Appraisal of Policy Instruments
for Reducing Bui | BuildmgRegearch @ ihforenations3b:i on s .
4, 4580 477.

USDOE. (2007)Energy Information Admistration Form EIA1605 2007) Appendix F.
Electricity Emission FactoRetrieved Feburary 11, 2010, from United States
Department of Energy:
http://lwww.eia.doe.gov/oiaf/1605/pdf/Appendix%20F r071023.pdf

USDOE. (2010, January Iyoluntary Reporting of Genhouse Gases Prografuel
EmissionRetrieved Feburary 3, 2010, from United States Energy Information
Administrationindependent Statistics and Analysis Factors:
http://www.eia.doe.gov/oiaf/1605/

USEIA. (2008, Septemberd003 Commercial Buildings Energ@onsumption Survey
(CBECS) Detailed Table&etrieved September 18, 2011, from United States
Energy Information Adminstration:
http://lwww.eia.gov/emeu/cbecs/cbecs2003/detailed_tables_2003/detailed_tables
2003.html#enduse03

165



USEIA. (2011) About EIA Retrieved October 16, 2011, from United States Energy
Information Administration: http://www.eia.gov/about/

USEPA. (2002)WasteWise UpdatBuilding For the FutureWashington, DC: United
States Environmental Protection Agency.

USEPA. (2007, April 1)State Elegaicity and Emissions RateRetrieved August 10,
2010, from United States Environmental Protection Agency:
http://www.epa.gov/cleanenergy/documents/egridzips/eGRID2006V2_1 Summar
y_Tables.pdf

USEPA. (2010)Reducing Urban Heat Islands: Compendium of Sgjige Green Roofs.
Washington, DC, USA: United States Environmental Protection Agency.
Retrieved from United States Environmental Protection Agency.

USEPA. (2011a)in Support of the Final Rulemaking: Identification of Nonhazardous
Secondary Materials Thatre Solid Waste Construction and Demolition
Materialsi Disaster DebrisWashington, DC: United States Environmental
Protection Agency.

USEPA. (2011b, Feburary 1&)uestions & Answers on C€Reated Wood Sealant
Studies (Interim ResultdRetrieved Septeber 26, 2011, from United States
Environmental Protection Agency:
http://lwww.epa.gov/oppad001/reregistration/cca/sealant_ga.htm

USEPA. (2011c, August 5inited States Greenhouse Gas Inventory 2&Etrieved
September 19, 2011, from United States Enviremtal Protection Agency:
http://epa.gov/climatechange/emissions/usinventoryreport.html

USEPA. (2012)eGRID2012 Version 1.@ashington, DC: United States Environmental
Protection Agency.

USEPA. (2013a, September Spurces of Greenhouse Gas Emissifterieved
September 30, 2013, from United States Environmental Protection Agency:
http://lwww.epa.gov/climatechange/ghgemissions/sources/transportation.html

USEPA. (2013b, 9 9Municipal Solid WasteRetrieved 9 11, 2013, from United States
Environmental Priection Agency:
http://lwww.epa.gov/epawaste/nonhaz/municipal/index.htm

USGBC. (2008, March 20Building And Climate ChangéUnited States Green
Building Council) Retrieved September 1, 2013, from California Department of
General Services:
http://www.docunents.dgs.ca.gov/dgs/pio/facts/LA%20workshop/climate.pdf

164



USGBC. (2009)Green Building Design and Construction Reference Guide, 2009
Edition. Washington, DC, USA: United States Green Building Council.

van Gorkum, C. (2010202 emissions and energy constiopduring the construction
of concrete structures, Comparison between prefab and insitu concrete viaducts.
Delft, the Netherlands: Delft University of Technology.

Viera, P. S., & Horvath, A. (2008). Accessing the Hfd.ife Impact of Buildings.
Environnental Science & Technology, @3), 46634669.

Walker, L., & Johnston, J. (199%uidelines for the Assessment of Indirect and Cu
mulative Impacts as Well as Impact Interactidasvironment, Nuclear Safety &
Civil Protection. Brussels, Belgium: Europgaommission.

Washington State Department of Ecology. (2011, Januafyabhmon Construction and
Demolition WastesRetrieved September 18, 2011, from Department of Ecology,
the State of Washington:
http://lwww.ecy.wa.gov/programs/hwtr/dangermat/common_devastes.html

Willmott Dixon ReThinking Limited. (2010)Embodied Energy.etchworth, UK:
Willmott Dixon ReThinking Limited.

WRI. (2010a) WRI 2010 Organizational Greenhouse Gas Inventdfgshington, DC:
World Resources Institute.

WRI. (2010b)World GHGEmissions Flow ChariRetrieved May 4, 2010, from World
Resources Institute: http://cait.wri.org/figures.php?page=/\Weadd/Chart

Wright, M. A. (2011).Carbon Dioxide Equivalent Emissions From The Manufacture of
Concrete In South Africdlohannesburg, StiuAfrica: University of the
Witwatersrand.

Wu, H. (2008). Construct Green Building and Promote Sustainable Development in
Construction IndustryEngineering , 2229-30.

Zayrioua, P. , Mamol os, A. P. , Menexes, G. C.
Kal burtj i, K. L. (2012). Analysis of ener
organic, integrated and conventional cultivation of white asparagus by PCA and
HCA: cases irGreeceJournal of Cleaner Production, 280, 20-27.

Zhao, Z:Y., Zhao, X:J., Davidson, K., & Zuo, J. (2012). A Corporate Social
Responsibility Indicator System For Construction Enterprisesirnal of Cleaner
Production , 2930, 277289.

16t



Appendix A. M2SEC Embodied Carbon Emissions Calculation
Description Quantity | Unit | Weight (kg) | Carbon Factor | kg COe
(kgCOee/kg)
Drilled Piers, 40" | 1,301 CY | 2287453.97 | 0.107 244757.57
Long
Haul Pier Spoils | 1,301 CY | 2287453.97 | 0.107 244757.57
Grade Beam & | 742 CY |1304789.32| 0.107 139612.46
Ftg Excavate
Crushed Rock @ | 1,025 CY |959915.15 | 0.01 9599.15
SOG, 18" Thick
Granular Backfill | 2,657 CY | 2487501.37 | 0.01 24875.01
Perimeter 839 LF | 258.89 3.23 836.22
Foundation Drains
Total 664437.99

Table39 Summary of Excavation Carbon Emissions Calculation for M2SEC

Carbon

Weight Factor
Description Quantity | Unit (kg) (kgCOe/kg) | kgCOre
Drilled Pier Concrete 1,548| CY 2722847.12 0.107| 291344.64
Pier Caps 216 | CY 379830.85 0.107| 40641.90
Tie Beams 160| CY 281356.19 0.107| 30105.11
Grade Beams; 2'x3',
Form 100% 366| CY 643602.28 0.107| 68865.44
Elevator Pit Walls 200 | SF 8683.81 0.107 929.17
Foundation Walls &
Pilasters 9,693| SF 578685.14 0.107| 61919.31
Fdn Wall 24"
premium 1,092| SF 1172.20 0.107 125.43
Slab on Grade6" 12,748| SF 293.07 0.107 31.36
Slab on Grade4" 5,705| SF 195.39 0.107 20.91
7" Slab Premium 2,509| SF 341.93 0.107 36.59
Floor Trench @ Lab,
18"x18" 87| LF 38246.86 0.107| 4092.41
Isolation Slab
Premium 1,381| SF 23490.40 0.107 2513.47
Concrete Columns 292 | CY 513898.40 0.107| 54987.13
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HVAC Penthouse

Roof Framing 29| TN 26308.37 1.46| 38410.21
Anechoic Chamber

Steel 6| TN 5443.11 1.46| 7946.94
Lightwell Framing 1| TN 1349.89 1.46| 1970.84
Greenscreen Framin| 3| TN 2905.26 1.46| 4241.68
1.5" Type B Steel

Roof Deck 5991 SF 7337.54 1.46| 10712.80
2 EA Exit Stairs,

4.00' Wide 46 | VF 5858.24 1.46| 8553.03
1 EA Bsmt Stairs,

4.00' Wide 16 | VF 2003.20 1.46| 2924.67
Roof Egress Stair 16 | VF 2003.20 1.46| 2924.67
Stair Railings, Mesh

Panel $yle 125| LF 227.06 1.46 331.50
Ext Star Railings,

Mesh Panel Style 84 | LF 153.18 1.46 223.65
Wall Railings 195| LF 177.03 1.46 258.46
Ornamental Metal

Railing 59| LF 107.05 1.46 156.29
Suspended Masonry

Supports 252 | LF 2286.48 1.54| 3521.19
Masonry Linels or

Shelf Angles 250 | LF 2270.41 1.54| 3496.43
Curtainwall Support

Steel, 5#/SF 182 | SF 413.49 1.46 603.70
Other Miscellaneous

Steel 4| TN 3188.30 1.46| 4654.92
Housekeeping Pads,

Etc 1,367 | SF 1201742.62 0.107| 128586.46
Equipment

Foundations 713 | SF 6268%.76 0.107| 67077.95
Pan Stair Fill 785| SF 230009.15 0.107| 24610.98
Penthouse & Misc

Curbs 357 | LF 6072.46 0.107 649.75
Strongwall Piers EX 10| CY 18414.70 0.107| 1970.37
Strongwall Piers

Haul Spoils 10| CY 18414.70 0.107| 1970.37
Strongwall Piers 13| SF 1710.00 0.107 182.97
Strongwall 501 | SF 68106.84 0.107| 7287.43
Strongwall Base 54| CY 94957.71 0.107| 10160.48
Dyno Base 9| CY 15826.29 0.107| 1693.41




Strongwall Lid 485| SF 65997.64 0.107| 7061.75
Strongwall Column 7|CY 13134.30 0.107| 1405.37
Total 899201.16

Table40 Summary of Structural Carbon Emissions Calculation for M2SEC

Carbon
Factor
Description | Quantity| Unit | Weight (kg) | (kgCOe/kg) | kgCOe
Building Skin
Brick Veneer 7,784| SF 150622.2271 0.24| 36149.33
Preast
Panels Veneer 5,381| SF 93563.17783 0.107| 10011.26
Metal Wall
Panels Accent 1,407 | SF 764.5151413 0.107 81.80
Modular
Brick and 8"
CMU 2,728| SF 47049.39037 0.073| 3434.61
Metal Wall
Panels at
Penthouse 4,757| SF 2584.789287 0.107| 276.57
HVAC
Louvers 283 | SF 153.772412¢ 0.107 16.45
Sheet Metal
Soffits,Flat 479 | SF 260.2720346 0.107 27.85
Interior
Masonry
8" CMU
Partitions-
Reverb 3,532| SF 60915.85292 0.073| 4446.86
8" CMU
Partitions 11,482| SF 198028.2625 0.073| 14456.06
Ground Face
CMU Premum 4,191| SF 72281.5231 0.073| 5276.55
Total 74177.35

Table41 Summary of Masaty Carbon Emissions Calculation for M2SEC
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Carbon
Factor
Description| Quantity| Unit | Weight (kg) | (kgCOe/kg) | kKgCOre

Rough
Carpentry

Rod
Blocking 4,142 | BF 2739.89 1.07 2931.6823

Plywood at
Parapet 2,714| SF | 2462.326193 1.07| 2634.68902¢

Finish
Carpentry
and Millwork

Corian
(Top Only)
Vanities 24 | LF 87.8154112 2.54| 223.0511444

6" Wood

Base, One
Piece 134 | LF 334.297304 1.07| 3576981153

Corian
Window
Sills, 8" Avg
Width 279 | LF 371.2196928§ 2.54| 942.8980197

Closet
Shelving 90 | LF 224.52804 1.07| 240.2450028

Plastic
Laminate

Base
Cabinets 41| LF 130.180904 0.63| 82.01396954

Plastic
Laminate

Countertops 124 | LF 393.717856 0.63| 248.042293

Plastic
Laminate
Upper
Cabinets 43 | LF 136.531192 0.63| 86.0146509¢

MAP Wall
Panel System 244 | SF 664.058688 9.16| 6082.777584

SS Wall
Panels @

Emerg
Eyewash 123 | SF 223.167264 9.16| 2044.212138

Cement
Board Panels 736 | SF 1001.53113€ 1.09| 1091.668938

Total 16964.99314

Table42 Summary of Carpentry Carbon Emissions Calculation for M2SEC

Carbon
Weight Factor
Description Quantity | Unit | (kg) (kgCOeelkg) | kgCOe




Membrane
Roofing

TPO Fully
Adhered
Membrane

20,760

SF

112998.84

0.0952

10757.49

Densdeck
Insulation Cover
Board

17,769

SF

13701.79

0.13

1781.23

Roof Crickets,
Interior

888

SF

49437.27

2.03

100357.65

Tapered
Insulation Prem

15,992

SF

2350.26

2.85

6698.24

Roof Walkway
Pads

600

SF

353.80

2.85

1008.34

Parape
Flashing

2,714

SF

75516.47

1.9

143481.29

Sheet Metal and
Louvers

Sheet Metal
Flashings

2,071

LF

766.79

9.08

6962.43

Overflow Roof
Scuppers

EA

43.55

9.08

395.39

Gutters &
Downspouts

60

LF

10.27

9.08

93.25

Painted
Standing Seam
Roof

200

SF

136.08

1.38

187.79

Nail Base &
Insulation, R20

200

SF

181.44

1.86

337.47

Sheet Metal
Sunscreen, Hor

56

LF

43.28

9.08

392.97

Sheet Metal
Sunscreen,Vert

168

LF

129.84

9.08

1178.92

Caulking and
Waterproofing

Spray Foam
Insulation &
Flashing

22,536

SF

5111.07

0.98

5008.85
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Building Skin &

Window Caulking 7,169| LF 48.26 0.98 47.29
Caulk CMU

Control Joints 621 | LF 4.18 0.98 4.09
Caulk HM

Frames at CMU 451 | LF 3.04 0.98 2.97
Dampproof

Elevator Pits 200 | SF 2.52 3.43 8.64
Waterproof/Dra

in Mat at Fah

Walls 9,693| SF 122.12 3.43 418.89

Total 279123.21

Table43 Summary of Roofing & Flashing Carbon Emissions Calculation for M2SEC

Carbon
Weight Factor

Description Quantity | Unit | (kg) (kgCO2¢e/kg) | kg COe

Doors, Franes and

Hardware
Hollow Metal Frames 92 | EA 1710.95 1.46 2497.99
HM SL/BL Frames,

36 SF/EA 32| EA 602.55 1.46 879.73
Hollow Metal Doors 32| EA 1168.45 1.46 1705.94
Solid Core Wood

Doors, Oak, 7' 81| EA 2250.38 0.87 1957.83
42" Lab Door

Premium 38 | EA 1932.33 1.46 2821.20
Stair Exit Doors 3.00'

Wide 5| EA 219.08 1.46 319.86
Finish Hardware,

Cylinder Locks 113 | EA 307.54 9.08 2792.42
Unload & Distribute

Dr, Frame, Hdwe 108 | EA 9.33 12.4 115.70
Sound Door @ Test

Cell 1| EA 124.90 1.35167 168.82
Reveb & Dyno Door

Premium 2| EA 49.62 5.7 282.83
Double 5' Leaf Door 1| EA 278.22 1.46 406.20

Glass and Glazing
Systems
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Curtainwall 2,279 | SF 107508.56 0.91| 97832.79
Window Wall and
Storefront 221| SF 10425.36 0.91 9487.08
Ribbon Windows 951 | SF 22431.03 0.91| 20412.24
Punch Windows 373| SF 8797.87 0.91 8006.06
Entrance Doors 5| EA 181.44 0.91 165.11
HC Door Operators 2| EA 27.22 1.46 39.73
Interior Storefront 416 | SF 9812.10 0.91 8929.01
Light Monitors 64 | SF 116.12 1.38 160.24
Mirrors 96 | SF 827.35 0.91 752.89
Glaze Sidelites &
Borrow Lites 1,166 | SF 2116.28 0.91 1925.81
Door Lites and Misc
Glazing 28 | EA 168.00 0.91 152.88
Fire Lite Glazing 365 | SF 662.24 0.91 602.64
Total 162415.03

Table44 Summary of Doors & Glamg Carbon Emissions Calculation for M2SEC

Carbon
Weight | Factor

Description Quantity | Unit | (kg) (kgCOre/kg) | kg COe

Plaster and Drywall System
Structural Stud Wall

Framing 14,790| SF | 13417.25 1.54| 20662.57
Exterior Wall Furring 4,650| SF 3163.% 1.54| 4872.48
Struct Stud Walls at

Penthouse 4,345| SF 3941.71 1.54 6070.24
Perimeter Drywall 14,780| SF | 22793.91 0.13 2963.21
NonOrganic Wall Board

Premium 2,847| SF 4390.68 0.13 570.79
QuadLayer Drywall

Prem @ Reverb Rm. 596 | SF 1054.33 0.13 137.06
Shaft Wall, Incl Fire

Caulk 340 | LF 3084.43 1.54| 4750.02
One Hour Walls, Incl Fire

Caulk 499 | LF 4526.85 1.54| 6971.35
Abuse Resistant Drywall

Premium 12,669| SF | 34478.59 0.13 4482.22
Drywall @ Columns 1,000| SF 1542.21 0.13 200.49
Suspended Drywall

Ceilings 5,378| SF 304.93 0.13 39.64
Drywall Bulkheads 65| LF 400.98 0.13 52.13
Aluminum Reveal

Premium 1,022| LF 9908.83 9.08| 89972.18
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Fireproofing @

Penthouse 7,615| SF 8635.26 1.54| 13298.30
Metal Panel Cover

Painted 20 | SF 193.91 9.08 1760.71
Safing Insulabn 1,306 | LF 2369.74 1.12 2654.11

Ceramic Tile
Ceramic Tile 807 | SF 1720.43 0.78 1341.93
Ceramic Tile Walls 2,438 | SF 5197.53 0.78 4054.07
Tile Base 305 | SF 650.22 0.78 507.17
Misc Stone & Tile 38,818| SF | 82756.37 0.78| 64549.97

Acoustical Treahent
2x2 Acoustic Ceilings 4,672| SF 2119.18 0.13 275.49
2x2 Acoustic Ceilings

(Washable) 3,478 | SF 1577.59 0.13 205.09
Acoustic Cloud Ceilings 550 | SF 249.48 0.13 32.43
Metal Ceiling System 622 | SF | 34610.82 1.66| 57453.95
Perforated MWP &

Insulaion 234 | SF 212.55 1.46 310.33

Painting and Wall

Coverings
Stair & Service Room

Walls 4,920| SF 457.05 0.87 397.64
Paint Stairs and Handrail 115| LF 7.13 0.87 6.20
Finish Doors & Frames 92 | EA 5244.00 0.87 4562.28
CMU Patrtitions (Incl Blk

Filler) 30,028 | SF 2789.60 0.87 2426.95
Paint Drywall Walls 47,820| SF 4442 .46 0.87| 3864.94
Epoxy Paint Walls 16,614| SF 25.40 291 73.92
Whiteboard Paint 365 | SF 1.78 3.76 6.70
Polymix Wall Coatings 5,981 | SF 555.63 0.87 483.40
Drywall Ceilings 5,443| SF 505.6 0.87 439.92

Total 300449.88

Table45 Summary of Plaster & Ceilings Carbon Emissions Calculation for M2SEC

Carbon
Weight Factor
Description Quantity | Unit | (kg) (kgCOe/kg) | kg COe
Flooring
Clear Floor Sealer,
One Coat 24,067| SF 156.47 3.76 588.34
Resilient Base 4,426 | LF 652.51 3.19 2081.51
Metal Base 102 | LF 9.46 6.15 58.18
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Sealed & Diamond
Polished Concrete 8,118| SF 44059.49 0.107 4714.37
Resinous Flooring 7,596 | SF 10336.45 0.12 1240.37
Resinous Cove
Base 743 | LF 351.06 1.93 677.55
Carpet Tiles 383 | SY 320.24 7.75 2481.84
Total 11842.15

Table46 Summary of Flooring Carbon Emissions Calculation for M2SEC

Carbon
Weight | Factor

Description Quantity| Unit | (kg) (kgCOre/kg) | kg COe

Specialties
Marker & Bulletin

Boards 231 | SF 154.03 0.86 132.46
Toilet Partitions 10 | EA 1061.41 1.93| 2048.51
Dust Strip Curtain @

Rm 1544 25| LF 8.50 3.16 26.88
Unistrut Tank Supports 102 | LF 161.42 1.46 235.68
Unistrut TV Supports 9| EA 40.82 1.46 59.60
Corner Guards 44 | EA 139.02 2.85 396.21
Access Flooring 309 | SF 981.12 1.46| 1432.43
Access Flooring A.

Chamber 119 | SF 377.84 1.46 551.65
Door Signs 92 | EA 92.00 8.1 745.20
Fire Extinguishers and

Cabinets 8| EA 62.29 1.46 90.94
Toilet Accessaes

Public Toilets 4 | EA 328.00 1.61 528.08

Equipment and Furnishing
Projection Screens 2 | EA 30.84 3.1 95.62
Movable Wall (Glass &

Wood) 143 | LF 3632.36 1.09| 3959.28
Sliding Barn Doors 9| EA 498.04 1.46 727.14
Edge of Dock Leveler 1| EA 503.00 5.896| 2965.69
Material Hoist, 3 ton 1| EA 900.00 6.15| 5535.00
Dyno Bedplate, 4'x15' 1| EA 226.80 1.46| 331.12
Lab Cswrk, Mtl, resin

top, Base & Wall 560 | LF 8890.40 2.029| 18038.63
Lab Cswrk, Mobile, Mtl,

resin top, Base & Wall 633| LF 10049.33 2.029| 2039009
Lab Cswrk, Shelving 239| LF 16.06 1.46 23.45
Lab Cswrk, Tall Storage

Cabinets 62 | LF 2531.04 1.295| 3277.70
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Fume Hoods Low flow,
hi-eff.,72 in. 13| EA 2948.35 1.46| 4304.59
Bio Safety Cabinet 4 | EA 1616.60 1.46| 2360.24
Entrance Mats 152 | SF 9.09 3.19 29.01
Black out Shades 122 | SF 165.99 3.19 529.50
Meccho Shades 963 | SF 1310.22 3.19| 4179.60
Total 72994.30

Table47 Summary of Equipment Carbon Emissions Calculation for M2SEC

Carbon
Weight Factor

Description Quantity | Unit | (kg) (kgCOe/kg) | kg COe
Plumbing
Fixtures 56 | EA 762.04 2.71| 2065.12
EWC 4 | EA 5.44 6.15 33.48
Emergency Eyewashes 1| EA 1.36 6.15 8.37
Drains/Carriers 40 | EA 27.22 6.15 167.38
Instantaneous Water
Heaters Steam to Water 2| EA 4.49 2.1835 9.81
Circ Pump DHW Return 1| EA 3.24 2.03 6.58
Clear Water Duplex Sumy
Pumps 1| EA 17.35 2.03 35.22
Duplex Sewage Ejector
Pumps 1| EA 247.21 1.46 360.92
Air Compressors 3| EA 157.85 2.03 320.44
Air Receiver 1| EA 394.63 1.46 576.15
Air Dryer 2| EA 14.51 1.46 21.19
Roof Drains (see A05) 14 | EA 107.95 2.03 219.15
Roof Drain Piping 14 | EA 203.21 2.03 412.52
Water Softener Skid 2| EA 191.42 1.35 258.41
Waste Effluent Sample
Port LS 0.45 3.23 1.47
Natural Gas Meter Statiof EA 2.70 1.46 3.94
PVF-RO 316L SS
Humidif. Piping 200 | LF 202.12 3.23 652.85
PVF - RO PPE Circ. Loop
w/ U-bend end Use Point: 600 | LF 606.36 3.23| 1958.55
Domestic Water Préleat
Exchanger 1| EA 254.01 1.46 370.86
Domestic Water Backflow
Preventer 4 | EA 9.07 2.64 23.95
BioDiesel Storage Tank
40 Gal 1| EA 11.79 1.93 22.76

Total 7529.10
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Table48 Summary of Fire Protection & Plumbing Carbon Emissions Calculation for

M2SEC
Carlon
Factor
Weight | (kgCOwe/
Description | Quantity | Unit (kQ) kg) kgCOe
HVAC Systems
Chiller - Modular
(Climacool UCW) 157 | TON 3224.16 1.54 4965.21
Chiller - Air Cooled
(York YMC) 289 | TON 7348.19 1.54| 11316.21
Chiller Air Cooled
Condensing Unit 8| TON 611.44 2.71 1657.01
Chilled Water- INC.
Pumps 80 | HP ABOVE
Chilled Water- INC.
VFD 80 | HP ABOVE
Chilled Glycol- INC.
Pumps 40 | HP ABOVE
Chilled Glycol- INC.
VED 40 | HP ABOVE
Chilled Beam
(Tertiary) - Pumps 15 | HP 136.08 2.03 276.24
Chilled Beam
(Tertiary)- VFD 15 | HP 136.08 2.03 276.24
Misc In-Line Pumps
(9,10,11,12, & 15) 7| HP 82.10 2.03 166.66
Server- Pump (13,
14 & 15) 12 | HP 82.10 2.03 166.66
Server- VFD 10 | HP 82.10 2.03 166.66
AHU-1,-2 Labs 40,000| CFM 10777.35 1.54] 16597.11
INC.
AHU-1,-2 - VFD 80 | HP ABOVE
AHU-3 Composites
Lab 2,160| CFM 768.38 1.54 1183.31
AHU-4 Dyno Comb. 1,200| CFM 603.28 1.54 929.05
INC.
AHU-4 - VFD 15| HP ABOVE
AHU-5 Dyno Vent 10,000| CFM 1799.85 1.54 277..77
INC.
HRU-1, -2 36,000 CFM ABOVE
Humidifiers (AHU
& Atomizing) 500 | LB 99.79 1.54 153.68
Liebert Unit @
Server Room 10 | TON 907.18 1.54 1397.06
FCU 14 | EA 1079.55 2.1835 2357.20
CUH 7 | EA 555.65 1.54 855.70
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Fin Tube Radiation
Panels 155 | LF 246.07 2.1835 537.30
VAV Terminal
Units - Hydronic 62 | EA 2390.43 2.1835 5219.50
Chilled Beams 33| EA 1471.80 1.54 2266.57
Phoenix Air Valves 60 | EA 244.94 1.54 377.21
Sound Attenuators
(Duct Stream) 28 | EA 139.71 1.54 215.15
6" Steam Meter 1| EA 42.73 1.54 65.80
HE-1, -2 (Plate & INC IN
Frame) 3| EA AHU
HE-3, -4 (Shell & INC IN
Tube (Test Cell)) 2| EA AHU
HHW - Converters
(Steam to Water) 3| EA 289.85 2.03 588.39
HHW - Pumps 40 | HP 210.01 2.03 426.33
HHW - VFD 40 | HP 210.01 2.03 426.33
Steam Condensate
Pump 1| EA 69.40 2.03 140.88
Air Separators>10" 5| EA 226.80 1.54 349.27
Expansion Tanks 4| EA 181.44 1.46 264.90
Air Intake
Louver/Damper @
Penthouse EA 16.33 1.54 25.15
Intake Hood EA 90.72 1.54 139.71
Relief Hood EA 181.44 1.54 279.41
Chemical Treat Pots
/ PVF Allow. 3| EA 124.50 2.03 252.74
Water Filters 3| EA 714.41 1.46 1043.03
Hydraulic Pumps
(By Owner) 6 | EA 62.60 2.03 127.07
Total 57980.50
Table49 Summary of HVAC Carbon Emissions Calculation for M2SEC
Carbon
Weight Factor

Description Quantity | Unit | (kg) (kgCO2e/kg) | kgCOe
Electrical
2000A Feeder 75| LF 0.05 2.71 0.13
480/277V 2000A Swbd W/
Metering & (10) C/B 1 EA 2267.96 1.54 3492.66
120/208V 225A 42Ckt. Pwr.
Panel 20| EA 1270.06 2.125 2698.87
120/208V 400A 42Ckt. Pwr.
Panel 1 EA 94.35 2.125 200.49
480/277V 100A 42Ckt. Ltg. 3| EA 183.70 2.125 390.37
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Panel

120/208V 800A 42Ckt. Pwr.

Panel 2| EA 204.12 2.125 433.75
480/277V 225A 42Ckt. Ltg.

Panel 4| EA 254.01 2.125 539.77
480/277V 400A 42Ckt. Dist.

Panel 1| EA 94.35 2.125 200.49
480/277V 600A 42Ckt. Dist.

Panel 3| EA 283.04 2.125 601.46
480/277V 800A 42Ckt. Ltg.

Panel 2| EA 204.12 2.125 433.75
60A NEMAL F Disc. Switch 5| EA 129.27 2.125 274.71
112.5KVA Dry Type

Transformer 1| EA 333.39 2.1835 727.96
225KVA Dry Type

Transformer 2| EA 1732.72 2.1835 3783.40
330KVA Dry Type

Transformer 1| EA 929.86 2.1835 2030.36
SATECPM174 Feeder

Breaker Meters (AEI

Comment) 5| EA 6.12 1.54 9.43
100A EMT Feeder 1,200| LF 232.96 2.71 1136.45
150A EMT Feeder 2,470| LF 939.43 2.71 4089.17
200A EMT Feeder 200 | LF 116.89 2.71 461.47
225A EMT Feeder 1,170| LF 875.66 2.71 3450.36
300A EMT Feeder 120| LF 183.38 2.71 607.45
400A EMT Feeder 210 | LF 339.20 2.71 1202.38
450A EMT Feeder 160 | LF 374.92 2.71 1231.76
600A EMT Feeder 450 | LF 1560.47 2.71 4968.80
800A EMT Feeder 230 | LF 1052.65 2.71 3412.39
100A NEMAL1 F Disc. Switch

for Oven and Autoclave 2| EA 51.71 1.54 79.63
Chiller Hookup 500A EMT

Feeder 120 LF 416.13 2.71 1289.50
Pumps Hoolup 100A EMT

Feeder 700| LF 2427.40 2.71 6872.90
2x4 Light Fixtures 45| EA 46.35 9.18 425.49
Can Lights 37| EA 38.11 9.18 349.85
Indirect Ltg Fixtures 86| EA 88.58 9.18 813.16
Misc Fixtures 177| EA 182.31 9.18 1673.61
20A EMT Feeder 3,470| LF 124.66 2.71| 65381.90
Light Switches 187 | EA 16.96 2.625 44.53
Motion Detectors 94 | EA 10.66 2.625 27.98
Photocell (Daylighting 23| EA 2.61 2.625 6.85
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Contrd)

IR Sensor (Daylighting

Control) 23| EA 2.61 2.625 6.85
Power Pack (Daylighting
Control) 23| EA 31.30 2.625 82.16
Wall Outlets 426 | EA 38.65 2.625 101.45
Wiremold 4000 Series 1,000| LF 181.44 2.54 460.85
400kW GeneratorW/
Enclosure) 1|EA 3303.96 2.1835 7214.21
300A Transfer Switch 1| EA 179.17 2.1835 391.22
600A Transfer Switch 1|EA 179.17 2.1835 391.22
800A Feeder 100| LF 293.74 2.71 1039.39
3/4 Inch EMT Empty Conduif 5,355 LF 1554.55 2.71 4212.83
Cable Try 1,060| LF 192.32 2.54 488.50
4 Inch EMT Empty Conduit 450 | LF 755.23 2.71 2046.68
Cable TV Outlets (Conduit
Stub & Wiring) 35| EA 3.18 1.54 4.89
Total 129783.45

Table50 Summary of Electrical Carbon Emissions Cadtiain for M2SEC



Appendix B.

KansasDepartment of Transportation Building Categories

Number Energy

Building of Intensity

Type Description Buildings | Type of Usage EIA Type (KWh/ft?)
Chemical Domes Standard,

Al Dome, and Cone 209 | Storage Storage 1.75017

B4 Was bays 89 | Service Service 6.28149
Equipment Storage 4 Bay leg

C5 than 2000 ft"2 9 | Storage Storage 1.3262
Equipment Storage 6 Bay

D6 2000 to 4000 ft*2 13 | Storage Storage 1.3262
Equipment Storage 10 Bay

E7 4000 to 6000 ft*2 O 43 | Storage Storage 0.68323
Equipment Storage 6000 to

F8 8000 ftr2 55 | Storage Storage 0.68323
Equipment Storage 8000 to

G9 10000 ft"2 Open side 8 | Storage Storage 0.68323
Area Office 2000 to 4000 ft"2

H10 (none in existance 4 | Office w/ service | Other 67.07199

111 Area Offce 4000 to 6000 ft"2 18 | Office w/ service | Other 67.07199
Area Office 6000 to 8000 ft"2

J12 No info 3 | Office w/ service | Other 67.07199
Area Office 8000 to 10000

K13 ft"2 No info 1 | Office w/ service | Other 67.07199

AA14 Storage Salt Bunker 111 | Storaye Storage 0.29645

AA15 Storage Salt Loader 79 | Storage Storage 0.29645

L17 Sub Area 2000 to 4000 ft*2 69 | Office w/ storage | Other 14.33486
Sub Area 4000 to 6000 ft*2

M18 Garage portion 31 | Office w/ storage | Other 3.04395

N18 Sub Area 4000 to 60002 31 | Office w/ storage | Other 48.56008
Sub Area 6000 to 8000 ft*2

019 Garage 6 | Office w/ storage | Other 3.04395

P19 Sub Area 6000 to 8000 ft*2 6 | Office w/ storage | Other 48.56008

Q20 Sub Area 8000 to 10000 ft"2 8 | Office w/ storage | Other 17.91305

R21 Transmission Tower 1 | Service Service 1.80076

S22 Storage less than 2000 ft"2 83 | Storage Storage 0.48258

T23 Storage 2000 to 4000 ft"2 10 | Storage Storage 0.48258

U224 Storage 4000 to 6000 fA2 4 | Storage Storage 0.38206

V25 Storage 6000 to 8000 ft"2 Storage Storage 0.38206
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W26 Storage 8000 to 10000 ft"2 Storage Storage 0.38206
X27 Weighing Station 5 | Service Service 13.42421
Y28 Loader Storage 11 | Storage Storage 39.26352
Z29 Old District Shop 3 | Service Service 39.50992
2A30 New District Shop 3 | Service Service 27.12614
2B31 Laboratory less than 2000 ft*] 6 | Office Office 19.56014
2C32 Laboratory 2000 to 4000 ft"2 4 | Office Office 21.12669
2D33 Laboratory 4000 to 6000 ft*2 2 | Office Office 15.48593
Laboratory 6000 to 8000 ft*2
2D34 Garage 1 | Office Office 15.48593
2F34 Laboratory 6000 to 8000 ft"2 1 | Office Office 39.26352
Laboratory Larger than 10000
2G36 fth2 2 | Office Office 30.1603
2H33 District Office District 3 1 | Office Office 42.93382
2138 District Office District 1 1 | Office w/ sevice Other 33.54688
2339 Construction Office District 0 | Office Office 39.26352
2K40 Salt Brine 2 | Storage Storage 39.26352
2141 Radio Shop 3 | Service Service 0
2M42 District Office District 2 1 | Office Office 41.87104
2N43 District Office District 5 1 | Office Office 42.93382
District Office District 6
2044 (similar to 2 and 4) 3 | Office Office 41.87104
2P45 Warehouse District 2 1 | Storage Storage 21.54109
KHP HQ/Construction D6 D2
2Q46 Annex 1 | Office Office 16.00904
2R47 KHP Office District 3 & 5 1 | Office Office 41.87104
2548 KHP Office District 4 1 | Office Office 41.87104
2T49 HDQ Material 1 | Office Office 39.26352
2U50 Geology 1 | Office Office 39.26352
2V51 KHP District 1 1 | Office Office 41.87104
2W52 Area Office District 1 1 | Office Office 67.0709
2X53 Area Office District 1 Olathe 1 | Office Office 67.07199
Metro Office Shop
2Y54 Contractions 1 | Office Office 27.12614
2755 Conference Room/Storage 1 | Office w/ storage | Office 19.56014
AA56 Stock Room 1 | Storage Storage 0.48258
AA57 Underground Coerete Blocks 1 | None None 0
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Appendix C Kansas Department of Transportation Building

Appendix C.

Type
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KDOT Building Embodied Carbon Emissions Result

Appendix D.

21015
=300

= 2000 RIS

%220 PR M50 ] Wl 1000
-5 oca 2beies

L POOAY P30JOIU[3Y YIM S100¢]
= 200

L LBI3BrEL] BseE)

- 55F| 0 I AN

—ummm_m_

=SBuipg deq

-t Bu g

WL

= 558 Bdug 14

(Bl

LEu] J007

¥oug

N20|E 21MILIDT

3121ouen

B]eudUaT) pauOillEy

ISSIONS

— kg CO2

180,000 —
135,000 —
40,000 —
45,000 —

KDOT Building Embodied Carbon Em

0D O

192



State Total Embodied Carbon Emissions
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Appendix E. KDOT Building Utili ty Summary Input page

Kansas Depariment of Transportation 8 ng Power Consumption Research

The Universicy of Kansas

Kansas Department of Transportation Useful links

Building Energy Usage and Embodied Main Page

Energy Research Givil, Enviranmental,

and Architactural

This research is carmied out by the University of Kansas. The purpose is to create a Enginsaring

system to manitor Kansas Department of Transportation enengy use and the embodied
energy of their buildings. This website contains multiple forms for users ta get their Kansas Department of
information they want respactivaly. Transportation

Anaysis Type(Bam )
Analysis Year| 2
Distriat |_Distr

|_Submit |

Kansas Department of Transportation Building Power Cansumption Research

hp

Search K e 3

The University af Kanzas

Kansas Department of Transportation Useful links

Building Energy Usage and Embodied Main Page

Energy Research Givil, Environmental,

and Architectural
Enginaaring

This research is camied out by the University of Kansas. The purpose is to create a
system to manitar Kansas Department of Transportation enengy use and the embodied
energy of their buildings. This website contains multiple farms for users to get their Kansas Dapartment of
information they want respectively. Transportation

Arayss TyoG__3)

Analysis Year| 2007 % |

City | Abilene
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Kansas Department of Tr Building Power C Research
ms fcgi-bin/KDOT findex.php

A
ENGINEERING Se: hwb keyword

The Universicy af Kanzas

Kansas Department of Transportation Useful links

Building Energy Usage and Embodied Main Page

Energy Research Civil, Environmental,

and Architectural
This research is carried aut by the University of Kansas. The purpose is to create a. Engineering

system to monitor Kansas Department of Trans portation energy use and the embodied
energy of their buildings. This website contains multiple forms for users to get their Kansas Department of
information they want respectively. Transportation

i Type{ ot _3)

Analysis Year| 2007

]

Kansas Department of Tr ion Building Power C ion Research

SCHOOLOF
ENGINEERING P

The Unversty of Kansas

Kansas Department of Transportation Useful links

Building Energy Usage and Embodied Main Page

Energy Research Givil, Environmantal,

Thvis research s camied out by the University of Kansas. The purpose is to create a E::Iﬁ:::l':fgm“m
system to moniar Kansas Department of Transportation enengy use and the embodied

energy of their buidings. This website contains multiple forms for users to get their Kansas Department of
information they want respectively. Transpartation

i Type oy )

Analysis Year| 2007 +|
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Kansas Department of Tr Building Power C; Research

ms fcgi-bin/KDOT findex.php

F
ENGINEERING

The Universicy af Kanzas

Kansas Department of Transportation

Building Energy Usage and Embodied
Energy Research

This resaarch is cared oLt by the University of Kansas. The pumose is to create a
system to monitor Kansas Department of Trans portation energy use and the embodied
energy of their buildings. This website contains multiple forms for users to get their
information they want respectively.
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Appendix F. KDOT Building Usage Summary (Website)

State Power Use By Month
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State Total 2007 Summary
District 5

District 4
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District 2 |

District 1
State Total 2008 Summary
District 5
District 4
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District 1
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State Total 2009 Summary
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KWH per year

State Total Vs. EIA Suggestions

— KWH
30,169,658 - per year

15,127,273.5

10,084,849 -

5,042,424.5 -

State Total EIA Suqgested value
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Eaton Hall Energy Dataand EIA Data Comparison

Appendix G.
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