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Abstract

Local impact assessment of biomassedlistrict energysystemgDES) isstill in its infancy
There has been a lack @propriateassessmemhethod for parametersvith broadvariability
on local scale, and lack BIES impactassessmestThis studyinvestigates how would: 1) the
inclusion of sitespecific terrain, land use and microclimatic characteristics, variabldgimm
density and breathing rateffectaccuracy ofissessmentm local air quality and health; 2) an
incremental increase of P NOx and CO concentrations froDES contribute to ambient air
guality and population exposure, 3) fgcle GHG emissins fromDES contribute to global
warming, and 4) the introduction of biomass affect economiEs=&compared to the fossil

fuel-basedES.

Utilizing dispersiormodelingthe study establisheah assessment approach which confirrnttesl
needfor inclusion of population dynamigssite-specific microclimatic characteristicand
diurnal circulation pattern©therwise health risks could potentially be underestimated by more
than 20%Applying this approach oasmallscale biomass gasification plaBRDF), the study
concluded that the health impaeas the highest for NX677 DALY) whenall energy was
produced byiomass, and for PM (64 DALY) if all energy was produced by natural gas.
Complete replacement &ower House (PH)y one biomass plant carstgt in almost 28%
higherimpactcompared to 513 DALY when both BRDF and PH are operatidial emissions
from the BRDF exceeded the air quality objectif@SAQO) in all seasons except during
summer Althoughoverall incremental contribution of PMis at least one order of magnitude
lower than BCAQQthe maximum PMsemissios from the PH could adversely add to the

already high background concentrations.



Meeting energy demand solely by expanded fubcaleBRDF from locally supplied biomass
reducesGHG annuallyto 3.81E+0&kg CQpeqfrom 7.08E+07kg CQregWhen energy was

produced solely by the current PH. An introduction of biomass increased total costs by $19 M
compared to existing PH, but saved $8.4 M in carbootaxe r p | an $33Mofl | f et i me
societal damages could be avoided qvér a n t s dn case df eombineckuse of natural gas

and biomass.



Lay Summary

This researcimproves currentnethod for assessing impacts of biomdsased district

heating systems. It is confirmed that introihggcsite specific characteristics such as
population dynamics, local meteorological conditions along with outdoor pollutant
concentrations could more accurately evaluate local air quality and population health risks.
The study further evalua@npacts ofa biomass plarbcatedatthe Universityof British
Columbia, Vancouver campus which is operational since 2012 and supplies heat to almost
20%of campus heatemandThe study found that the choice of fuel (wood versus natural
gas) will have impacts onglobal scalen terms of reduced impacts on global warming
whereas the choice of plant location balanced with teeglmonomic benefits should be a
primary consideration for minimizing local impacts (population exposure and local air
guality) regardless thfuel typeThe development of biomass plants could be costly but

savings exist in carbon taxasd societal damages.



Preface
The topic of thidloctoraldissertatiorwasdeliberatedduring the discussion with my
academic adviser Dr. Xiaotao &nd The Bridg€’rogram Director Dr. Michael Brauefhe
entireresearch reportdaere was conducted by the author, Olga Petrov and included:
developingthesis objectives and research quesioonductingsystematic literature review,
designing the resear programgathering anévaluatingdata,developing and applying
novelimpact assessment methodology for commubéged district energy systeims
consort withdeveloping and runningirborne pollutantlispersion population exposurand
life cyclemodeling scenarig and analyzingnd interpreting the results. The following
parties wergegularlyc o n s u | t eEdgineets Bt@h@8isenergy Researdind
Demonstration &cility (BRDF), Power HouséPH) and Campus Community Planning;
Nexterra Energy Cor andCloverdaleFuel Ltd.
Parts of this research were published:
1 A version of chapterl and® have been publishePetrov, O.(2012. Forest Residues to
Energy: Is this a pathway towards healthier communities? National Collaborating Centre
for Environmental Health. Evidence Review. Available from:

http://www.ncceh.ca/sites/default/files/Forest_%20Residues_to_Energy Mar 2012.pdf

conductedsystematic liteature review and wrote the whatenuscriptDr. Bi and Dr.
Brauer provided invaluable comments and edits.

1 A version of chapters 2 and 3 has beenighbd Petrov, O., Bi, X., & Lau, A. 015.
Impact assessment of biomdsssed district heating systemsdensely populated
communities. Part I: Dynamic intake fraction methodoldgymospheric Environment

115, 70 78. https://doi.org/10.1016/j.atmosenv.2015.05.086onducted all data



http://www.ncceh.ca/sites/default/files/Forest_%20Residues_to_Energy_Mar_2012.pdf
https://doi.org/10.1016/j.atmosenv.2015.05.036

collection, modeling and wrote the manuscript. Dr. Bi and Dr. Lau provided invaluable
commentsand edits

A version of chapted has beepublished Petrov, O., Bi, X., & Lau, A. 017. Impact
assessment of biomabased district heating systems in densely pdapdlaommunities.
Part Il: Would the replacement of fossil fuels improve ambient air quality and human
health?Atmospheric Environment61, 197 199.

https://doi.org/10.1016/j.atmosenv.2017.03.donducted all data collection, modeling

and wrote the whole manuscript. Dr. Bi and Dr. Lau provided invaluable comarehts
edits

A version of chapter5 and 6is undermpreparatiorfor publishing Petrov, O.; Xiaotao Bi,
Anthony Lau.(2017). Globd impactsassessment and economic analysis of woody
biomass as an alternative to fossil fuels in district heating applicatiangte the whole
manuscriptconducted literatre search on carbon neutralitgllectedand processed
consumption datfor natural gas, fuel oil and biomass usedhe UBC Power House
(PH) and Bioenergy Research and Demonstration Facility (BR&f)mated emissions;
performed LCA modelingandeconomicanalysisData on biomass supply are based on
thework prepared for the UBSEEDS project, published at:

https://sustain.ubc.ca/coursesching/seedprogram/seedsustainabilitylibrary. Dr. Bi

andDr. Lau provided invaluable commis and edits.

Vi


https://doi.org/10.1016/j.atmosenv.2017.05.001
https://sustain.ubc.ca/courses-teaching/seeds-program/seeds-sustainability-library

Table of Contents

N 013 1 = ox SRR PPPUPRPPPPPR i
LAY SUMIMAITY ...ttt e e e e e e anena s e e e e e e e e e e e e et e eeessssbnnneeeeeeeeeeeennnnnnns v
o (=] = Tt PP PUUPURRIRIN '
Table Of CONTENTS....uiiiiiiiiiiii e Vil
LISt OF TADIES. ...ttt e et et e e e e e e e e e e s smmr e e e e e e e e e e e e e e nanns Xi
LISE Of FIQUIES ... eeene bbb e e Xiil
LIST OF ACTONYIMS ...ttt ee ettt e et e ettt e e e e e e e e ammr e e e e e e aaeeeens XV
List of Symbols and Selected UNItS..........ccoooeiiiiiiiiiiiceee e mmee e XVi
ACKNOWIEAGEMENTS ...t emrn e XVii
9= To [ 0% 11 o] o SRR Xviii
Chapter 1: INTFOAUCTION ......uveiiiiiiiiiiiiii e ae e e 1
0 A = 7= T (o | o 11 T P PPPPRRPPt 1

1.1.1.Global drivers and pepgctives on energy production and utilization......... 1

1.1.2.Environmental concerns and alternatives to fossil fuels for energy produttion
1.1.3.Availability of biomass resources and district enesgstems in British

(0] 111071 o] = 0PSRN 6

1.1.4.Public perception and acceptance of biomass systems...............ecceeeeeee 9

1.2 Thesis objectives and research qUESHIONS...........cooiiuiiiimmmn e eeeaes 13
1.3 CASE STUDY. ..ttt 14
1.4 TRESIS SIUCIULE ...ttt ieee bbbttt e e e e eeet e e e e e e e e e e aaeeaeeeaesammmeaeaaeeas 16
Chapter 2: Literature REVIEW '.........ccoiiiiiiiieeeeeeee e s 20
2.1 Biomass classification and characterization................cccccoon e eiececiiiivviiiieeee 20
2.1.1Chemical COMPOSITION.........uuiiiiiiiiiiiiiii e 21
2.1.2Heating ValUE........oooi i e 21
2.1.3MOISTUIE CONLENL..... . eeieeer et an 22

2.1 4AASN CONTENL. ...ttt ettt smmmenee 22

2.2  Characterization and control of emissions from bionrtessed energyystems......23
2.3 Impacts on ambient air quality and climate..............ooooiiiicce e 24
2.4  Population exposure and health rskS............ccooviiiiiiiccciiiiecc e, 27



2.5 Carbon footprint and large scale impacts of districtgneystems...................... 36
2.5.1Bioenergy and carbon neutrality diSCUSSIONS...........cccovviviiiieeniieeeeeeeeee, 37
2.5.2GHG emiSSiON ESHMALES.........coviiiiiiiiiiiiimr et eeee s 38

Chapter 3: Integrated impact assessment approach to evaluate commityrbased

(o [y g ot a1 Y= LT o RS V] (] S S 40
I 0 | 11 {0 To [ T [ ] PR PSPPI 40
G T V= i g o o £SO PPPUPRRRRT 41
3.3 Local air quality assessment methodolOgy............uuuuriiiiiieemiiiiiiiiieieeeeeee e eaad 42
3.3.1.Microclimatic conditions and diurnal circulation patterns....................... 42
3.3.2.Dispersion modeling: CALPUFF modeling system.............cccoovvvvieeennn. 45
3.3.2.1.M0odel INPUE AALBL.....ceveiiiiiiiieeeee e 48
3.3.2.2.Model output data:rabient pollutant concentrations...................... 51
3.3.3.Ambient air quality regulation and background pollutant levels.............. h2

3.4 Population exposure and health risk assessment methodalogy....................... 53
3.4.1Dynamic intake fraction (IF)........ouuviiiiiiiiiii e 53

3.4.1.1 Input values used for iF calculations...............ccuvvvviiceeereeeeeeinnnnnd 54

3.4.1.2 Scenarios and resulting iF values.............uuveveiiiiieeniiiiiiiiiiiiiiieeennn 57
3.4.2Healthrelated ImpacScore (I1S)........cccooeeeeiiiiiieeeeeee e 65

3.5 Environmental footprint methodology.............uuuuiiiiiiiiieeeiiiiiiiieeeeeeee e 67
3.5.1.Goal and SCOPE AefiNITION. ........uuuuiiiiiiiiiiie et 68
3.5.2.Life cycle inventory (LCI) analySiS........cccoeeeiiieeieiiiieeeiiiiieee e 69
3.5.3.Life cycle impact assessment (LCIA)...... ..., 69

G 3 T @0 o Tod £ [0} o 1T 41

Chapter 4: Impact assessment of the UBC district heating system on local air quality

and associated Nealth FISKS...........ooiiii i eeees e e e e e e e e e e eaa 73
g R [ 1 (0T [T 1 o SO PPSPPOPRPPPRRRY 4
4.2  District heating at UBC Point Gray CampUS...........cooeiuueurrrimmmnsaiiinereeneeeeeeees 74
4.2.1.Thermal energy demand and supply profile..........cccccuvviiiiieeeiiiiiiiiieennen. 74
4.2.2.Biomass supply ragrements for fossil fuel replacement......................... 75
4.3 Scenarios for evaluating options for district heating at UBC............................76



4.4  Emission characteristics and eStimates...........cccccuuvvimmmnin i eeeeeees 77
4.5 Local ar quality aSSESSMENL..........uuuiiiiiiie s ceeerii e e e e e e e e e s srrnra e e e e e e aaaaes 30
4.6 Health IMPacCt aSSESSMENT.......coiiiiiiiiiiii e 80
O A B 1= o1 U 1S3 [0 o TS 81
4.8 Model performance evaluatiQn...................uuiicccreeeiririir e eernr s 88
4.8.1.Graphical @analySIS..........cooeviiiiiiiiir e 89
e T O o T [od (1] o] o £ PRSSPPPPPP 94
Chapter 5: Global impacts of the UBC district heating System...........ccccceevieiiieieeenns 96
o0 A 1 11 {0 To [ T [0 ] PP EPP PP 96
5.2  Quantifying global impastof UBC district heating..................oovvviiiccceeiveeeeiinins 97
5.2.1.Feedstock sourcing and characterization at the UBC Point Grey camp@3
5.2.2.G08l1 QN0 SCOPE ... .uuuiiiiiiiiiiiiiii et ieeeiiibb e e e et e e e e e e e esemr e e e et e e e e e aaaeeeaeaaene e 99
5.2.3.Life CYClE INVENTOIY.......cccciiiiieeeee e 100
5.3 Global impact assessment of UBC district heating options and discussian... 107
5.3.1.Impact assessment approach.l........cccccceiiiiiirrciiiii e 107
5.3.2.Impact assessment approach.2.........cccccceeeiiiircc e 114
5.4 CONCIUSION.....utiiiiiiiiiiiiiiti ittt e e et e e e e e e e e e e e e s e e s nnne s s e s e nns 117
Chapter 6: Economic valuation of district heating options..............cccceeeiiiiiiieccennnnnnns 119
G0 I 11 o o [ o 1o o 1 RRRSPPRT 119
6.2 A summary of reported UBC district &itng costs and GHG emissians............ 121
6.3 Economic valuation methodology...........uueeiiiiiiiicceeiccce e 123
6.3.1.Assessment of costs and benefits associated with the development, operation
and maintenance of biomalsased districheating at UBC...................... 124
6.4 ReSUItS and AISCUSSION.......uuuiiuiiiiiis e e eeeeeeitires s e e e e e e e e e e e enena s s s e e e e eeeeaeeeeeeeennnes 126
6.4.1AddressiNg UNCEMAINTY..........cccoeiiiiiiiiiiiieee e e eee e et e e eeeenaanees 130
6.4.2Tradeoffs associated with the selection of district heating options....... 131
G T @ T 1113 [ £ RRRUPPR 137
Chapter 7: Conclusions and future research direCtions.............cccuvvvveveriieeciivvnnnnnnee. 140
7.1  Conclusions and significance of the research............cccccooviieeeiiiiiiiiii e, 140
7.2  Strengths and limitations of the research..............cc.oooiiiiiii e 145



7.3 FUture reSearCh ir€CLIONIS. ... c..eee e 147

2] 0] oo =Y o ) /228 149
Appendix A LItEratlre FEVIEW..........uuuii i it ceeeii e e e et e e e e et st e e e e e e e aaan e e e e eeenes 181
A.1 Literature search methodology........ccouiiiiiiiiiiiiierce e 181
A2 CONEULIAlitY OVEIVIEW......uuiiiiiiiiiiiiiiiiee s eeeteeeee e e e e e e e e e simmme e e 183
Appendix B UBC Fuel characteristics and consumption, and energy calculations....186
B.1 Conversion of unitsised in fuel calculations..............ccccooiiiieemiininnnnnn. 186
B.2 Fuel consumption and steam produced...............ceeiviccmeeevnnnennnnnnnennns 187
Appendix C Emission estimates used in modeling SCenarioS..........ccceeeeeeveeeeeeeeeennn. 190
Appendix D Results of ambierdir quality and health risks assessment..................... 196
Appendix E Global impacts dataL...........ovuviieiiiiiiieeeiiiiiis e 197
E.1 Emission factors for energy productS........ccccvveieiiiiieeceeeiieeeeeee e 197
E.2 Annual emissions over life cycle Stage............ccoeveiiiiiice e 201
Appendix F Meeting CAP2020 GHG reduction goals............cccceeeiiiiieccevininiiiieeeennn. 205



List of Tables

Table 1.1 Examples of biomass DES projects in British Columbia...................cccceee.. 9

Table 2.1 Summary of iF evaluation approaches based on the reviewed literature..30

Table 3.1 Surface and uppar weather stabtins considered in the study....................... 49
Table 3.2BRDF SOUICE PAr@mMELEIS. .....ccciiiiieeeeeeieeiieieees e e e e e e e e e e e e eeeeeeseaaammmeeeeeeeeeennnnnne 51
Table 3.3Groundlevel PMbsconcentrations, UBC campus, Sapber 2012.................. 52
Table 3.4 Summary of provincial Air Quality Objectives (AQQO) and Canadian Ambient Air
Quality Standards (CAAQS) for selected contaminants..............ccoeeeeeeeeeens 53

Table 3.5 UBC Campus population distribution as a function of diurnal dynamics...57
Table 3.6 Modeling scenarios and calculated iF and.IS..............ccoooovieeeiiiie e, 65
Table 4.1 Summary of operational scenarios used in the DH impact assessment....76
Table 4.2 Estimated emission factors and annual emissions from biomésatiasi

(BRDF) and natural gas/oil combustion (PH).............cccoorviiiiieee 78
Table 4.3 Measured and modeled R2data and Totem station meteorological parameters

FOr JUIY 17, 2002.... .o ers e e e e e e e e e e e e e e e anas 91
Table 5.1 Greenhouse gas intensity [g GHG/kWh electricity generated] in.BC......102
Table 5.2 Transportation and wood processing.data.............ccccevvveemeeeeeieereeeeeininnnn, 105
Table 5.3 Wood chips characteristiCs..............oovvviiiiiieee e 106
Table 5.4 Midpoint impacts for annual energy output of 1,011 TJ at UBC Point Grey

(072 01011010 1P 115
Table 6.1 ECONOMIC ParamMEterS. ... .uuuueiiie i e e e e e eeeeiee s e e e e e e e e e e ene e e e e e e e e e e eeeaaanens 126
Table 6.2 Summary of calculated parameters [in $2012]............ccoooviiiicceeeeee e 127
Table 6.3Summary of externalities for district heating options at UBC.................... 133
Table 6.4 Summary of key findings on local and global impacts for UBC district heating

(o] o1 0] 0 1S SO TTPPPPPPP 136
Appendices:

Table A.21 Summary of findings on biomass &€Qeutrality based on the reviewed
1T = UL = S 183
Table B.21 Natural gas and oil consumption (energy input) and steam produced (energy

output) at PH and BRDE............coiiiii et 187
Xi



Table B.22 Wood requirements for 1,011TJ energy OULPUL.........ccoeeeeeeerrrieeeicieeennn. 188

Table B.23 Seasonal distribution of energy demand of 1,011 TJ for-2013.............. 189
Table G1 Scenario 1 Base case: Dayiiand nighttime pollutant emissions from PH per
MONEN 20122013.....ccieeiiiiiiiiee et e e e e e e e e e e e e e e anaer s e e e e eeeeeeeeeeeeenennnnes 190
Table G2 Scenario 1 Base case: Daytime and nighttime pollutant emissions from BRDF per
MONth 20122013 ...t cee e rnee e e e e e e e e e e e e ennees 191
Table G3 Scenario 1 Base case: Resulting emissions daytime and nighttime pollutant
emissions from PH and BRDF per month 2@IA3................cccvvvivieeiieennnns 192

Table G4 Scenario 2: Daytime and nighttime pollutant emissions per month 202 if
only PH is operational...........cccooeeiiiiiiiiiieeee e 193

Table G5 Scenario 3 Daytime and nighttime pollutant emissions per montRZ1if
oNnly BRDF iS OPerational.............cuiiiiiiiiiiiiieeiiiieeeeeeee e 194

Table G6 Scenario 5 Daytime and nighttime pollutant emissions per month 200® when
only PH was operational............c.cceeeeiiiiiieeeiii e eeceeeeeeeeeeeee e 195

Table D1 Summary of ambient air quality, iF and IS for five district heating operational

SCENANIOS At UBC .. ..ot 196
Table E.11 Emission factors for natll gas...............oeuvviiiiiiiiccsreeeeecsr e eeenees 197
Table E.12 Emission factors for heavy fuel Qil............ccccooviiiie e 198
Table E.13 Emission factors for middle distillates...........cccooeeiiiiiiieeeiiiiiiiii e 199
Table E.14 Emission factors for middle distillates for HDV operation....................... 200

Table E.21 Annual emission by process and transport stagescienario 1: NG, fuel oil and
DIOMASS. ...ttt 201

Table E.22 Annual emission by process for Scenario 2: Natural gas.anly............... 202

Table E.23 Annual emission by process and transport stages for Scenario 3: Biomass only.

Xii



List of Figures

Figure 1.1 Total annual anthropogenic GHG emissions by gases {i&f@{for the period
1970 10 2000 .uuiiieeeeieiiiie e eeee e e e e e s e e ann— e e e e ans 2
Figure 1.2 World energy consumption from 1990 to 2040 projections in quadrillion. Bau.
Figure 1.3 UBC campus buildings, BRDF and PH emission SOULCES.....................e. 16
Figure 2.1 Atmospheric species on spatial and temporal scales................ccceeeeennnn.. 26
Figure 3.1 Wind patterns for day and night periods at selébdtcb Vancouver stations43
Figure 3.2 Wind rose for daytime (left) and nighttime (right), September 2012, UBC Totem
WEALNET STALION. .. eeiiiiiiiiiiii e eneees 44
Figure 3.3 Nested grid receptors, red rectangular depicts an area with removed receptors due
to absence of population...............eeeviiiiiiiceciiiii e A8
Figure 3.4 Scenario 2: iF for each building for September.2012..................coovceeee. 59
Figure 3.5 Scenario 3: iF for each building with actual occupancy, September.201260
Figure 3.6 Scenario 4: a) daytime iFdan) nighttime iF for each building with actual
occupancy for September 2012..........cooiiiiiiiirre e 61
Figure 3.7 Scenario 4: daytime (upper graph) and nighttime (bottom graph) variations of iF
for September 201 2.........coooriiiee e —————————————————— 62
Figure 3.8. Scenario 5: UBC campus iF for September 2012 distinguishing day vs night
periods with spatial and temporal dynamics, and varying.BR..................... 63
Figure 3.9 LCA framMeEWOIK.........ooiiiiiiiiiiiieieee ettt eeee e e e e e e e e e e e e e e e e e e e e 68
Figure 3.10Scheme of the impact categories dealt with in ILCD Handbook on Life Cycle
Impact Assessment at midpoint and at endpoint................cccceiiecereeeeeevinnnn, 71
Figure 4.1 Wind circulation at 10 m altitude and projected £ddncentrations for June 4,
2012 at 1 am (nighttime) for Scenario 3 (a), Scenario 2 (b) and Scenario 1(c), and
at 1 pm (daytime) for &nario 3 (d), Scenario 2 (e) and Scenario 1(f). Arrows

Figure 4.2 (a) Daytime and (b) nighttime average concentrations per pollutant and modeling
50 =10 = o TSP 84
Figure 4.3 Graphical comparison of ambient measured and ambient modeled PM

concentrations for July 17, 2012........cccoiiiiiiiiiiiiiieeee e eeeee e 89



Figure 5.1 Trends in GHG emissions in BC 199P014............ccouuvuviiiiiniimeeeeeninnnnnnnns 96

Figure 5.2 Process stages and transportation segments considered in evaluating global
impacts of a) biomass and b) fossil fuelS...........cccceeiiiiiiieeeii 100

Figure 5.3 Wood chips at BRDF: a) storage bin b) sizing c) oversized for oversized wood

Figure 5.4 Scenario 1: Annual GHG emans [kgCQeq per life cycle stage for natural gas,
fuel oil and DIOMASS.......oiiiiiii e 109
Figure 5.5 Scenariol: Pollutant emission contributions from different life cycle.stagd 0

Figure 5.6 Scenario 2: Annual GHG emissions [kaéd@er life cycle stage for natural gas.

Figure 5.7 Scenario 2: Pollutant emission contributidnyslife cycle stage.................... 111
Figure 5.8 Scenario 3: Annual GHG emissions [kg&@er life cycle stage for biomag4.2
Figure 5.9 $enario 3: Pollutant emissions contributions over different life cycle stafj#S3.

Figure 5.10 Scenario 3: Annual GHG emissions [kg{d@er life cycle stage for biomass

with increased transp@ation diStanCe.............cc.vvvviiiiiiiieeeii e 114
Figure 6.1 Energy demand for the UBC campus in 2ZZH@B............cccceveeeeiniiiiiaaceeenn. 122
Figure 6.2 Cost breakdown for two DH opti@idUBC.............ccoevviiiiiiiiiieeeeeeeei, 129

Figure 6.3 External costs for option A (natural gas only) and option B (natural gas and
bi omass) for the per.i.od..of..pl.ant®d [|ife
Figure F 1 External costs for option A (natural gas only), option B (natural gas and biomass)

and potenti al BRDF e x pancesisareaexcluded20Y pl ant

Xiv



List of Acronyms
ADES

Academic DES

AQO Air Quality Objectives (provincial BC)

BC MoE British Columbia Ministry of Environment
BRDF Bioenergy Research and Demonstration Faaiity BCcampus
CAAQS Canadian Ambient Air Quality Standard
CALPUFF CALifornia PUFF Model

CEC Campus Energy Centre

CHP Combined heat and power

CHs Methane

CO Carbon monoxide

COo. Carbon dioxide

DES District energy system

DH District heating

EIA Environmental Impact Assessment

EPA Environmental Protection Agency

ESP Electrostatic precipitator

FU Functional unit (LCA)

GIS Geographic Information System

GWP Global Warming Potential

IPCC Intergovernmental Panel on Climate Change
LCA Life Cycle Assessment

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessent

LFV Lower Fraser Valley

MM5 Mesoscale Meteorological Model, Version 5
MV Metro Vancouver

NG Natural gas

NMVOC Non-methane volatile organic compounds

NO Nitric oxide

NO; Nitrogen dioxide

NOx Nitrogen oxides

PH Power House (at UBC)

PM Particubte matter

PMzs Particulate matter with a diameter less than 2.5um
PMiq Particulate matter with a diameter less than 10um
PV Present Value (used for economic assessment)
RF Radiative Forcing

SO Sulphur oxides

UBC University of British Columbia

VOC Volatile organic compounds

XV



List of Symbols and SelectedUnits

Symbol Unit Definition

BR m*/person/day Breathing rate

C ug/m? Pollutant ambient concentration at a receptor

COzeq kg Unit for GHG, calculated by multiplying emissions by GWP

EFeatin DALY/kg Human health toxicological effect factor

ERe 0/GJ Emission factor for natural gas combustion (converted from

kg/mmBtu)

EFow g/GJ Emission factor for oil #2 combustion

ERwe 9/GJ Emission factor for wood gasification

Her m Effective stack height

HHV MJ/kg Higher Heating Value

iF ppm Impact fraction

IS DALY Healthrelated Impact Score

m g Mass of a pollutant emitted from a source

MCw % Moisture content of wood, wet basis

MCp % Moisture content of wood, dry basis

ax m Standard deviation of Gasian distribution in the downwind directio

ay m Standard deviation of Gaussian distribution in the evass direction

az m Standard deviation of Gaussian distribution in the vertical directior

Q g/sec Pollutant emission rate

Unit Definition

Btu The British thermal unit equal tqdb5joules

DALY Disability-adjusted life years

EJ Exajoule, equal to 20joules

GJ Gigajoule, equal to PQoulesor 1¢ MJ

KLBS Kilopounds

KSCF Kilo Standard Cubic Feéat 21°C and 101.325 kPa)

kWh Kilowatt hour

Ib Pound

MMBtu 1P Btu , also known as mmBtu

MWh, Megawatt hour

ug Microgram, equal to10° g

ODMT Oven dry or Bone dry (BD) metric tonriemass of woodfter all moisture
has beervaporated

ppm Parts per million (v/v),equal to10®

t Tonne, metri¢ equal to 1,000 kg

TJ Terajoule, equal td0*joules

XVi



Acknowledgements

Doctoral studies at UBC wemy much wantec&nd muchappreciategourneyof personal
and professionajrowth. For this achievement | offer mgnduringgratitude and adiration
to my supervisor Dr. Xiaotao Bi, f@haring hisexpertisehis guidancepatienceand trust
over the yeard.sincerelythank Dr. Anthony Lau and Dr. Taranehv8ati for constructive
comments, suggestions and encouragetheotighout my studies drresearchl appreciate
the time and insightful questioasid commentdfom my examiing committeeDr.

Zhongchao TarDr. Madjid MohseniDr. Kasun Hewagand Dr. James Brander.

This research study would not have been possible withefihancid supyport from The
Bridge/CIHR Doctoral Ellowship Rogramat UBCandThe Engineering Professional

Developmenfundat British Columbia Institute of Technologhpr which | am thankful

Data ancconsultatiorprovided by Jeff GiffinJoshua Veuthyand UBC Campsi+
CommunityPlanning Nexterra Systems CorfCloverdale Fuels IncMetro Vancouver and
Lakes Environmentakerecrucial formy research and were much appreciatadpecial
thank youl owe toBridge fellows Siduo Zhang, Alicid.aValle, TherAung, andJacke Yip,
and BBRG(Biomass and Bioenerdgyesearch Groupjnembers for cooperation but above
all for their friendship, laughs angerseverancehich kept me strong during the most

difficult and challenging periods of my life.

To my family and friends tose love and suppoirispired me to advance, | promise

undivided attention in years to come.

XVii



Dedication
Dedicated with love and pride to my husband Aleksandar Petiioy\ech Eng), whose

achievements and passion for biomass research were interruptabh by illness

XVili



Chapter 1: Introduction

1.1 Background
1.1.1. Global drivers and perspectives on energy production and utilization

Cli mate change has been a focus |Infdegrewidreain me n
anal yses conducted bogsd htohues awmalrsl dfursaco lemtt e &Ity
exceptional <cbBamndedasmadfe tshyestkanw tsh nce 1950s o0obs
at mos,pkear éevel ri se and di m{IRCC,2018d amounts of
Concentrations of greenhouse gases (GHG), especially those of carbon dioxijer(&@fane

(CHg) and nitrous oxide (pO) mainly generated by human activities, are rapidly increasing in

the atmosphere. Between 2000 2040 these emissions were estimated to be higher than ever

and along with other anthropogenic factors, are claimed textemely likelthe dominant

cause of atmospheric warming since the second half of thee2@ury(IPCC, 2015)

There is evidence that anthropogenic (human m
at mospheric content of gases and particles th
nat uAslrley.e figueetllfirnom t he | atestantPCOprogr®i tc (€Ml
of greenhouse gases (GHG), e)spfercamlilnd ushtorsiealo
and burning foesi herfesaacshei ,n gc o4pdjikn uROt3t 0iGe Ceds t | ma
that 47% of einm csrbdeadsverde "GH2A0 00 and 2010 originat
while industry and transportation sectors con

toecognizcasng QA@®) or contributaor SHYBGOr obut ed al 6

1 COzeqi Carbon dioxide equivalent emissions@f,, CHs, N,O andfluorinated gasebasedhe 100-year Global
Warming Potential§GWP), using IPCC Second Assessment Re(fafR).
1



NoO contri but gadh dar2o W@ cG.mMe% f r(PGC, 20050 ot t nased ga
determined that steady popul ation growth and
combustion presentenmihses imarng o.r Thheairseef mrfe ,CO educ i

the @woelhergy supply presents challenges for y

Total annual anthropogenic GHG emissions by gases 1970-2010
+2.2%lyr

2000-2010 52 Gt
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Figure 1.1 Total annual anthropogenic GHG emissions by gEG#8O-e4yr] for the period
1970 to 2010.
Adopted from:(IPCC,2015) Figure 1.6, pg. 46)

The U.S. Energy InformatioAdministration (EIA) projecteihcrease oEnergy uséy 48%
from 2012 to 204@Figure1.2) by using known demographic trends and policies which were in
place at the time of their analygBIA, 2016) Global energgonsumptioris projected to be

especially pronounceidr nonOECD? countries such as China and India where rapid economic

growth requires exteive energy usesuch countries are projected to increase energy debyand

2FOLU - Forestry and Other Land Use-gases fluorinated gases covered under the Kyoto Protocol
CHa- methaneN2O - nitrous oxide
8 OECD- Organization for Eceomic Cooperation and Development



71% by 2040 from 2012 levels, whereas more mature and stable OECD economies are projected

to have 18% of increase in energy demand for the same time frame.

Historical Projected
900

800
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500

400

10E+15 BTU

300

200

100 —_—

History 1990 2000 2012 Projections 2020 2030 2040
W OECD 201.06 236.21 238.44 253.94 267.23 282.12
= Non-OECD 154.94 173.59 310.83 375.01 450.50 532.84

Figurel.2 World energy consumption from 1990 to 2040 projections in quadritart
Source: Bisel onEIA (2016)

Some of the parameters that will influence the type of energy sources used include energy
security and energy priceas well asmpactson the environment. Since fossil fuels used for
energy production areonsidereds the main source of GHG emissions, their replacement with
cleaner and renewable energy sources are awadie policy approach. Based on the EIA
report(EIA, 2016) renewable energies le#fie global energy demandtitvanannualaverage
growth rate of 2.6%, followed banincrease H2.3% in nuclear energy use ah®%increase in

natural gasaleast carbon intensive fossil fugiA, 2016)

Canada witfhhentesvabdet amanr enewabl e resources h

4 Quadrillion British thermal units (Btu) = 10E+15 BTU which is equal to 1.05587H+19



opportunity of sel ecti Afgriceensdelrygy fNatprdlgasims and e
fossil fuel convenient for many energy applications such as procassghandsteamgeneration

in industry, water and space heating in buildings and cooking in residential Nattg:al gas

accounted for 33% of total primary energy production in 28431L% in 2014nd reached
marketableproduction of 14.2 Bcf/din 2014 (Natural Resources CanadéRC), 2015) Supply

of natural gas greatly exceeds domestic denbamh¢Canadiamxports are directed to only one
market,the United Statesvhich poses challenges due to lack of diversity in mafkéfsa n a d a 6 s
Natural Gas, 2017Primary domestic users aralustrial and commercial sectors. While

industrial consumption depends on economic conditions, natural gas demand and consumption

for heating willalsodepend on weather condition and population gro®étween 1990 and

2008, population grew about 20%did the number of households and living space, leading to
14%increasen residential energy use but only 86rease irgreenhouse gases (GHG)

emissiongiue to the use of cleaner energy sources and increased energy effiGienesnment

of Canada, 2011According to Fallahet.al.(2016)Canada st i | | bel ongs to

sdadwnt heerx ptlhoasni ve pattern of energy consumptio
1.1.2. Environmental concernsand alternatives to fossil fueldor energy production

Although natural gas, which is widely used for heating and electricity production in British
Columbia (BC) and Canada, is a relatively ckeamnning fossil fuel, istill contribuesto
greenhouse gases (GH&pission Ecosystem deteriation ranging from localto globatscale

due to the extensive use of fossil fuels has been well documented over the past few decades. In

5 Bef/d = Billion cubic feet per day 28316846.592 #id = approximately equal to one trillion BTUs



recognizing these issues, the province of British Columbia sets a suite of policy actions
proposing, amongst otherj, & use of BCo6s plenti ful bi omass r
One of the most comprehensive strategy is the 2007 BC BioenergyJRlah outlines a clean
energy vision for the Province, followed by the BC Bioenergy Strategy in @D8/inistry of
Energy, Mines and Petroleum Resources, 2008 ddition to a welknown BC's low carbon
electricity generation profile which largely relies on hydropogameration, the mentioned
documents further elaborate on #rergyrelatedgoalswith one of which refeing to utilization

of biomass through the bioenergy sector development, generation of energy from pine beetle
infectedwood, development of the BC Iass inventory and investments in bioenergy research
and developmen(BC Ministry of Energy, Mines and Petroleum Resources, 2008 main

goals of BC aergy plans and strategies in diversifying energy resources and increasing energy
security is to focus on clean energy in order to minimize impacts on climate and the

environment, and protect human health.

Biomass refers to all the living matter availaivlalifferent forms such as: vegetation,

agricultural waste, and residues from forests and industrial operations, animal manure, all of
which could be used as energy soul@&=arcy and Flynn, 2010orest residuesefer to a non
merchantable woody biomass, such as tree species and residues from logging practices, including
roadside and Hiorest wood. In addition, forest residues from industrial operations, such as mill
wood waste (sawdust, shavings, bark), are comynconsidered as woody biomassonvenient

for use as a fuel or energy sourBemass applications either through district heating or through
decentralized heating options with wood pelkatsseen as a good solution for Canadiamote

communitiesm terms of reduction of GH@ndheating costs, and increasieenergy



independencdStephen et al., 2018)ncertainty in forest bioeneygupply chains exisipartly
due to economic fluctuations, which also affects other energy industries, yet additional

complexities exis(Shabani and Sowlati, 2016)
1.1.3. Availability of biomass resources and @trict energy systemsn British Columbia

British Columbia has abundant forest resources wtaiciid be used for energy in many ways

More than 400 million hectares of Canadads | a
jurisdiction. The largest user of bi@ss (mostly forest residues) for energy is the Canadian

forest products industry which generates almost 60% of its energy from this renewable source
(Bradley, 2006)An Inventory of the Bioenergy Potential of British Colum{ialevic and

Layzell, 2006)dentified forest residues from industrial operations, such as mill wood waste

(sawdust, shavings, bark), and forest residues from logging practices, as significant woody

biomass resurces in British Columbia. The same industrial sector, especially pulp and paper

industry, utilizes such residues to generate energy (heat and electricity) focasgasOther

studies evaluated pine beetle damaged wood as an additional forestsragidus feedstock

for energy(Mahmoudi et al., 2009pr the next 15yeargSchwab et al., 200€Envirochem

Services la., 2008) and considered its i mpacts. on t he
All of these resource#f used for energy, have potential to provide many benefits to the

province: minimizing woodvaste which would otherwise be either burnt (incregsiir

pollution) or sent to landfills (increasing GHG emissions, carbon footpraevelopment of

new biomas$ased technologies, and creation of jobs

8 Carbon footprini is definedin many ways but in essence accounts for total amounts pa@Dother GHG
emitted over the full life cycle of a process or product. It is expressed as grams ed@alent per kilowatt hour
of energy generation (g G&/kWh) (POST, 2006)
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Woody biomass could be thermaly conveti@dnergy in many ways. The most traditional
applicationsmclude domestic applications in fireplaces and stavedarge scal@pplicationsn
advancecnergyefficientwood combustion (AWC$ystems with air pollution controls in place

for heating and electricityenerationThese systemsr e wi del ppasaddi he Eame
attractive in North America inMoprlieddtsicomrats
wi || result in | ower emnisss paneamn,h amnsiaanag:n t i on
not be as low as for oil or natural gas bailso engineered pollution controls are likely to be

neededChandrasekaran et al., 2011)

Major biomass energy technologies includeDagct combustiorof pellets, briquettes, or
wood chips with heabr steamasthemajor product which can Harther drected to turbines to
produce electricity; bPyrolysis a hightemperature, anoxicthermechemical process the
absence of oxygeim produce bieil, biocharand combustible gases whicanbe further used
for heat and poweagenerationand c)Gasification,another higitemperature thermochemical
process which converts biomass under lean oxygen conditions into synthetitiggasanbe

further used for heat and power, and chemicalyetdn (Rubio-Maya et al., 2011)

District energy systems (DES) hgwetential to provide effective energy solutions. Configured
as centralized production of steam or hot water for heating and in some cases electricity for local

community (neighborhoodES arecharacterizedby lower infrastructure costs, lower overall

7 Anoxic T the absence of oxygen



emissions and reduced cost compared to conventibsi@ibutedheating systems mainly based

on natural gasThese systems can use a variety of conventional and renewable sources.

Analysis of Swedish energy policy in terms of its effects on districirfigeéDH) economic
performance and climate change mitigati@ustavsson et al., 200@@monstrated that theast

costeffective policy option isheinvestment in biomasisasedcombined heat and powgHP)

systemsn the case of applicable taxes and policies such as Tradable Green Certificate (TGC).

In the case when national taxes and policies are excludadrahgas fired DH becomes a
superior investmen{Difs et al., 2010)About 80% or 4 million residents in Sweden are
connected to district heating systef8svedish District Heating Association, 201¥)ore than
400 district heating companies supply 98 % of the district heating or some 1.6 million

households in DenmarkDanish Distrct Heating Association, 2014)

Biomassbased DESFiorese et al., 20143onfigured as combined heat and power (CHP) or
heat only production systen®H), are rapidly growing in Canada. There were merely 3 such
projects in 2009 but it increased to more than 100 projects in the lagede®(CIEEDAC,

2015 Bradley, 2012with a total heating capacity of 121 M\ér 3.4% $are ofCanadian

district energy heating capacity from all energy sou(€G4EEDAC, 2015) Utilization of

bi oenergy could be beneficial to Canadads
energy efficiency and reduction in greenhouse gas (GHG) emisBiatish Columbia also has a
number ofDES projects which have either ardy commenced or under development with
special emphases to renewable energy reso(fPcegince of BC, 2012)lablel.1 outlines some

of the biomass energy projects in firevince.

and



Tablel.1 Examplesof biomass DES projects in British Columbia

Project Location Capacity Benefits
Dockside Green 1 Supplies hot water to the Dockside Gree
) L 2 MWth .
(Dockside Green Victoria community
Energy, 2008) 1 Enables Zero @rbon footprint of the site
Kruger Products 40,000 Ibs/h 9 Displace about 445,000 GJ of natural gz
(Canadian Biomass), New Westminster of process q gnr(ljually GHG f the olant for 22.000
2009) steam educes rom the plant for 22,
per year
UBC Biomass 9 BRDF provides a quarter of campus
Research and .
Demonstration Facility UBC, Vancouver 6 MWth heating needs,
(BRDF) y * 2 MWel {1 Eliminates 14% of campus GHG
(UBC, 2015a) emissims.
1 2,400 t of GHG reduction (85% reductiol
UniverCity Sustainable from heating, 69% reduction from all
Energy Project SFU, Burnaby 10 MWth sources),
(SFU, 2016) 1 Reduces tl overall cost of energy to the
customer.
9 Diverts 70,000 t of wood residue annuall
Revelstoke Community from beehive burners and improves air
Energy System quality,
(FVB Energy Inc., Revelstoke 1.5 Mwih 9 Reduces GHG for 3,200 t annually,
2017) 9 Supplies heat for several buitdjs and

steam for Downi eds
9 Reduces GHG for 1,900 t annually,
Heating _ 9 DES co_nnection to _the new Wood,
(FVB Energy Inc., UNBC, Prince George 7.5 MWth Innoyatlon ant_j Design Centre (WIDC)
2017) i Pr(_)v!des heating for several downtown
buildings and enables research at UNBC

Prince George District

1.1.4. Public perceptionand acceptance of biomass systems

Since energy crisim 1970s those who were promoting political ageraaeeconomic and
environmental priorities influenced energy policies wavide. While there have been extensive
discussions on wood for energjth a focusmainly on resource availability and economic
needs, publiopinionhas been rarely heards pointed out bittlefehldt (2016) conflicting
narratives around competing energy alternatmaterializedn the direction of creating
ecological and public healtisks associated with biomabased energy systes. While

supporterpromoted biomass as a decentralized energy resource by nature, opponents feared that

9



the developmenif biomassbased energy source®uld creatdocal centers of powedifferent
from fossil fuel related political structureSocial @nstrains like using forested areas for
recreatioror cultural activitiesvhere harvesting is not alloweat, otherland ussissuescan
reduce biomass mobilizatigKraxner et al., 2016)Thus, understanding and considering
parameters of social acceptance of a novel technology by including citizen in the decision
making process is crucial fahe deployment adbcal district heatingystemsn communities
(Zaunbrecher et gl12016) Similar findings were presented bys&rman longitudinal study on
public acceptance afecentralized power generationttipmass and relevamtfluencingfactors
(Kortsch et al., 2015)The study emphasizedmultiractor and multdimensional character of
the acceptance press ranging from individual to regional perspectives and factors. While
regional economic development and benefits could be readily accepted as positive factors,
individual andlocal scale factorsatherrevolve around perceived negative impacts caused by
increased noise due to truck traffic, smells etc. However, public involvement in the planning
process anthcreased awareness antbrmationdiffusion certainly increase the level of
acceptance of biomass projects on the local lév8wedish studyKautto and Peck, 2012jpve
emphasis to stakeholder involvement aet biomass resource mobilization within regional

planning while leaving biomass sources in general to national planning.

In general, it could bdeducedhat the ditical factors for thaliffusion of bioenergy for district
heatingare both economic dmonreconomic in naturéroka et al., 2014Wright et al., 2014

Aguilar et al., 2011)since main barriers range from economic, technological to cultudal an
psychological While the main benefits could be seen in the reduction efdd@ssionsstill the

negative i mage of syst e m6 smpartpotairkemea emigsiomsnd n ot

10



may nurture resistance for their adopti@ESare of a much lowecapacity (a few MW) with
consequently lower emission rates from shorter stack® (&) than larggpower plants

(> 100MW4,) with tall stacks (200m) (Zhou et al., 2003) This indicates the need of
consideringDESimpacts on anuch smaller spatial/temporal scale than a contynoracticel
largeandr e mot e power pl antNotimMylBBadkyatdoatbdimkesh th
addition, better connections between urban planning and energy policy development are
necessary fothe acceptance @ES (Gabillet, 2015) A successful process of transition to
biomas<DESin SwedenDi Lucia and Ericsson, 2014)an serve as a good guidance for the

process of adopting different renewable energy choices and biomass in particular.

The full impact assessmentBES, especially those using biomawsth respecta local air
guality and community health has not yet been properly investigated and addvesgddw
studies started recognizing the importance of local and urban health impactsiof near
stationary source$-or exampleJonsson and Hillring (2006 )pointed out that meteorological
and topographical conditions need to be considergdsmallscale DES due to neapurce
high pollutant concentrations. Another sty@urci et al., 20123howed increased NO

emissions from a proposed biomass plant

Systematic literature review (Chapter 2) revealed that previous studies relied on many
assumptionsind did not account for dynamic population changes and actual spatial and temporal
variations of ambient air qualifMartenies et al., 2015pr relied on selected archetypal
environments andmission source@Humbert et al., 2011yvhich points tahelack of an

appropriate impact assessment metfoodmallscale stationary sources

11



The lack of knowledge about biomasasedESimpactsis reflected by many rejected biomass
basedES proposals by communities that are concerned about increased health impacts in

recent yearOne of the welknown projects was proposed biomad3ESforth e Vancouver o
Olympic Villagewhichwas abandoned in2008c cor ding to the ACity of
memoranduntAppendix A), regarding the energy source for the Southeast False Creek district
heat i nGhafghazt, 201D

AThe publ idatewthvaroesstakehblders (including individual residents,
resident associations, Southeast False Creek Developer, variotgomemmental
organizations and others) has identified a number of concerns related to biomass:
- Perception that wood combust generates harmful emissions

- Perception that truck delivery of wood pellet would have an undesirable impacts

- Concern that environmentahpacts have notbeend e quat el y assessed. 0

Thereforefwo major knowledge gaps with respect to biorizasedDES were identified

1 Knowledge gap 1: the lack of appropriate and accurate impact assessment methodology for
parameters with extsive variability on local scal&uch variability may potentially
influence the outcome#fpactg which otherwise would not be ticed and considered

1 Knowledge gap 2: assessment of biomrassedDESimpacts on local ambient air quality and
human health which will be based on impact assessment methods with higher accuracy and

inclugon of local, sitespecific characteristics.

The University of British Columbia initiated the development of a syeadlle biomass research
and demonstration facility (BRDF) at the Point Grey campus in Vancouver to eadlolely

researctand demonstration dfiomass conversion technologies but asentification and

12



potential reduction of aemissions and a range of environmental impacts of biomass
applications for communitbased energy systems. This research work therefore presents timely
and much needed study to contribute to our knowledge ontj@biempacts and sustainability

characteristics of communityased biomass energy systems.
1.2 Thesis objectives and research questions

In order to address knowledge gapsto@dd dr ess community and ot her
this studyses the followingprimaryobjectives:

a) Improve currenapproach (methodology) fair quality andntegratedchealthimpact

assessment of communibased biomagdistrict heatingsystemsb) Investigate, by applying the
proposed methodologyp a case study, the impaafsignature pollutants such as airborne fine
filterable particles (PMs), oxides of nitrogen (N§), and carbon monoxide (CO) on ambient

local air quality, populatiorexposure potential expressed by inhalation intake fractiora(ié)

health risks express by impact score (IS).

Additionally, this study alsaimsto:

¢) Updatean inthouse Life Cycle Inventorgatabase for British Columbiaith the foreground
fuel supply and conversion data for the UBC Bioenergy Research and Demonstrafipn Faci
(BRDF); d) Investigate global impactd greenhouse gas (GHG) emissions over the entire life
cycle in terms oenvironmentalamagesuch as climate change and human healtlevaluate
sustainability of district heating options connecting their environmentagl sow economic

characteristics.

13



In doing sathis study addressthe following research questign

1. How would the inclusion ddite-specific terrain, land use and microclimatic characteristics,
variable population density and breathing ratgsrove accuracy of local air quality and

population health impact assessment of commrased biomass energy syst@ms

2. How would an incremental increase of P4/INOx and CO concentrations fromvestigated
biomas<DES contribute to local effects such amlaient air quality and population exposure?

3. How would life.cycle GHGemissiondrom theinvestigated biomad3ES contribute to global
warming?

4. Considering capital, operational and maintenance (O&M) costs and externalities, how would

theintroductionof biomassbased DESffect economics compared to fossil frelsedDES?
1.3 Case study

The University of British Columbi@JBC), Point Gray campus Vancouvemwas selected as a
community for this study from ainurhanmodnextwaof r e a
generally recognizedhs one thabccupies certain geographical area, but unlike cities defined by
specific size, communities are rather characterized by social netiiaréiag et al., 2017b

Petersen, 2016 ommunities share identity, have common inteaastvaliesand therefore

planning and implementation of policies could be reached in a more meaninghénnan

Examples include communigcale energy system plannimgorporated with urban planning as

response talimate changéLin et al., 2017)or thoseusing arisk-based methoddoannou et al.,
2017)where commuity members are an important stakeholdevafiety oftechneeconomic
parameterare also commonly usddr evaluation of option§Ghafghazi et al., 201@®rena et

al., 2010)andenergy planning for sustainable futyBhowmik et al., 2017)

14



The Bioenergy Research and Demonstration Facility (BRDF) at UBC Vancouver canopes
of the most innovative and inspirational renewable energy developments recognizediderld
(UBC, 2015b)Built in 2012, his permitted biomass DE® using the Nexterra giisation-
combustion technology for CHP generation, to demonstrate the technology and to allow
researchers to study emissions #ralr dispersion characteristics in a community setingpng
other projectsWood waste, a mixture of forest residue and sdianner waste is used as the
fuel at the BRDFsupplieddaily by Cloverdale Fuelic. (Cloverdale)Adding biomass to DH
reportedly avoide®,500 tonnes of fossil CGvhich wouldhave beemtherwiseemitted from
natural gagombustiorduring the fir$ year of operatiofUBC, 2015c) Stack emissions are
closely monitored and correlated to the quality of biomass feedstock and the local meteorological
conditions.Since 2012 when it became operational, BRDF predateam for approximately
20%0f t he c analpnergyddemanofiil@®ll TJover theperiod 20122013(Petrov et
al., 2017) The rest was produced bgmbustinghatural gasl{ase loadand #2heating oil(peak
load) atthe UBCPower House (PHuilt in 1925 whichis gradually being replaced with the
newAcademic District Energy Syste(ADES), positioningfUBC as a Living Lalb with a more

efficient hot water instead of steam heating system

UBC Point Grey campus is a vibrant community of researchers, students, residents, employers
and visitors with a pronounced daily and seasonal dynamics. It is continuously growing and new
developments are providing more space and facilities for researchsigency on its 4.02 kin

property.Approximately 50,000 people daily work, reside or visit the cangiaging in more

8 Capacity: Thermal mode onf/8 MW, 2.8MW, heat recovery anti96 MWe.
15



than 500 buildingsf different uss (offices, classrooms, laboratories, libraries, dormitories, etc).
Some of the residences such aaride Drive residential complex are located just across BRDF
to the north and norttvest. Due to such close proximity of residential buildings to i 24l

BRDF stack,bothoxides of nitrogen anfine particlemonitorswere installed on the roof of
Marine Drive building 5 to ensure acceptable levels of those pollutants at all times.
Configuration and capacity of campus buildifidepictedasyellow rectangular surfacgsPH

and BRDF as emissions sourcessidered in this studgepictedasredstarg arepresented in

Figurel.3 and explained in detail i@hapter 3andChapter 4of this study.

Figurel.3 UBC campusuildings, BRDF and PH emission sources
Source:UBC Campus + Community Planning

A local weather statigrTotem parkstation,is located to the south of BRDF and data on ambient

temperature, humidity anslind parameters could be downloaded.
1.4 Thesis structure
The thesis is organized in chapters starting with the introduction chapter and the literature review
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chapterfollowed by four chaptersn research results, andiral chapter a overall conclusions
drawn from the research wqdkmitations of the current study and opportunities for the further

research. More specifically:

Chapter orovidesa systematiditerature reviewdetailed inAppendix A.J with the goal to
address theurrent scientific knowlége abouthreemaintopics covered in theubsequent
chaptersSections 21 to 2.3 coverbiomasslassification anadharacterization and control of
resultingemissions in order to evaludtepacts of biomasbased district energy systems on
localair quaity and climateSection 24 reviews existing literature addressing population
exposure and associated health ridlks to such exposure with a focus on inhalation intake
fraction (iF)and healtkrelated impact score (I®)etrics. Finally, subsection 3.recapitulates

publishedresults orglobal effects obiomass energy systemsing life cycle assessment

Chapter 3s dedicated taleveloping anmproved impact assessmentethodological approach,
with a focus onmprovinga dynamic iF method for assesams on localcommunity scale
environmental impactsénnecting locadir quality and human healtiljhe importance of
introducing local and sitepecific parameters for more accurate quantification of imjEcts
highlighted The overarching goal of thehapter is tpresenta comprehensivamethodological
approachwhich could be generalizddr assessing communigcale energy systemshile its
application is demonstrated in subsequent chalgtethodologies used for assessing the global

issues are alsoovered.
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Chapter 4starts witha sectiordescribinga district heatingsystematthe UBCPoint Gray

campus in Vancouver, B@&hich was choseas a case studyhe subsequent two sections

explain operational district heating scenarios considered inutg &ection 4.3) and emission
estimates and measurements in section 4.4. The second part of this applesimproved
assessment approa@@hapter 3andinvestigates in detail impacts of emitted pollutnsn

two operational plants, BRDF and PHgeoVive operational scenarios on local air quality

(section 4.5) and human health (section 4.6). Where applicable, obtained result were compared

with regulatory limits for emission sources and ambient air quality objectives.

Chapter 5 focuses on globaipact assessmeirt, whichthree mairDES operational scenarios
were subjected ta streamlind life cycle analysido quantify theglobal warmingmpact.

Upstream processes for natural gas laeatingoil as well as transportation, electricity and
machiney operationsvereobtained via GHGenius anidcluded intheanalysis. Based on actual
data on fossil fuel consumption at UBC and biomass feedstock locally supplied and gasified at
BRDF, foreground information on energy and material flows as well as wgsiested were
summarized andnalyzed using two impact assessment approaches: 1) MSfaxceinpiling
emissioninventoriesto evaluate impactever different ife cycle stages, and SimaPro software

with Ecoinvent database and IMPACT 2002+ globalimpactanalysis

Chapter 6 tackles economic analysis as an important pillar of sustain#@skgssment of costs
associated with the development, operation and maintenatioeldBCdistrict heatingsystem

is discussed along with the economics of Gét@issiors. Externalities are also discussed.
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Chapter 7 as the final thesis chapter summarizes findings of this study, osttiemeghs and

limitations and provides recommendasdar future research work.
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Chapter 2: Literature Review %19
Thecurrent knowledgen DESwith a focus on biomasas a feedstoclas reviewed
systematically tadentify knowledge gaps ipossibleimpacts methods and approaches used for

evaluatng such impacts Further details are provided Appendix Al
2.1 Biomassclassificationand characterization

Extensive investigation into biomass characterization and its potential for sustainable utilization
for replacing fossil fuels and combating climate chamayee been reported in recent years
Generally, biomass could lgenerateeitherfrom natural processesdgetatiorthrough
photosynthesisaanimalwaste andood waste)or from processing of naturally obtained biomass
such as municipal solids wastsccording toVassilev and collaboratof¥assilev et al., 2010)
biomass could be classified as:

1 Wood and woody biomagswhich includes various wood species such as coniferous or
deciduousparts of a tree such as stem, branches, batlglso various woodyiomasgorms
such agellets, briquettes, chips, sawdust;

1 Herbaceous and agricultural biomésgasses, straws and plant residues;

1 Agquatic biomas$ algae, seaweed, lake weed;

1 Animal and human biomass wastenanures, chicken litter and others;

9 A version ofthis chaptewaspublished Petrov, O. (2012. Forest Residues to Energy: Is this a pathway towards
healthier communitiesRational Collabeoating Centre for Environmental Health. Evidence Review. Available
from: http://www.ncceh.ca/sites/default/files/Forest %20Residues_to_Energy Mar_2012.pdf

10 A version of this chapter was publishé&ktrov, O, Bi, X., & Lau, A. 015. Impact assessment of biomass
based district heating systems in densely populated communities. Part I: Dynamic intake fraction methodology.
Atmospheric Environment15, 70' 78. https://doi.org/10.1016/j.atmosenv.2015.05.036
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1 Industrial biomass wastewastes from municipal works such as tire@@ming, sewage

sludge, demolition wood and others.
2.1.1 Chemical composition

Biomass is a heterogeneous mixture of organic tanal lesser extennhorganic matteknown as
ash The chemical composition of biomasspecially the inorganic portiomariesdue to high
variation in moisture content, ash yield, and ultimatielg tothe biomass origing/assilev et
al., 2010) Organic compounds are comprisedigéimain elements: carbq&), hydrogenH),
oxygen(O), andnitrogen(N). The major element&1.0%) are carbon (C), oxygen (O),
hydrogen (H), nitrogen (Nxalcium (Ca), and potassium (K). The minor elements{M%)
commonly found in biomass are: sdi(Si), magnesium (Mg), aluminum (Al), sulphur (S), iron
(Fe),phoghorous P), chlorine (Cl) sodium (Na)Vassilev et al., 2010as well as:cadmium
(Cd), chromium (Cr), copper (Cu), nickel (Ni), zinc (Zn), arsenic (As), mercury (Hg) and lead
(Pb)(Telmo et al., 2010)The trace elemen{s0.1%)aremanganesan) andtitanium (Ti).
Municipal wood waste could also be contaatedwith a number of other elementa.order to

be used as fuel, some of the main properties to be considered are:
2.1.2 Heating value

Structural analysis of biomass (main constituents: cellulose, hemicelanddegnin) is
important in estimating the Hgr heating value (HHV) througlitimate fuel analysis where the
HHYV of lignin is reported to be higher than HHV of cellulose and hemicellulés®/ could be
directly measured or estimatad(Vallios et al., 2009)

HHV =341C+ 1239H71 9.850+ 6.3N + 19.1S (2-1)
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where HHV is higher heating valua [MJ/kq]; C, H, O, N and Sare carbon, hydrogen,
oxygen, nitrogen and sulphimr [weight %]. Typical HHV valuesof different types of biomass
are:green wood MJ/kg, spruce wood 20.5NMKkg, softwoods 19.8 MJ/kg, hardwoods 19 MJ/kg,

wood bark 20.3 MJ/kgsawdust1 8.4 MJ/kg(Saidur et al., 2011)
2.1.3 Moisture content

Moisture content is an important parameter as it directly impacts the competiormancef

biomass fued Ideal fuel would have low moistupentent(Singh et al., 201 7Singh et al.,

2014. While fresh wood may contain more than 50% of moistu®t r i | g a s Zeegtet a |l . |,
al., 2017) pellet are typically between 5.1% and 8.5% moisture cofdeathieving highpellet

density and strengttiHuang et al., 2017)
2.1.4 Ashcontent

Ash content isndicative of the presence of inorgamied mineratompoundsn biomasslt is

one of the most studid@lomasscharacteristicsThe ash yield is the inorganic residfiermed

from organic, inorganic and fluid components) raaglfromthe combustion process.

Combustion temperature will have a substantial impact on total ash saltng in 20-70%

less ash for combustion temperatures above 1,00W8Gsilev et al., 2010High ash yields
containing Cl, K, Na, P, S as well as other elements forming chlorides, sulphates, carbonates,
oxalates, nitratesp mention some, may cause issues during biomass thermochemical conversion
(Vassilev et al., 2017)urthermore, the composition of ash will depend on the biomass species
and part of the biomass plantith bark having higher ash content than w@sdidur et al.,

2011).
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2.2 Characterization and aontrol of emissionsfrom biomassbasedenergy systems

Conventional furnaces (such as cooking stoves) and open biomass burning (such as forest fires)
emit particulate matters (PM) and a wide range of gaseous pollutants such as oxides of sulphur
(SQ), oxides of nitrogen (N¢), carbon dioxide (C€), carbon monoxide (CO), black carbon,

free radicals and various organ{téaeher et al., 20QTGustavsson et al., 2007By comparison,
advanced thermochemical conversion systems such as gasifiers are characterized by a reduction
in the number of pollutant species and the concentration of PM, CO and volatile organic
compounds (VOCs|Sethuraman et al., 201Miranda et al., 2010 In addition,as previously
mentionedwoody biomass is usually a heterogeneousdndlemissions depend on the tree

species and moisture content.

Boiler type and operating conditions, as well as the type of bio@ksst particulate and

gaseous emissiotiKaivosoja et al., 203, ocbach Bglling et al., 2008oman et al., 2004

Boman et al., 2003For example, when combusted in high efficiency boilers, wood chips (from
forest residues and waste wood) emitted significantly higher fine partidle a diameter less

than 2.5 microns (Pb) and NQ and SQ gasesiue to higher sulphur and nitrogen contents in
wood chips. These emissions are highan those emitted frothe combustion of wood pellets.
Sulphur content in wood pellets and woodpshianges from 63.6 to 175 mg/kg evgod which

is much lower than sulfur content in fossil fugBhandrasekaran et al., 2011)

The emission of gases and particulatesiodern wood boileris alsolower than oletype
residential boiler¢Johansson et al., 2004yhile the assumption of carbon neutrality of forest

biomass is not corre@Rdder et al., 208, Vanhala et al., 203 3Holtsmark, 2013) fuel derived
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from woody biomass indeed hamichlower greenhouse gas (GHG) emissions such asaG®
methane (Ck) when compared to natural gas over the entire life {fRaeet al., 2011)
Methane could be formed duringpmassgasificatiorpyrolysis in the reducing zone, together

with CO and H(Sansaniwal et al., 201B)t is not directly releasdd the environment

Air pollution control devices such as electrostatic precipitators (ESP) and selective catalytic
reduction (SCR) need to besialledfor theremovalof particulates and NQrespectivelyln
general, air pollution control coulite achevedusing dry and wet methods. Dry cleaning
methods do not use liquid but rathesegravity, centrifugal force, impaction, direct interception
electrostatic attractioandother mechanism®r pollutantremoval Examples of such controls
for particle renoval from flle gagsare: cyclones, filterandESPs. While cyclones are most
efficient for coarse particles, ESPs and filters can achieve high removal effiolarc§9%for
fine particlegAsadullah, 2014Ghafghazi et al., 20)1Wet controls for particle removal
include a large selection of scrubhevet ESPsnd hybrid control§Singh and Shukla, 2014
Ghafghazi et al., 2011Wet methods,.g. wet scrubberare also used for the removal of
soluble gasegia absorption in addition to adsorption. Some water soluble gases from biomass
combustion are sulphur dioxide (§0Cammonia (NH), hydrochloric acid (HCI) and hydro

fluoric acid (HF)(Singh and Shukla, 2014)
2.3 Impacts on anbient air quality and climate

Maintaining good air quality is a challenge with population growth and industrial development.
Even switching from fossil fuels to renewables needs to be evaluated beforehand to ensure

maintaining air quality within prescriddimits and minimizing health riskOne study
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(Jonsson and Hillring, 2008)und, based on dispsion modelingthat conversion to small scale
district heating resulted in highpollutantconcentrations closest to the emission source (and
then decreasing and spreading over a larger ar@ajhdcase of pellestoves in individual

houses. Howevem both cases outdoor concentrations still remained within allowable air quality
limits. The studyhowever, indicated that other factors may impact the dispersion of emitted
pollutants and consequently ambient air quality (such as terrain, tempers&rséoirtl). So
contributing background pollutant levelad ste-specificlocal emissions need to bevestigaed

together

As depicted irFigure 2.1 spatial and temporal scales of processes, which span eight orders of
magnitude, exist in the atmosphdfeur main categories are:
1 Microscalei which exists up to 100 m in space and minutes to hours in temporal scale;
shortlived species suchs free radicaland process are describég turbulent motions;
1 Mesoscalé whichexistson a spatial scale of tets hundreds of kilometers where
processes such as saad landbreezes, mountaivalley circulations dominate and
oxides of sulphur, tropospheric ozone and aerosols;
1 Synoptic scalé which is well known for the motion of weather systems over hundreds to
thousands of kilometers and which is clgssdnnected to the global scal@pact

transport of moderatelved (hours to years) species such as oxides of nitrogen,

11 Temperature inversions are defined as an increase of ambéeati{door) air temperatures with altitude which
leads to stable atmospheric ditions and poor dispersion.
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1 Global scalé whichis the largest spatial and temporal scale existing on a tens of
thousands of kilometers where lotiged species such as methane ZHitrous oxide
(N20), chlorofluorocarbons (CFCs), known as greenhouse gases (GHGs) and ozone

depleting species exist for years.

Urban or Regional or Synoptic to
Microscale Local scale Mesoscal¢ Global Scale
N > < > < >
100year— Long-.llved CcQ
Species CFCs
N,O
10 year§e CH
CHCCJ
lyear = Cle 2l
Moderately Long CO
Lived Species Aerosols
)
© 03 tropospheric
] sQ
g 1dayf— NOx HO2 Boundary layer Mixing Tinr
I DMS
P G
1hrj— GHg
Short-lived CHO,
100se¢— HG,
NG,
1seqOH | ] ] | | 1 l »
im 10m 100m 1km 10km 100km 1,000km  10,000km

Spatial scale

Figure2.1 Atmospheric species on spatial and temporal scales
Source: Bised orPandis and Seinfel@006)

These scales overlap so do the processes and species which undergo transport, chemical
transformations and depositions after being emitted into the atmosphghe short and
moderatelylived species determine the quality of outdoor (ambient) air on an urban/local scale,
long-lived species have a profound impact on global scale, most notable of which is climate
change and stratospheric ozone depldtitandis and Seinfeld0R6). Among environmental

issues, emissions of fine particles are recognized as ones very hard to predict as they will depend
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not only on biomass characteristics and operational conditiorsddman local meteorology

(Pantale et al., 2014)
2.4 Population exposure and health risks

Situated in communities, distrienergysystems (DES), even with renewable sources, can raise
concerns about health risks for local populations especially with respect to fineaRMNQ
levels(Genon et al., 200Yonsson and Hillring, 2006Unlike conventional energy systems
located in remote areas away from agnters proximity ofdistrict energysystemsan have

direct impact a residentgPa et al., 2011)Therefore, exposure scenarios in addition to
emissions could help evaluate health risks of DES and compare them to conventional systems
(Genon et al., 200Heath et al., 2006)Like in cases of conventional wood burning, Intake
Fraction (iF) could be useab a metridor district heating systems to evaluate the inhaledgort

of airborne pollutants by exposed populati@Res et al., 2009)

For the assessment of air pollution and public health, inhalation intake fraction (iF), as the
fraction of iFwhich encompassebree routes of exposure (inhalation, ingestion and dermal)
should be used. Inhalation intake fraction is also called exposure effi¢evays et al., 20Q0

Lai et al., 2000Smith, 1993, exposure effectiveness, naral dose effectivenegSmith, 1993

intake facto L u p r e t andiihhalation Zdhgfed fact@rai et al., 2000y different

authors, and it has been wideed as a key metric for evaluating population exposure to
pollutants emitted from a source or source class including stationary (power plants), mobile
(vehicular traffic) or other sources. In its simplest form it could be expressed as the incremental

intake of a pollutant emitted from a source of interest and summed over exposed individuals of
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the studied population and exposure time, per unit of pollutant released from that source into the
environmen{Bennett et al., 2002nhalation ntake is a product of airborne concentrations,

population density at a location of exposure and breathingEasms et al., 2002)

Inhalation iF has been used in evaluating impacts from different emission sources, such as urban
smoke emissions in CanaRies et al., 2009%ulfur dioxide (SQ), sulfate (S@), nitrogen

oxides (NQ), nitrate (NQ) and fine primary particle (PM) emissions from industrial stacks in

China (Wang et al., 2006Zhou et al., 2006Zhou et al., 2008 centralized and distributed

electricity generation plantéHeath and Nazaroff, 20Q0Heath et al., 2006)r other outdoor
origins(Marshall et al., 2006)n theUnited States and Czech Repulflie. u pr et, al ., 20
proposed biomass plant in Ital@urci et al., 2012)and norreactive pollutant§Lobscheid et al.,

2012 Du et al., 2012Luo et al., 2010Greco et al., 200 Marshall et al., 2005a)r organics of
particular concerns for human heath such as benzene from vehicular ¢blaxesh et al.,

201Q Loh et al., 200% iF has also been used for exposure assessmentaasdatith episodic
exposuregRusso and Ezzat Khalifa, 2010azaroff, 2008)or cooking in indoor micro

environmentgGrieshop et al., 2011)

To estimate iF, a variety of approaches were applied on different spatial and temporal scales.
Ambient pollutant concentrations were usually obtained by modeling, ranging from-stataly
mass balance modglslannehet al., 2010Marshall et al., 2009bto box modelgStevens et al.,
2007a) and more sophisticated dispersion modeth &s ISQPanepinto et al., 201¥ang et

al., 200§, AERMOD (Lobscheid et al., 2012CALPUFF(Curci et al., 2012 Zhou et al., 2006

Zhou et al., 2003and CMAQ(Xu et al., 2013jor stationary sources. Some auth@isou and
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Levy, 2008 Greco et al., 20Q7recommended higher spatial resolution dispersion models,
especially for primary conserved pollutants such as e to a significant neaource
contribution, and écause they can improve iF estimates and increase confidence in results
(Manneh et al., 2010Furthermoremany studies considered static and uniform population
distribution based on either census tract population data or region and country average
population data. One stu@Marshall et al., 2008htroduced population stratified by age,
income, ethnicity and 4 micrenvironments for vehicular emissions exposure. In most of the
reviewed studies using iF, breathing rate was@ay for an adult during the day regardless
the level of activities; only few studies, mostly dedicated to traffic exposures, introduced some
kind of variation in breathing rat€sobscheid et al., 2012.uo et al., 2010Loh et al., 2009)
According toWang et al(2006) using a constant breathingte of 20m*/day has long been

recognized as a weakness of previous iF studies.

Intake fraction values vary by several orders of magnitude across reviewed studies. For
stationary sources iF values for urban, rural, remote areas and gevehdow and all stack

range from 0.1 to 4@pm(Levy et al, 2002) to 260ppm for residents and 10@@m for

pedestrians in a street cany@mou and Levy, 2008 For a biomaséased [ESlocated in

densely populated urban areas, there is an expected high degree of variation in population, and
possibly in micremeteorological conditions which imposes extra challenges for accurate

estimation of iF valuesSummaryof reviewed iF related studies is presente@iable2.1.
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Table2.1 Summary ofF evaluationapproaches based on the reviewed literature

Pollutant
Concentration
Calculation Method

iF Study Goal/Scope

Population Density

Method Breathing Rate

IF estimates (x16)

Reference

Point source(s)/energy related studies

Forecasted the temporal(BPANN) model Data fr om c Constant mean = 8.5 in urban area Zhang et al., 2013
and spatial distribution 033 x 16 gridseach grid records 2002008 breathing rate of mean = 4.61 in suburbs
PMjg pollution from3  500m x 500m Yearly average an adult
main sources in TaiyuanPM monitoring data population per krh 20 m*/day
City, China Yearly average data used agpop. density
temporal resolution

Characterization of PM Sampling followed Exposure scenario, a Consant IF > 1.5 (Statistically significant Lupr @&13 a
propertiesof 6 size by mineralogical and person body weight breathing rate of genotoxic potential, GP) for PM <
fractions of PM(focus on chemical analyses 70kg, exposure 8hr/day an adult 0.45um and 0.95 um>PM>0.4 pum
PAHSs) an assessment of for 70 years 20 m’/day for 30m¥/ml
the human health risks When IF expressed per mg of PM
they pose [Brno, Czech and associated PAHSs, then the
Republic] highest GP is for PM in range 1%

1m;0.951.5 um and 0.4®.95 um
Intakeavoidedper unit CMAQ modeling Population of 35 sub ~ Constant Avoided iF per tonnefcSO, Xu et al., 2013
of SG; emissions system areas obtained from breathing rate of Heat & electricity 0.473
reduced;Beijing-Tianjin- provincial statistical an adult Smelting 0.646
Hebei region, China yearbooks 20 m*/day Other 0.934
Impact of SQ,NO,and  CALPUFF dispersion City population of Constant Max predicted Curci et al., 2012
PMjemissions froma  model; 70,000 people breathing rate of for SG; and PMg a 2!
proposed biomass energ Domain 40kmx40km, an adult
power plant, Italy 250 m resolution, 8 20 m¥/day

vertical layers

Integration of PMrelated Sourcelocation Based on average 13 n¥/day For primary PMs Humbert et al.,
emissions and PM huma framework; 3 emission  population density for Stack _urban rural _remote 2011
exposure into LCA heights in different urban, rural, remote High 11 1.6 0.1
microenvironments: microenvironments; areas Low 15 2.0 0.1
outdoor (urban, rural & regression models from Ground 44 3.8 0.1
remote), and indoor literature Emission 26 2.6 0.1

Weighted average
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iF Study Goal/Scope

Pollutant
Concentration
Calculation Method

Population Density
Method

Breathing Rate

For 32 substances (8
relevant to inhalation iF),
evaluation of spatial iF
variation within and
across the 3bvels of
regionalization
(LCA),Canada

Steadystate mass
balance equation

3 spatial resolutions: 15
ecozones, 13 provinces
and 172 sulwatersheds
all with 537 air regions
with the same mixing
layer and worldevel
(box model)
compartment

varying

n/a

IF estimates (x1) Reference
Thehighest intake is for longange  Manneh et al.,
transport chemicals and is driven 2010

via intake by worldevel spatial
compartment due to large
population

For low persistent chemicals
higher resolution needed in LCA tc
capture population density
variations

iF of winter urban wood
smoke - concentration of

Mobile monitoringLUR
Winter daytime,

Aggregate and census
tract population data,

Commonly used
BR adjusted

Geom. mean/geom. SD Ries et al., 2009

PM.sand levoglucosan , winter nighttime and 2001 Census Canada +20% for PMa s 13 (1.9 6.6-24)
Canada shoulder heating seasor day/night Levoglucosan 15 (3.3; 490)
fall/spring

NOx , PMzsand CHO Gaussian plume Year 2000 census tract 12 m*/day Median: Heath and Nazaroff

Compar e Cal modellingsystem level population data, CS DG 2007

existing large scale no temporal variability NOx 0.66 11

central power stations PMas 0.78 16

(CS) and 11 hypothetical CH:O 0.66 13

gsr:reltr);ttiii ?ltfét)r'gfgnts anserved 0.8 16 Heath et al., 2006
Primary
pollutants

Evaluate impacts of CALPUFF dispersion 1999 countrylevel Constant Primary PMs 10 average Zhou et al., 2006

emission source location model population data breathing rate of SO 5 average

on population exposure an adult Sulfate 4 average

in terms of PM and SO 20 m3/day Nitrate 4 average

emissions;
29 plants in Chia
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Pollutant

Population Density

iF Study Goal/Scope Concentration M Breathing Rate IF estimates (x1¢F) Reference
. ethod
Calculation Method
Inhalation iF of 5 air CAMx Eulerian ~25,000 individuals, Age-, gender Inhalation intake rate: Marshall et al.,
pollutants of oudoor photochemical air stratified by age, and activityi Diesel PMs 47 pg/day 2006
origin; Cal pollution model; income, ethnicity specific;
Coast air Basin Resolutiori hourly Time-location activity  Calculated Variation in intke rates from
values in 2x2km grid surveydata average to be 4-19% when varying parameters
cells in a 210x120km 4 microenvironments: 13.1 n¥/day (BR, mobility, location, all
domain outdoor, indoor parameters)
&residence, indoor anc
nonresidence, in/near
motor vehicles
SO, and total suspended Industrial Source 1kmx1km grid 20 m’/day SO 4.2+9.16 average Wang et al., 2006
particles (TSP) iF Complex Long Term densely populated Sensitivity TSP 4.4 +8.15 average

emitted by 590 stacks of
4 industries, China

(ISTLT3) model
Within 50 km

areas;
Countrylevel pop
data for indistrial -
rural areas

analysis wih 12,
15 and 17 rfiday

Seasonal iF for emission
of sulfur dioxide (SQ),
sulfate (S@), nitrogen
oxides (NQ), nitrate
(NOs3) and fine primary
particles (primary Pi¥s).
power plant, China

CALPUFF dispersion
model;

3360km x 3360km
domain with grid
spacing of 28 km and
120 receptors

Countylevel

populatian data for the
year 1999; ArcGlIS was
used to match
population data with the
concentration data

Constant
breathing rate of
an adult

20 m°/day

Feb. May Aug. Nov. Zhou et al., 2003

A regressiorbased
model for iF of primary
and secondary
PM(LCIA)

40 coaffired Power
plants

Based on the case stud
prepared by Wolff who
used CALPUFF model
of domain 100 k x100
km

1999 data; Estimate of As per case study

total population within
a fixed radius from the
source

(n/a)

SO 13 5 8 8

SOy 11 3 6 4

NOs 15 2 2 7

PM;s 25 9 13 14

Mean PrimaryPM s 2.2 Levy et al., 2008
Mean secondary sulfate 0.2

Mean secondary nitrate 0 .035

PrimaryPM.s .- iF greater for
power plants with lower stacks,
lower nearstack mixing height,
higher neaisource populatio

Traffic related studies

IF of nonreactive
constituents of motor
vehicle exhaust, China

Monitoring data of
carbon monoxie

Government census

data for 1996, 2001 anc m¥day depending

2006 interpolated to

12.57 20.5

on age groups

Average annual 270 Luo et al., 2010
For children and adults, exposure

motor vehicle emi&sons outdoors
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iF Study Goal/Scope

Pollutant
Concentration
Calculation Method

Population Density
Method

Breathing Rate

IF estimates (x1) Reference

allocate populationto  and 4 micrd in/near vehicles is comparable witl
different age groups environ. indoor exposures
iF of primary conserved AERMOD steadystate  Censudract spatially ~ Long term Pop weighted mean = 8.6 Lobscheid et al.,
air pollutants from on plume model; 50 km of variable to include: average 14 Pop weighted mediar 3.6 to 5.1 2012
road vehicles, US the centoid of the county, state and m?/day For census regions
source census block national levels Pop. weightedmed =2.2to 7.5
Urban areas =14 average
Rural areas =9 average
iF of NOc and, PM s 24-hr personal exposure3 microenvironments 0.35-2.85 n¥/hr  (0.0171+x 0.0124)x1®ppm Du et al., 2012
emissiondgrom vehicles, sampling for 114 (traffic, work, home) for based for 3 micro [PM2

China

individuals and
concentration

adult and children
population groups

monitoring in urban areaData from Beijing

environments for
adults and
children

for an individual over 24 hr;
(0.0136+0.0087) x1®ppm for
childreni average;

of Beijing Statistics Bureau 2008 (0.0199+0.0143) x1®ppm for
adultsi average;
Total children popul. = 18 +11ppm
Total adults popul. = 135+96 ppm
Spatial and populatien 3 methods: From EXPOLIS 1 m?/hr constant EXPAND: Loh et al., 2009
based iF for vehicular EXPAND modelling project. rate (for annual mean = 10
benzene emissions, approach (traffic 4 activities; EXPOLIS) and Monitoring:
Finland planning model Average population in  for EXPAND Median= 30; Mean=39
EMME/2, emission the area modeling used Box model:
modelling CAR_FMI, different BR Median = 4; Mean=7
streets poll. Model depending on Average=0.01 from measured dati
OShv); micro-environm.  for 48-hr
Personal monitoring;
Box model
Evaluation of iF of fine  The regionalscale Finland, population data Constant Europe 0-34.42  Tainio & al., 2009

particles PMs from
sourceg6 categoriesin
Europe and Finland

dispersion model
SILAM.

2004 with resolution 250

X 250m;

2 geographical domainsEU countries, EEA

Europe and Northern
Europe;

Spatial resolution 5 km
and 30 km

database, 100xDtn
(2001);

Non-EU countries,
CIESIN, 24km (2000)

breathing rate of
an adult
20 m’/day

Finlandi traffic 0.68
(the lowest iF for power plants,
0.5)

Winter iF > other seasons
Sumner iF < other seasons

iF is 1.3 times larger for smaller
spatial resolution
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Pollutant

Population Density

iF Study Goal/Scope Concentration Breathing Rate IF estimates (x1) Reference
. Method
Calculation Method
Exposure of residents to CALINEA4 line source  Census block, block Constant PMzs Wu et al., 2009

seasonal and annual model group and parcel, year  breathing rate of Average 14 (range 1@2)
average PMs and 2000- to evaluate the an adult iF in winter is 1.4 times higher than
elemental carbon (EC) influence of different 20 m*/day in summer
from diesel trucks, Long spatid resolutions on iF of streets traffic is 1.4 times
Beach, UC estimated population higher than those of freewaysftia
exposure
Evaluates the impact of OSPM model Residents, workers, 12-38 n/day PM;s Zhou and Levy,
street canyons (median pedestrians depending on Pedestrians ~ 1000 2008
building heights) to US census data (2000) population Residents 260
primary consevative and LANL 250m rasteii category; does Total iF 2200
reactive pollutants from daytime and nighttime  not differentiate
traffic, NY, US population BR day vs night PMio
CHAD, ACS databases Pedestrians ~ 1000
Residents 150
Total iF 1700
Evaluation of primary -Box models Population census dati Constant Factorof-five in variability of iF Stevens et al.,

and secondary PM iFs
for Mexico City using 5

-Atm. dispersion
complex model

2000

breathing rate of
an adult

among different methods 20073 Stevens et

al., 2007b

different methods -Emission inventory 20 m°/day
PM composition model
-Regression analysis
Evaluates the spatial Sourcereceptor matrix 1990 Census data Constant Primary PM2.5 Greco et al., 2007

extent of mobile source
iF - four mobile source

(regression model)

(Sensitivity analysis for

based on Climatological 2000 Census data)

breathing rate of
an adult

0.2' 25 (median=1.2; mean= 1.6)
The average across the US = 2.5

iFs for primary and Regional Dispersion Countylevel data 20 m¥/day The median iF of Secondary

secondary PMs in 3080 Model (CRDM) sulfates is a factor of 6 greater the

US countiegnational the median iF secondary nitrates

iF for nonreactive Onecompartment steady 2002 poplationand 12.2 ni/day Populatioaweighted mean varies Marshall et al.,
vehicle emissions in US state mass balance mode area data; linear basd on from 2005b

urban areas Emissionto-

concentration relationshig

Analyzing US NATA

populationdensity

metabolic activity

Impacts of urban
population density and

Single compartment
model- concentratns

Spatial variation of
population density

n/a4.4 (NATA
data) to 21 (one

Smallersized areas tend to decree Marshall et al.,
vehicle emissions while increase 2005a
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Pollutant
iF Study Goal/Scope Concentration
Calculation Method

Population Density

Method

Breathing Rate

IF estimates (x1) Reference

land area changes on pe are uniform throughout
capita inhalation intake the area

of primary pollutants

from vehicles

compartment
model

per capita intake; urban sprawl
tends to increase vehicle esins
but to reduce per capita intake;

iF for carbon monoxide Ambient monitoring The average populatior 12.2 n¥/day CO CeHe Marshall et al.,
(CO) and GHsfrom data, period 1994999  density of 860/krh based on 32 36 2003
vehicles California South Census U001 metabolic activity
Coast Air Basin, US
Indoor exposure related studies

Cook stoveeplacement Use available exposure Exposed individual 7.8 n¥/day Median 0.18 Grieshop et al.,
options (PMys) and emission data assumed for If are 6 times lower in houses with 2011

children and a chimney than without a chimney

female adults
Individual iF of PM Measurements to Individual exposure Air ventilation High exposure to PM even when Gao et al., 2013

generated in kitchens determine the size
dependant emission rate
Computational fluid
dynamics (CFD)
modeling

rates 518.4 Athr

exhaust hood used as interventior
to remove PM

iF of a seated person in CFD model under

the office2.6m x 2.5m  different ventilation and
x1.7mwith multiple temperature regimes
contaminants

Individual exposure
Computer simulated
person

Personal ventilation system reduct Russo and Ezzat
iF by an order of magnitude, body Khalifa, 2010
T changes little effect on iF
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Assessment of exposure to airborne pollutants is an essamtipbnent of human health risk
assessment (HRAWorld Health Organization, 2014pollutant concentrations could be either
measured or modeldé8ranco et al., 20345ulliver and Briggs, 2011pand exposure evaluated in
conjunction withpopulation activityGerharz et al., 2013)Relatively recently developed
methods using remote sensing, land esgassion modelinf-ee et al., 201, /Dirgawati et al.,
2016 Knibbs et al., 2014)r combined methodsle Hoogh et al., 2014improved HRA. Risk
assessment can also utilize iF iast®f pollutant concentratiofdi et al., 2011)Subsequently
health risks could be estimated by populatiighted healthisk-based air quality indegShen

et al., 2017)or human healthhelated impact score IQolliet and Fantke, 2A®).
2.5 Carbon footprint and large scale impacts otlistrict energysystems

Fossil fuels used for energy production are seen by scientists as the main source of GHG
emissions so their replacement with cleaner and renewable energy searoesldwide

policy approach. Among renewables, biomass is an attractive choice perceived as a natural
carbon sink due to CQuptake by trees, a natural process known as carbon fix#8Han

2002) However, the replacement of fossil fuels by biomass may not be a simyded

solution asCO; balances dependanany factors such as:fossil fuel energysystem being
replaced versus a technology used for biomass conversion indicating the dependence of GHG
emissions on the system efficien&chlamadinger and Marland, 19%thlamadinger et al.,

1995) Moreover forestgrowth rates and project time perspectives could be important factors
influencing the overalhet CQ emissions which would be lower in caxfelongterm projects

and highefficiency of wood fuels substitution compared to just storing carbon in standing trees

(Schlamadinger and Marland, 1996n the other handssociated cos{®epo et al., 2015
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Levihn, 2014)and sustainability of bioenergy determined mainlyh®y/liiomass type and
growing location(Evans et al., 201®ould be foreseen barrieis consideration of bioenergy

as a viable replacement alternative for fossil fuels
2.5.1 Bioenergy and carbon neutrality discussions

The notion of carbon neutrality of bioenergy arose fromdkettiat carbon emitted to the
atmosphere as a result of biomass burning would be offset by trees via absorgtariof

that may lead to an error in accounting for carbased emission#iaberl et al., 2012)0ne of

the reasons lies in missing to account for carbon uptake by plants which could have occurred
had those plants not been harvested gCalinbero and Sowlati, 2014 not accounting for

carbon loss due to harvesting of available resigBepo et al., 2015)

Carbon neutrality of biomass is widely used in literature with a very broad meaviB@QSD,

2015 such ay cfilei fnee ut r asénting loretera staedl atmasgherie carbon

which is equato or greater than emissions associated with the use of such biomass over the
entire | ife cyeclyec.l eSinmeiultarrally ,bifocnmearsbsoon r ef er s t
emissions of biogenicarbon to the atmosphere are completely offset by new gr&Xethewed

literature suggestedaccuracy ofthe immediatessumpiton of forest biomasscarbon neutality

(Roder et al., 2019McKechnie et al., 2011)as it is a timalependentparameter sinciorest

carbon stocks or sinks, such asoil carbon stocksould be reducedovertime (Vanhala et al.,

2013 Holtsmark, 2013) In case of wood residues, forest carbon stocks would not be impacted if

the rate of harvesting (carbon removal) is equal to the rate of residue decomposition (in case

residues were not remove@icKechnie et al., 2011Hektoretal. (2016) suggested that
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assessing carbon neutrality should be performed on the actual casesuateethe outcomeei

CO; emissionswill largely depend on factors such as: whether biomass originates from
sustainably managed forests, biomass characteristics such as moisture content, and applied
conversion technologies, all of which can lead tiiass being characterized as both carbon and
climate neutral. Another recently published analySisbuurs et al., 2017\vhich considered

realistic case of European sustailyaibblnaged forests, pded out that the use of woody

biomass for energy did not reduce large scale average forest carbon stocks but caution should be
taken for future estimates due to possible natural disturbances. Among all, carbon debt for
removal of harvested residues is thstest one to be compensated, within a decAgeendix

A.2 summarizes reviewed studies on carbon neutrality.
2.5.2 GHG emission estimates

A comprehensive evaluation of bioenergy benefits with resp&itite emissiorreductions should

entail emissions evaltian across the entit@omass sypply chain, includingGHG balance and

carbon sinks estimat¢gan Dam et al., 2010jor carbon footprint calculationd.evihn, 2014)
Processes such as biomass recovery and removal require energy so such processes contribute to
CO, emissiongGustavsson et al., 2011frurthermore, there are some emissions related to
biomassstorage so neglecting that fadGHG saings, utilizing forestbiomass incombined heat

andpower (CHP) andheatproduction only couldbe ovefrated and be as high £8% (Jappinen

et al., 2014) Harveding scenarios are another parameter causing calculaseobn footprint for

wood prodictsto varywidely (Newell and Vos, 2012)It is worth noting that in comparison to

fossil fuels such as cqalGHG emissions reduction of 83% could be achieved if wood pellets are

used instea(Roder et al., 2015Yhis is especially true for a lofigme horizon such as a 1-Q@ar
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period when a significant decrease of 41 Mt ob&@as estimated by a study considering wood
pellets replaing coal(McKechnie et al., 2014However, wheraccounting for sorage anissons,

dry matter lossesn the supply chaior other biomasselated emissions; may turn out that

pellet co-firing or large-scale biomass electricity generatexceedGHG emissons mmparedto
coal-fired electricity generatignrwhen storage exceeds the period of 4 mofRlasler et al.

2015) More specifically, this study claims that still is little known about methane emissions from
wood stockpiles and recent studies came out with a large range of results; EmiSkions,

from negligible to over 60%Drying options also highly inflience GHG emissions when fossil

fuels are used instead of biomass as a drying fuel.

The importance of biomass fedstock choices is emphasized by a study focusing on climate
changeanmitigation optiongGiuntoli et al, 2015) While current C@Q-approach is widely used in
biomassrelatedLCA studiesfor global warming assessmentise authorsiemonstrated that the
impact of bioenergy could be assessed by other pararsatdras surface temperature changes
and other chnate forces. The study concludes that theahteirface temperature incredsethe
end of the century as a result of biomass use will depetitealecay rate of theesidues used
among other parametetsong-term bioenergy production from a slow-decaying wood will not
contribute to climate change mitigation comparedto natural gas, unless the biomass residues
with the decay rate above 2.7% per year are chosen as feedstock for energy (heat) production
Overall, as for the first decade G0, emissions,similar impacts from biomasmndfossil fuels
could be noticed but C@mitted from bioenergy use stabilizes over ti{@berubini et al.,

2013)
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Chapter 3: Integrated impact assessmenapproach to evaluate community

baseddistrict heating systems?

3.1 Introduction

Systematic reviewf the literature indicated knowledge gaps in proper environmental
assessment of growirgpmmunitybasedlistrict energy system3here is aneedfor improving
currentmethods for adequately evaluatingpactsof DES ata much smaller spatiahd

temporalscale than it was commiyrusedfor large, remote power plants

Impact assessment must therefore integrate different methods: ones that can adequately and more
accurately address process impacts on lkeraporal and spatiaicale §horttermlocal air

guality andimmediate communitgxposure) andhethods adequate faddressingmpacts on

large spatial and temporal scale such as climate ci{HQ€ 5th Report, 201%5ndoverall

human healthThus approaches used to design, propose, justify and apply a comprehensive
stateof-the-art methodology for evaluating biomasasedlistrict energysystemsn a

community setting are presentadhis chapterin addition to expliming micro-climatological
characteristics and their importance for the pollutant dispersion close to a pollution emaice,

impact assessmentethod uses data fonly one (BRDF boilerstack with an electrostatic

precipitator (ESP) for particle contrand one typef pollutant particulate mattewith diameter

less than 2.5 micrometers (RW), over a period of one month to investigate the effect of

12 A version of this chapter was publishé&ktrov, O, Bi, X., & Lau, A. 015. Impact assessment of biomass
based district heating systems in densely populated communities. Part I: Dynamic intake fraction methodology.
Atmospleric Environment115, 70/ 78. https://doi.org/10.1016/j.atmosenv.2015.05.036
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dynamic variations of population and micrometeorological conditions on iF. One month data are
found tobe representative for thmirpose of the method developmenttdakes into account

720 hours of measured wind data from a local surface weather station in addition to modeled
prognostic meteorological da@M5 (Fifth-Generation Penn State/NCAR Mesosddtalel),

actual plant operating parameters and actual campus populatiorvedtendspresentedhn this
chaptemprovidefoundationfor integratedmpact assessmeat the Bioenergy Research and
Demonstration Facility (BRDFelected as a case stuahdcaried outin subsequent thesis

chapters.
3.2 Methods

This researcBtudyutilized quantitative research method/ethodlogies utilizedincluded:

1 Collecting andanalyzingsecondary data from the records available at PH and BRDF,
professional reports preparéor both plants, permit for BRDF, Gisased campus planning
data for building usegccupancybuilding locations and dimensions;

1 Collecting and analyzing local meteorological data to determine the impacts of locally
induced circulation patterns importantthe dispersion of pollutants;

1 Site visitsdatacollection anddataprocessing foan n-housedistrict heatindife cycle
inventorydatabase;

1 Improving methodologicabpproach for assessitige impact otommunitybasedDES by
introducing sitespecifc parameters anapplying mathematical modelingnd mappingas
well as using dispersion and GéSftware packagesu ch as WRP,ICAIPUFFi e wE
Vi e wdad ArcGIS 10.1

1 Statistical analysis of data with ilusionof uncertainies of data
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3.3 Local air quality assessmentnethodology
3.3.1. Microclimatic conditions and diurnal circulation patterns

With emission sources being located in close proximity to people, local microclimatic diurnal
variations play a pivotal role in accurate evaluation of population expoSagled with

diurnal population density dynamics, loeal circulation patterns could result in different
exposure patterns and consequently different iF during day and @agstalreassuch as the
UBC Vancouver campus which isdated on the Pacifmast and surrounded by the Pacific
Spirit Regional Parkaresubject to pronounced diurnal variations in wind patterns due to
different heating capacities of land and wdleenberth and Stepaniak)@4)resulting in wind
mostly blowing from the ocean towards land (sea breeze) during the day and from land towards
the ocean (land breeze) at night. Such microclimatic conditions as well as their impaets on in
land and orographically induced circulatipatterns were wedocumented in the literature

(Fock and Schliinzen, 201&zorin-Molina et al., 2011Buckley and Kurzeja, 199T.u and

Turco, 1994)

One year daytime and nighttime wind data from six Metro Vancouver surface monitoring
stations(Doerksen, 2012)vere analyzedo demonstrate differences in day and night wind
patterns and impacts of orographic features which cause upslope (daytime) and downslope
(nighttime) circulation As presented ifrigure3.1, gations located at the coastline, Horseshoe
Bay (T35) and Vancouver International Airport (YVR) (T31), are characterized with prevalent

land-breeze circulation during nighttime and 4®aeze circulation during daytime periods.
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Figure3.1 Wind patterns for day and night periods at selected Metro Vancouver stations
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Other stations located at some distance from the s@biliwack Airport (T12), Richmond

South (T17), and North Burnaby (T14) at Simon Fraser University (SFU) located at the elevation
of 360 m above the sea level, also demonstrated pronounced differences in day and night wind
patterns. Second Narrow stati@ir6) shows the channeling effects caused by daytime circulation
influenced by narrow Burrard Inlet situated between mountainous north shore and mainland

Vancouver while mountain breeze dominates nighttime circulation.

One month of wind data from the WBTotem weather statiomere analyzetb investigate
prevailing winds in terms of dayight characteristic wind patterns as hypothesized due to the
unique campus location. Wind ros&sgure3.2) were prepared fax total of 360 daytime hours
(8 am to 7pm) and 360 nighttime hours 8n to 7am) for September 2012 using WRPLOT

Vi e wE s &rdmtLakasrErvironmentglLakes Environmental, 2012a)

WIND SPEED
(m/s)

B >-11.10
I ss0-11.10
Il s0-220
Bl zc0-570
[ 210-3e0
[ o0s0-2.10
Calms: 1.67%

Figure3.2 Wind rose for daytime (left) andghttime (richt), September 2012, UBC Taote
weather &tion.

Over 77% of daytime hours winds were blowing from the ocean,prtailing winds20.3% of

time from WNW (westorthwest), 16.9% of time from NW (northwest), and 11.9% of time
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from each W (west) and WSW (westuthwest) directions. Only 20.6% of daytime hours

wind was blowing from the nortbast quadrant, i.e. from land towards the ocean. Calms
comprised less than 2% of daytime hours. Nighttime circulation patterns showed the opposite
trend. While 71.3% of nighttime hours winds wetewing from land towards the ocean,
predominantly from east (E), easdrtheast (ENE) and northeast (NE), with 19%, 16.5% and
13.5% of total nighttime hours respectively, winds coming from the ocean (thewesth
guadrant) were recorded only 23.9%iofe. During nighttime, calms were recorded for 3.9% of
time. Following the results of this analysis, modeling scenarérse designetb incorporate

diurnal wind circulation dynamics to evaluate its effects on iF estimates.
3.3.2. Dispersion modeling: CALPUFF modeling system

Dispersion modeling is a convenient approach to evaamtgent concentratiorsf emitted
pollutants from a source or multiple souréasa variety of purposest is becoming a@rucial

tool in decisioamaking processes about populatiope@sure, health impacts and environmental
justice(Borrego et al., 2019Maroko, 2012) This method is commonly used folanned

pollution sources to evaluap®tentialimpactsbeforefacility construction(Vallero, 2014)for
modification of existing sourcg3 odorovic et al., 2015¥or evaluating atmospheric fate of a
particular pollutanfHolmes and Morawska, 2008)cluding model validation with

observational datgAbril et al., 2016) for urban scale modelin@epe et al., 201&) neasfield

modeling in urban areg¥ominaga and Stathopoulos, 2016)

BWind direction is in meteorology defined as the direct
that wind is blowing from north towards south.
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CALPUFF Vi e wE (Lakes&nvsonmental, 012bx multilayer, norsteadystate
Lagrangian Gaussigouff dispersion modelvas usedn this studyto estimate ambient
concentrations at different receptors on campus. It is a prefamchatrified regulatory model in
the United State@JS EPA: SCRAM, 2015pnd BC(BC MoE, 2015 BC MoE, 2008)

CALPUFF haghecapability to cover a large spatial domain with a high resolution to capture
microclimatic and atmospheric characteristics conducive to dispdfsreco et al., 2007)
particularlyimportant in urban areas with ntsomogenous conditior{&isher et al., 2005)
CALPUFF is suitable for cases of complex terrain and coastal circulation effects and it has
previously een used in iF studi¢€urci et al., 2012Zhou et al., 2006Zhou et al., 2003

(Jonathan | Levy et al., 2002)

The basic equation for a puff model that connects emitted pollutants with the ambient

concentration at a recept@cire et al., 20005chnelle and Dey, 200

C=

"RIDPQT¢ AP Q7Tc (3-1)

Wit fbei ngdas:x pr esse

"Q — B  A@GDPO ¢QTc (3-2)

Where:

C s the groundevel pollutant concentriamn [g/m°] per the distance [m] traveled by the puff
is themass of the pollutant in the pyfi],

Q

A& isthe standard deviation of the Gaussian distribution in the dawad direction[m],
A  is the standard deviation of the Gaussian distribution in the-ariossdirection[m],
I

is the standard deviation of tl&aussian distribution in the vertical directijon],
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d. is the distance from the puff center to teeeptor in the crossind direction[m],
g is the vertical term in the Gaussian equafioi,

He is the effective height above the ground of the puffexdnt], and

h is themixing-layer height in].

Major CALPUFF features include: possibility of modeling constant or variable emissions for all
types of sources (point, volume, area, line); gridd&drBeteorological fields, vertically and
horizontallyvarying turbulence and dispersion rates, rural and urban, stakejitgndent

dispersion coefficients, building downwash effects, plume rise, dry deposition and wet removal,

chemical transformation options etc.

The main components of the CALPUFF modekiygtem in addition to a large number of

preprocessing programs are:

1. CALMET i a meteorological program which develops wind and temperature fields within a
threedimensional modeling domain;

2. CALPUFFia model which si mul at esf f sdd shpaesresd oonn osfy
and temporaVariation of generated meteorological fields by CALMET, producing hourly
concentrations or hourly deposition fluxes at selected receptors;

3. CALPOSTI processes obtained data, produces tables and identifies the highsest@madi
highest concentrations, produces graphical representations of results such as contours, lines
connecting locations with the same values of pollutants.

Modeling domain in an initial run was selected to cover an ar2&d&m x 4 km around the

emisson sourceBRDF boiler stack (EN 02which was selected to be a reference point for

modeling The domain extendedKzn in each of directions to the north, south and east from the
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plant and only 0.&m to the coast at the west (toward the oceEmg. seleted domainFigure
3.3) ensured coverage of required receptors (campus buildings) without producing output

pollutant concentrations over the ocean since population located on campus was the subject of

this analysis
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Figure3.3 Nested grid receptors, red rectangular depicts an area with removed receptors due to
absence ofopulation

3.3.2.1. Model input data

CALPUFF modeling system (specifically, CALMET processor) reggithe following

meteorological data input: hourly surface observation of wind speed and direction, temperature,
cloud cover, ceiling height, surface pressure, relative humidity and precipitation (optional).
Meteorologicainput consisted of one hour progstic MM5 (FifthGeneration Penn

State/NCAR Mesoscale Model) data for 2012013prepared by Lakes Environmentalith 50

km x 50km coverage, &m resolution and 11 vertical layem&his initial modeling scenario was
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carried out only for September 20M2eteorological grid for CALMEWwas set at 12.5 km x
12.5 km with 250 m spacing. In additiaata from stations presentedTiable3.1 were

analyzed for supplementary entries.

Table3.1 Surface and uppeair weather stations consideriedhe sudy.

STATION STATON iy STREET ™ Lajude  Longiude 0y
UBC Totem 1108487  Vancouver PointGray 49e1562123¢1465 76
decimal 49.26 -123.25
UTM coordinates (X,Y) (m) 481811 5456007
Kitsilano T2 Vancouver 2550W 19Ave 49¢ 1563 123¢963! 63
decimal 49.26 -123.16
UTM coordinates (X,Y)Ym) 488360 5456368
YVR T31 Richmond 3153 TempletonSi4 9 e 1106 2 12 9600 10
(uppetrair) decimal 49.19 -123.15
UTM zonelOgcoord (X,Y) (m) 489070 5448585
YLW 71203 Kelowna Airport 49° 58" 11.99"N 119° 17'59.99"W 454
decimal 49.97 -119.30
UTM zone 11, coord. (¥) (m) 335073 5537827

Ceiling height and cloud cover data were obtained from METARather data from Vancouver
International Airport (YVR). Vertical atmospheric data were obtained from tavatay
sounding data at Kelowna Airport and surface metegiocal data from the UBC Totem station.

Kitsilano station data were analyzed for comparison purposes.

Terrain data were obtained from GeoBase datab
software(Lakes Environmental, 2012banadian digital elevation data for region 92g were
selected with coverage of DP00(Natural Resoures Canada, 20120 addition, the IDegree

blocks DEM (Digital Elevation Model) data from WebGIS database f8r&hd Canada were

M“METAR weather data format is mostly used in aviation by pilots and standardized by ICAO (International Civil
Aviation organization); available fronhttp://vortex.plymouth.edu/statleg.html (Accessed January 3, 2018
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used for obtaining terrain elevations. Land use data (LULC) were obtained from Global Land

Cover Characterization (GLCC)sem for North America with 1 km mesh coverage.

Receptors, defined as anything of a value in the environment impacted by pollutants, were

selected to be people at campus building locati@rer 500 entries containing: building ID,

name, maximum occupayageographic coordinates, and heights were provided by the UBC

Campus and Community Planning Department which were used to classify buildings into:

Work-related, where residents, students, faculty, and staff reside during their work on campus.
A total of 160 (out of 191 existing buildings) with classrooms, labs, administrative and
academic offices were included as daytimarf8to 7pm) receptors, and

fResidences, classified as apartment buildings, high risers or townhouses were separated by
individual dwdlings resulting in 214 buildings. The occupants of those buildings were
receptors during nighttime (@n to 7am) but also during daytime as some residents would

likely stay in those building.

A total of 374 campus buildings occupied by people at sarim¢ guring days and/or nights
were considereth this study Buildings which are under development and/or for which data
were not complete were excluded from this analy&islding parameters for eacelected
building were entered in excel spreadsheetased adiscretereceptos in CALPUFF modeling

and in iF calculations.

Another set ofnput data includdsource, ie. stack parameters as presentetiaible3.2. Boiler

stack filterable particle emissions wearalculated as an average of 4 replicate emission tests
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conducted by a third party on July 17, 2012, following the procedures recommended by the BC

Ministry of Environmen{MoE, 2003)

Table3.2 BRDF Source grameters

Source Description Height Diameter ExitT Ifx't. Em|SS|/on rate Emis%n rate
ID (Stack) [m] [m] K] velocity [0's] [kgiday]
[m/s] PM PM
Boiler with
EN-02 ESP 20 0.76 477 8.43 0.028 2.419
Measured Reported

Gas exit velocity was calculated as the ratio of the measured flow rate and stacdectiossl

area. The emission rate was calculated as a product of the measured flow rate and measured
concentrations previously corrected to 8%a® per penit. It was assumed that the emission rate
was constant throughout the mostiected fomodeling September 2012.

3.3.2.2. Model output data: ambient pollutant concentrations

CALPOST was set to produceitput data as-hourand24-hour average grouriével

corcentrations at each receptor expressed in micrograms per cubic metel).(@htained data

were imported fronmodeloutput text files and organized irxeel spreadshegper modeling

and iF assessmestenarigdescribed in section 3.4nhdfor all consderedreceptors All 1-hour

data werdghenseparated in daytime and nighttime periddsan, maximumandminimum

valueswere calculateddr every dayme and every nighime period Summary results were
organized in tables to enable comparison with AQ@ta be added to background pollutant

levels. In addition, mean values for each scenario and per receptor and daytime/nighttime period
were imported in a separated spreadsheet to be used for iF calcidatiomeerall campus

pollutant levels and exposscenariosResults forSeptember 2012 for PMare summarized in

Table3.3 below.
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Table3.3 Groundlevel PMb.sconcentrationsUBC campus, September 2012.

Paramete All 374 receptors Daytime 374 Nighttime 214
receptors receptors
Averaging period 24-hr 1-hr 1-hr
PM. f[ug/m’] PM s[ug/m?] PM s[ug/m’]
Mean 0.015 +0.031 0.019 +0.010 0.012 £ 0.020
Max 0.264 0.230 0.169
Min 0.002 0.001 0.002

Analyses of thour PM.sambient concentrations across campus showed that nighttime mean
concentration oPMz swere 38% lower than daytime mean and 23% lower thamoR4 average.
The maximum nighttime Pl 1-hour concentration (0.169ugfirwas only 27% lower than
daytime maximum ihour PM sconcentration (0.230ugfnbut 36% lower than maximum

PMz sconcentrations for a 2dour averaging period. Emission rieelatively constant for
current plant operating conditions. However, due to varying meteorologicalioosdibther

parameters were kept constant), daily dispersion patterns varied.
3.3.3. Ambient air quality regulation and background pollutant levels

The Province of British Columbiadoptedmore stringent ambient (outdoor) air quality criteria
for PM2.5in 2009(BC MoE, 2016)due to their harmful potential to human health. Ahpar
objective is set at 25 pghAwhile annual objetive is set at 8 ug/Awith planned target of 6
pg/me. Table3.4 summarizes BC Air Qality Objectives (BC AQO) and Canadian Ambient Air
Quality Standards (CAAQSYr particles and gasesnsidered in this studysaelevanto

biomass emission®C MoE, 2016)

52



Table3.4 Summaryof provincial Air Quality Objectives (AQO) and Canadian Ambient Air
Quiality Standards (CAAQSbYr selected contaminants

Contaminant Avergging Criteria Level Air Quality Objective Date
Period ug/m? ppb Adopted
PCOs for Foogbrocessing, A 14,300 13,000
Carbon lhour Agriculturally Orientateq, B 28,000 25,000 1975
Monoxide and Other Misc. Induanes C 35,000 30,000
(CO) PCOs for Foogbrocessing, A 5,500 5,000
8 hour Agriculturally Orientated, B 11,000 10,000 1075
and Other Misc. Industries C 14,300 13,0®
Nitrogen 1 hour Interim Provincial AQO - 188 1002 2014
Dioxide (NO) Provincial AQO - 200
Annual Interim Provincial AQO - 60 32 2014
Provincial AQO - 25P - 2009
24hour - A aQs ; o8¢ - 2013
PMzs Provincial AQO AAQO 8 - 2009
Annual Goal 6 - 2009
CAAQS - 10¢ - 2013

a Achievement based on annual'9&rcentile of daily hour maximum, over one year

b Achievement based on annual9&rcentile of daily average, over one year

¢ Achievement based on annual9&rcentile of dailyaverage, averaged over three consecutive years
4 Achievement based on annual average, averaged over three consecutive years

3.4 Population exposureand health risk assessmentnethodology
3.4.1 Dynamic intake fraction (iF)

Inhalation iF, representing a singigedium approach, is calculated as the portion which is being

inhaled by exposed populatigNishioka et al., 2005)Jonathan I. Levy et al., 2002)

iF={B O @6r DOY T0 (3-3)

Where
Qi is the emission rate of a pollutdkg/day]in a given time period[hourg at a
geographical area or locatiagmpeasured or calculated and as presented in the previous

section,
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Cij is the ambient air pollutant concentratfong/n?] in time period i at receptor location j;
these concentrations were obtained from @RIEF modeling,

Bri is the breathing raten®/person/dalyduring time period, and

Pij is the number of people at a specific location and time.

34.1.1 Input valuesused foriF calculations

Emission rates were obtained by measurements performed at theEd@iRestack Table3.2)

and ambient concentrations at each receptor were obtained from the CALPUFF modeling.

Breathing rate used in previous expostgiated studiesrasmostly averaged values and

uniform for thepopulation considered (as previously presentéhinie2.1). Some studies

(Marshall et al., Q06)suggested 181°/person/day for males and females combined (d/8ay

for women, 15.2n%day for men) based on age and activity. Most recent Exposure Factors
Handbook(US EPA National Center for Environmental Assessment and Moya, 20dd¢sted

a breathing rate of 14r6%person/day which was estimated as the mean breathing rate for free

living normalweight males and females combined, between 21 and 31 years old, which
corresponded to the majority of UBC campus population. The same handbook suggested a long
term breathingate of 15.7m%/person/day for the same category but based on the unweighted
average of means from combined key studies. Forsherr m br eat hi ng rate, a
was taken into consideration,. For istOR®8 fAsl eep
m/ person/ hour whHeareasiftoro talca ifvliitgghta mean br e
m3/person/hour. In this studimprovements were made by separating daytime and nighttime
breathing rates which led to more accurate estimateghE daily beathing rate (dBR) in

scenarios where only daytime was considered, ®%derson/1hr-daytime (0.72
54



m3/person/hour x 1hours) was used. Similarly, for the nightly breathing rate (nBR) in scenarios
where only nighttime was considered, 3.088person/1hr-nighttime (0.258n%person/hour x

12 hours) was used. In scenarios where daily iF was calculated ovdirgp2dod, the breathing
rate (BR) was 11.7m%person/day as a sum of daytime and nighttime breathing rates (8.64

m®/person/1hr-daytime + 3.10n*person/1zr-nighttime).

The number of people at a specific location and time is another parameter directly related to iF
which highly influencetheintake fraction valueln general, a noticeable variation of population

at university campus is dde a larger number of people working or attending classes during
daytime versus a considerably lower number of people residing on campus during nighttime,
which could have a significant impact on iF compared to a large city with relatively stable
populaton densityMarshall et al., 2005aBased on a widely varying criterfelumbert et al.,

2011) UBC, with population between 1500/nighttime and more than 4,000/daytime peofle/km

could be characterized as a densely populated urban area.

It was assumed that people would mostly be in wel&ted buildings and some in residences
during daytime but only in residences (for those who live on campus) during nighttime. Time
spent while commuting between buildings and exposure duration at locdtinggtee routes

were not included since it is considered to be negligible compared to the time spent at certain
locations. Exposure potential was evaluated based on the exposure on &) PM; 5
concentrations, as indoor exposure is beyond thgesof this study. The estimated iF are thus

expected to represent the upper limit of the actual values.
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The number of exposed people is directly related asiExpressed guation3-3. It was

assumed that the exposure concentration is equal to tith@oowoncentration in each of the two
campusrelated micreenvironments, residential and daytime woekated buildings, while the
exposure concentration is equal to zero while people are not on campus but rather in another
micro-environment not affectear negligibly affected by the BRDF. Since the indoor fraction of
ambient pollutant concentrations is generally lower than the outdoor concentrations (commonly
used infiltration factor is 0.7 for PM) but will depend on the ventilation system and building
age(Zhou and Levy, 2008)F calculatedas presented, expected to be higher than the actual

value or, in other words, iF from this study is a more conservative version.

All considered buildings are associated with corresponding number of people reported as the
maximum building occupancy. Where maximum occupancy is given as a total number of
residents in a housing complex, the number of people per building was disaggregated to be
uniformly proratel, meaning that an equal number of residents is allocated to each building. As it
was assumed that all people were in those buildings (attending classes, working, living) most of
the time, occupancy of ecampus restaurants and museums was not considepeevent

double counting of campus population. Temporary workers or visitors to UBC campus were not
taken into account as there is no record of such numbers and it is assumed that such number is

negligible compared to regular campus inhabitants.

After assigning an appropriate number of people to each identified building, 16,406 persons were
considered as the number of campus residents associated with 214 residential buildings occupied

during nighttime. During daytime, estimated 49,256 people are distdlu 374 buildings out
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of which 160 are academic buildings with classrooms and labs and administrative offices
(maximum occupancy minus 15% campus residents who are assumed to stay in residences
during day) resulting in 46,795 persons and 214 are reastibnildings which were assumed to
be still 15% (2,461 persons) occupied during daytime. Forla 2¥eraging period, the number
of persons on campus was calculated as an average of daytime maximum occupancy and

nighttime maximum occupancy proportioryadlistributed in all 374 buildingsTable3.5).

Table3.5 UBC Campus populationistribution as dunction ofdiurnal dsnamics.

Building/ L . Academic buildings and
Occupancy/period Residertial buildings offices

No of buildings 214 160

Max occupancy 16,406 49,256

Day-time 2.461(15% occupancy 46,795
occupancy

Night-time

occupancy 16,406 0

Average 24hr 32,831

Occupancy (8,203 in residences AND 24,628 in acadeniiddings)

3.4.1.2  Scenarios and resulting iF values
To evaluate the impacts of space, time, population density and breathing rate variations on the
estimated iF, five scenarios were considered:

Scenario 1: Base caséAll averagedNo spatial, temporal or pomation dynamics was

considered but only average values were used for all relevant parameters. This represents a
typical boxmodel approach widely used in the past in dispersion modeling for health impact
assessments. While performing dispersion modelirdptain the ambient PM concentrations,

a nested receptor grid was set in a way to place receptors equally spaced@tes@he

modeling domain of m around the source. A total 4,859 receptors were included in modeling
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while 1,701 receptor sites weremoved afterwards as they were over the ocean with no human

exposure.

Obtained 24hour average grour@vel concentrations at each receptor were averaged over the
entire campus area resulting in an overall average concentration igdng®L With 32831
people being present on campus on average over 24 hours, iF was calculated to be 1.59 mg

inhaled per kg emitted particles or 1/8m (parts per million in mass).

Scenario 2: Spatial dynamics of receptolrs this scenarioHigure 3.4, spatial dynames of

receptors was introduced while other parameters remained as in scenario 1. All 374 buildings
inhabited by campus population were entered in the model as discrete receptors and 32,831
persons were equally distributed to each building. Obtained av2vdtpur ground level Pk
concentrations for each receptor for the month of September 2012 were used to calculate iF for
each receptor, with the results then plotted using ArcGIS software. The sum of iF for all
receptors on the whole campus was founiet@.28opm, based on values ranging from 0.0008

to 0.11150pm per receptor.
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Figure3.4 Scenario 2: iFor each liilding for September 2012.
() Indicatesbuildings.

Scenario 3Spatial and ppulation dynamicsin addition to the spatial distribution of population

in different buildings across the campus, this scen&igu(e 3.9, took into consideration
population dynamics by assigning the actual number of people per building duringhtber24
period: 8,218 in residences and 24,628 in academic buildings, with 32,846 peopdé Model
output, average 2hour ground level Pisconcentrations were then used to calculate iF for
each receptor with different number of occupants per builaiiegrding to building capacity.
The sum of iF for all receptors, indicating iF for the whole campus, wappvi/based on

values ranging from 0 to 0.13®m per receptor.
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