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Abstract

Building Integrated Photovoltaic/Thermal Collector for Arctic Residential Applications

Daniel Baril

This thesis investigate the performance of an open loop -based building integrated
photovoltaic/thermal collector (BIPV/Tylesigned tgpreheat ERV supply air and to generate
electriaty. Energy Recovery Ventilators (ERV) have proven successful in cold climates, but in the
extreme cold of thé\rctic, frequent frosting and defrosting cycles reduce their effectiveness and
increasdgheenergy consumption. Thus, by integrating with BIPWMfich preheats the ventilation

air, this problem can be reduced while also generating electricity. A finite difference model of the
BIPV/T system integrated in a typical potential application was simulated in MATLAB using local
weather data andndoor fresh air requirements toobtain systen outputs BIPV/T design
parameters such #wetilt angle,andcavity depthwere variedyith consideration of usingominal
lumber sizes and ease of construction for improved implementation for Arctic residential
applicationslt was seen that the BIPVATas able to increase the fresh air temperature supplied
to the ERV up to 18 andhelped to reduce the defrosting time up to 7 hours perTday40n
BIPV/T array also produced a considerable amount of electricity up to 33kWh/day and

7.5kWh/day of thermaenergy was recovered

Simulated &ectrical and thermal energy generated byBHeV/T system are then compared with
the measured energy usatgtafrom ahigh-performancenorthern housingprototypelocated in
Nunavik QuebecWith this comparison the net energy usagelitainedalong with theenergy
savingsand was seen to reduce the annual electriitsts over 30%s well as approximately

5.5% of the total energgosts
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1. Introduction

1.1 Motivation

The northern villages of Canada have seen massive change over &8eykzats and even though
substantial technological improvements have been made to the everyday life, lingering issues such
as insufficient housing and energy dependence on fossil feslainas major challenges to

overcomeg(Bolton, 2011) (Perreault et a2020)

(@) Nunavikiglooi n 1 &KBigh1950) (b) Nunavikhousingin 1965(Pearsonl965
Figure 1.1 Nunavik housing in 1950s & 60s

Nearly all the electrical and heating energy production in Nunavik is produced with fossil fuels
consuming over 170 million liters of petroleuwwachyear (Plan Nunavik2011) This not only
leads to high energy costs but also results in many environmental problems saks dsom
heating systemas seen in Figure A(a), leaks fromstorage containemss seen in Figure 2(b)

& 1.2 (¢) andfuel spills during transportation, as well as the associated greenhouse gas emissions.



(a) Fuel leakage from home heating (b) Fuel sbill from reéidfenti‘ail é;tbrag” tarfRhoto
system(Photo taken by author) taken by Edua Jones)

(c) Fuel Ieakge fom stor_aée druniBhoto taken by author)

Figure 1.2 Fuel spills and leakage

With a lack of skilled labor and long lead times to receive repaterial, heating system failures
arealsoa common occurrence, increasing the risk of plumbing system freezing, leading to costly
repairs and major disruptions to the occupants. With this energy dependence on fossil fuels in the
northern villages of Canadit is vital to seek ways to reduce the fuel consumption to lower the

environmental impacts, improve resiliency in emergency situations and to avoid high peak energy

costs.



1.2BIPV/T for ArctiBesidentialApplications

On top of the already Il ong | ist of oleslthyacl es
indoor air quality is now more important than eW§ith anincreasen theamount oteleworking

from home quarantine periods and public gatherings beastyicted people are spending an even

larger portion of their time indoors at homefurther increasing the need for fresh (&bouleish,

2020) As well, residentiakenergy usage during daytime howsre seen by Rouleau et,2021)

to have risen dumg the COVID19 lockdown periodand are expected to remain at these levels

with teleworking becoming more of the norrl8t r at egi es t o ensure a st
whil e at tlraeuskhneeen euggagree vital to ian Sahsd @i nab
Il n cold climates energy recovery ventilators
whil e reduci (GgrbeeStaght&gSyevens20d@ e st S eom Beaht t i e
(2018)i n t he extreme cold climate of the Arcti c,
mont hs gr etaheef Y ecedueress and reliability.

Il mhis study the potenti al of using a building
toepadtr esh aienthaerE®RMemi tegRY frosting is stu
simul ations.

As weilmul ated electrical,wand t mhemmalweiamguetyy dat
i @anal yamaeld,compared with monitored energy dat s
residenti ali bdhuep | neoxr tlhoecrant evdi.F It amdthbi mQuageamgnt §

fresh air metovarmsedroghs gamEdige mr @désn @e ntairees t dmptl e o



1.3Objectives

The following points are the main objectives of thesisstudy:

A To adapt BEaBWgTstems designedkéepingrihemnn

ease of construction and maintenance.

A Toimul ate the per fsoyrsmaennt eu soifnga |BolcPaM/ Twe at h e
community, i n ordetempendtwmeaeasd has owellletas

and thergaheeratrgmg.

A To analyze the eff ec-heéatadslaicERYtolere oBIt R \n/gT
antdonce etaiBesh w, rwisiulpel maxi mizing the el ec

generati on.

A To analyze thea hreetmadl emterrigei tuys aggred of an  Ar

combining simulated energy generation with

1.4Thesis Outline

Chapter 2 providesl#eraturereviewstarting withclimate change effects in the Arctiollowed
by Arctic green building projects in northern Eurpfanadaand Quebecalong withrecent solar
projects in Canada.he next section presentseview of BIPV/T and concludes with HRV/ERV

studiesin extreme cold climates.

Chapter Jpresentghe modeling methodology, including tR& building integrationsimulation
modelnumerical methodnodelcalibration/validationweather datareparationmultiple BIPV/T

configuratiors to obtain the highesutlet temperatureandthefan power usagealculations



Chapter 4 presents th@mulation resultsfor the BIPV/T, when using local weather data.
Specifically,the performance of thBIPV/T to pre-heated aito mitigate ERV frosting, as well as

the eleaticity and thermal energy generatiofhe chapter concludes with a simulation of an
alternative BIPV/T configuration to recover an increased amount of heat while keeping a

sufficiently high outlet temperature.

Chapter 5provides the analysis ofa northern housing prototype field monitoremhergy
consumption As wel | as an analysis of the Dbuildin

generated from the BIPV/T is coupled with the monitored energy usage

Chapter 6 provides the rolusions and contributions of the study, as well as suggested future

research to further the study



2. Literature Review

2.1 Arctic Climate Change

TheArctic is describedaseither theregionsnorth of thelOeC July isothermareas above th@ 6 € N
latitudeArctic circleor abovethe treelind AMAP, 1998) These regions can be seen in Figure 2.1
with the community of Quaqta@QC, located in the Low Arctic regio&haracteristics ofrctic
regions usually consist of large seasonal variations in s@diance solar #itude, precipitation,
and temperatureés well ashavingpermanently frozen ground better known as permafrost. With
an increase in global temperatyrtee Arctic is particularly vulnerable due tine melting of the
permafrostwhichreleases carbon dioxide and methane further additng temperature increase
(AMAP, 2017). Siron, et al, (2016) highlighted that ith theheightened effectsf climate change

in theArctic, adaptionto theimpactsis importantto mitigatetherisksto thissensitivearea

[ ] High Arctic [ ] subarctic
I:I Low Arctic

Figure 2.1Arctic floristic boundarieAMAP, 1998)

Treeline




2.2Global Arctic Green Building Research

Several countries hawrctic regions within theiborders and have creatdtetArctic Council
which consists of the countries of Canada, Rydsialand, Denmark, Norway, Sweden, United
States,and Iceland. The council works to maintain and create new initiatives to promote
environmental protection in thArctic and each country has set up guidelines and policies

according to theineeds

Specific initiatives aim to improve the building construction industrytardeate environmental,
economic, and social benefits. Environmental benefits are obtaimedgth conservation of
energy, water, material, and land. By using natural ventilation and daylighting, coupled with
renewable resources and higarformance building envelopes, energy usage and greenhouse gas

emissions can be greatly redu¢&ing et al, 2013)

Economic benefits occur from the lowered energy usage resulting in lower operating and
maintenance costs. However, there are generally higher initial material costs, certifications fees,
and technologial costs to meet the green building standandserefore, it is vital to optimize
building material amounts to achieve long term costs savings. Incorporated with renewable energy

usagetheenvironmental impactsanbe greatly reduced.

The following key pointsnentioned in the literature review byawasio et al (2020 werevital to

green building design practices in Arctic climates:

1 A high-performancéuilding envelope to reduce air infiltration and heat loss.

1 An energy efficient ventilation systensuch as HRVs and ERVs.



1 Renewable energy gendoat such as PVand onsite generation such as heat pumps.

1 Smart energy control systems, whican provide feed back to the uséos improved

management abbomtemperatures as well as water and energy usage

1 Locally producecenvironmentally friendly building products.

Some of the resent European projects includeGiezn Actic Buildings (GrAB) pilot project
consistingof collaborations from fouArctic countries Sweden, Norway, Russia and Finland.
With objectives to research sustainatbmstructiorto improve the buildings in th&rctic region

with social, environmental, and economic issues at the forgfRaviasio et al.2020)

Some of their projecincluded a pilot project in Murmansk northernRussia 69°N, and
Petrozavodsk Russia61°N where twoidentical prototype houses have been constructed to
compare green technologi@sa subarctic climate versus a location below the-aunttic with the
prototype seen in Figure 2.2n dternativewall construction using locally produced wood chips
sandwiched between layer of logs are being compared with a standard mineral watddnsall
Extensive field monitoring equipment was installed during construction to monitor the
hygrothermal and energy performanicgtial studies havet®ownthat that mineral wool wall was

more effective than the double log wall at reducing energge(uryachenko et gl2020.



Figure2.2 Pilotproject in Murmansk northern Russia 69Buryachenko et 312020.

In Sisimuit, Greenlan@6°N, a low energyhouse seen in Figure 2,3i1sesa passive solar design
with an HRV and solar domestic hot water heatindwas able to obtain a normalized net energy
consumption of 140kWh/fmwhich is well below the Greenlandic Building Code requirements of

230 kWh/nt (Vladykova et al.2013).

Figure 2.3 Low energy house in Sisimuit, Greenlghthdykova et al.2013).



In Kiruna, Sweden 67° Nhe northern most house in Swedemmeet the passive house standard
was built as seen in Figure 2.l wasdesigredto have an annual energy usesdkWh/nt/year.
The building uses highly insulatecdair-tight envelope wittanHRV, andafacade applied PV to
take advantage of the reflected irradiance from the snilwasured energy values of
56.7kWh/nt/year were below the passive housguirementsnd demonstrated thtite passive

house standard could be met in a-auttic climate(Dehlin et al, 2017)

Figure 2.4 Swedenods nehlibéta,2di7)most p

Modeling of a dwellig in Longyearbyen, Svalbai@°N, theoretically showed that it was possible
to achieve the Passive House standard in thisAuigtic location However some of the boundary
conditions needed to be changed sucthasimulatedbathroom and closets room temperatures
need to be lowered to 18°C instead of Q0&s well, feasibility was not considered in thesign,
althoughthe archetype was based on theuka, Sweden passive house design with some
modifications, such as reduced window areas andfaouseconcept to reduce the ratio of exterior
wall to floor arealt was also mentioned that the technical skills of the workers in Arctic region
were not consiered, thereforén reality it will be muchharder to achievéhe extremely high

quality of workmanshimeededo reach the target§Buijze &Wright, 2021)
10



2.3 CanadiadArctic Green Building Research

The governmento€anadads Ipddy Asctic andl Nartherndolicy FramewqrR019
contained three sectionwhich mostly focused on international cooperation as well as

collaboratiors with local northerncommunities.

One of the federal oNatural Resoureas Canada (DIRGaggjpresently f r o m
supporting the Indigenous Gifiesel Initiative The initiativeaims to support remote Canadian
communitiedo seek innovative means to reduce the use of diesel for heating and electrical energy
This is accomlished byproviding training programginancing,and access to technical experts to

implement clean energy projects (Impact Cana6al).

A more specific program focusing on clean energy induide Indigenous 20/20 Catalysthich

is a mentotbased capacity building programreated from the Indigenous Clean Energy
enterprise.The focus is oteachingndividuals from aboriginal communities across Canada about
clean energy, helping to improveommunity engagement, economic development, project
managemenas well as the operation and maintenaaggects of renewable energy projeuts

partnershipgindigenous Clean Energ2021)

2.4 Arctic Solar Application

2.4.1 Canadian Arcti®uilding Applied PhotovoltaicsBAPV)

The following projects are recenkean energy projects carried out or planned in the new future

across the Canadian Arctic.

A newly constructed 10kW PV array in the hamlet of Kugaaruk, Nunavut has been installed to

help power the community freezthe communig dckean energy manager asggraduateof the

11



Indigenous Clean Energy 20/20 Catalysts program and the IndigeneDse®d Initiative(Last,

2020)

The community of Kugluktuk, Nunavgtarted the initiaconstructon of the first hybrid solar/
diesel power plant in the circumpolagion(McKay, 2019. The planwasto replace th&0-year
old existing diesel power plant seen in Figurb. 2s well, the 1.5km fuel line connecting the
power plant to the diesstoragetanks no longecomplieswith the presenpetroleum codés a
leakage riskThe new2.6 MW plant will use higher efficiency diesel generajmrsducingless
emissions and will allow for integration with solar and wind systeétosvever due to COVIEL9

the project completion date has been delay¢il 2023 (George, 2020)

Figure25Kugl ukt ukdés di esel power plant t o(George, |
2020).

A wind and solar powered greenhouse in Gjoa Haighelping to supply fresh produce to the

small northerrvillage as seen in Figure &.The initiative ispart of a larger research project to

12



efficiently grow food in remote locations and is funded by several agencies including the Arctic

ResearchFoundatim, NRCan and the Canadian Space Agenwyith the project planned to

continue until2025(Tranter, 202Q)

| -

Figure 26 Gjoa Haven solar and wind powered green house and research (Stediaier, 202Q)

In 2017 a 27-panelsolar arraywasinstalled on the community center in Clyde River, Nunavut
70° N 68°Was seen in Figure 2.The system hassutedin approximately $5,00810,000in

savingsper year.t was reported that some panels were cracked from vandalism, however the

system wasanfirmed to be still fully functional

13



Figure 27 Solar array being applied to the facade of the Clyde River community ¢Roigers, 2018)

The community of Pond Inlet, Nunavut has also installed a 9.27 kW PV sgatére roof top of
the communig hall to reduce the chances of vandalism as seen in Figuréh2 systenis also

remotely monitored with real time data availablelioe (Rogers, 2018)

Figure 28 Pond Inlet PV system install on roof of building to avoid vanda({Roygers, 2018)
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2.5 KOTT SIP House

Anothernotablehigh-performance residential building project in the Canadlarth include the

Kott SIP House located in Igaluit, Nunavut 63%¥Nownin Figure 29.

Figure2.9 Kott SIPhouselocated inlgaluit, Nunavut(Photo taken by author)

The duplexwas constructed with structurally insulated panels (SIPnposedof expanded
polystyrene (EPS) sandwiched between sheets of orientated strand board (OSB).€hivelS{e
was chosen fais air tightnes®f less thard.5air changes per hour 80Pa andexcellent thermal
insulation valuesvith anRSI-7.0 floor, RSI-8.8 walls and RSI-12.3 ceiling. Building with SIPs
alsoprovidedthe advantagef enclosing the building envelope wittbr6 daygArmstrong 2011)
which isanimportantfactor,consideringhe short construction season in the Ardigilding with
SIPsalsoreduces the thermal bridging through structe@hponentcompared to the standard
wood framedconstructionsandreduces the amount of skilled labor requimedsite,since he

panelsare prefabricateefore shipping nortfSome of the dadvantages of using Sire the

15



need for lifting equipment osite, highemarineshipping cost due ttarger volume of the pre
assembled panelas wellcare must be taken to instathich panel tightly anthe jointsproperly
sealedo eliminatethe riskof air leakagdKayello et al, 201 7).

The building also uska passive solar design with larger south facing windows aathaporch
that acts as an air lock vestibule when entering the duplex. Advanced fenestestitsed with
low-e argon filled, triple pane windowas well as a heat recovery ventilator (HRV) to recover
heat from the exhausted air.

A standard truséramed roof was chosen instead of a SIP roof for ease of construction and to
prevent possible air leakage issues previously mentioned. Asusielf trusses to create an attic
space compared to a sandwich panel cathedral ceiling allowed for an incrieiakadss of
insulation. The performance of the unventilated attic spacanwwastoredby Baril et al, (2013)

in a remote hygrothermal field monitoring project awds studied through modeling and

experimental testing by Kayello et,gR017) & Geet al, (2018).

2.6 Northern Quebec Building Studies

2.6.1 Northern Housing Prototype

Approximately 90% of the housing stock in the northern Quebec territory of Nunavik consists of
social housing, of which50% are the J2.2 duplex budnnuallyby Ma ki vi kés Constr
Division since 2000, which can be seen in Figul®2SHQ, 2020) The other 50% of the social
housingprimarily consistsof olderSoci ®t ® de H4g3HQtwaod frasnadde@eh&lb e ¢

and semietachedhousing desigsbuilt in the 180s and 90as seen in Figure 21 (SHQ, 2014)

16



Figure 210J2.2Nunavik social housinguplex(Photo taken by author)

P LY X

-

Figure 211 Nunavik social housing built in 1980s & %(SHQ, 2014)

With such a large portion of thgopulation resiohg in the J2.2architype it was seen as a good

starting point forapilot project tohelp solvelocal housing issues

In 2015 a pilot projecentittedPr ot ot y pe D6 H a, Northeasint Howsing Phototypg i q u e
(NHP), wasfunded by the Société du Plan Nord (SPNanaged by the SH@ndwas created to

improve the current Nunavik social housing desiyrsteering committee comprising of several
Nunavik organizations, stakeholders, community members and SHQ took parsigradarrette

with the following objectives:

O«

Improve the cultural appropriateness of the design.

(@]

Increase the energy efficiency of the building.

17



0 Adapting the foundation system to address issues from climate change, more specifically,

preserving the pernfid@st andArctic tundra landscape.

2.6.1.1 Passive House Concepts

To achieve the energy efficiency goals the design team worked with the Canadian Passive House
Institute (CanPhi) to incorporate techniques inspired from their prog?assive Haus concsp

were used to reduce t he buadouble stugbailsingenvedopegy con
with RSF10.0 walls, compared to the RS.1 used in the J2.2n ERV, passive solar desigand

largetriple panesouth facing windowswith a solaheat gain coefficient greater than 508%ake

advantage of the solar heat gaamsl natural daylighting

2.6.1.2 Building Envelope

Table 2.1 Nunavikousingexterior wall configuration

J2.2 NHP

Exterior siding Exterior siding

Vertical wood strapping 19X64mm Vertical wood strapipg 19X64mm

Air barrier Extruded polystyrene rigid insulation 50mm
Extruded polystyrene rigid insulation 50mm Self-adhered air barrier

OSB 11mm Plywood 13mm

Wood Stud 38X140mm Wood Stud 38X140mm

Mineral wool insulation in stud cavity Air space 50mm

Vapour barrier 0.15mm Wood Stud 38X89mm

Wood Strapping 19X64mm Blown in high density fiberglass wool
Gypsum Board 13mm insulation in 279mm cavity

Optima membrane vapour barrier
Wood Strapping 19X64mm
Gypsum Board 13mm

Total RSI 5.1 Total RSI 10.04

18



The site was selected i n t hNewithNtoersauth éacing fagadel | a g e

seen in Figure 22 and north facing facade seen in Figurk32.

Figure 212 NHP southfacade(SHQ 2020)

Figure 213 NHP northfacadgSHQ, 2020)
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Figure 2.4 NHP floor plan (SHQ, 2020)

1: ColdPorch 2: Heated Vestibule 3: Living Room/Kitchen 4: Bedroom 1 5: Bedroom z
Laundry Room 7: Bathroom 8: Mechanical Room

The NHP floor plan can be seen in Figured2utith afloor area for both housing units and

mechanical roonof 209nt.

2.6.1.3 Mechanical Systems

A 47kW (160,000 BTU/hr)il fired boiler is used to heat a glycol water mixture which is
transferred to a double heating coil hot water storage tank. One coil is Unssatttee domestic
hot water system while the othemehedsthe hydronic baseboards and the ventilation fresh air
This system replaces the two oil fired forced air furnaces from the J2.2 as welbdditieel

burnesfor the domestic hot water heating.

North and south zonesgereset up for the fresh venttian air which is preheatagsingan

Energy Recovery Ventilator (ERV). The ventilation air is then ducted throughout the house in

20



the subfloor cavity with the outlets located at the bottom of the windows, which can be seen in

Figure2.15.

Figure 215 NHP subfloor ventilationducts(SHQ, 2020)

An initial air leakage test was conducted during construction before the gypsum board was
installed to find and seal air leakage locations in the building envelope. Another test was conducted
after construction mlting in 3.05 ACH50. This was seen as an improvement from the 4.5 ACH50
obtained from the J2.2 hoysence the samisuilderwas usedo construcbothhouseslit was not
mentioned if all intentional openings were sealed, since the ACH50 was muchthaghBassive

House Standard target of 0.6 ACHEHQ, 2020)

2.6.1.4 Initial Energy Analysis

The design team carried out an initial energy analysis using the Passive House Planning Package
(PHPP) to compare the performance of the J2.2 andNdrthern House Prototypend was
validated with EnergyPlus. Due to the extreme cold conditions, the exterior exposure of the bottom

floor surface, and the energy losses from daily cold potable water delivery to the interior storage

21



tanks, it was concluded that tRassive house standard was featsibly obtaired for the NHP.
However,a newdesign to reduce thiaermalenergy usagef the J2. Zuplexby 60% from310
KWh/m? to 128 kWh/nt was propose@longwith a maximum heating loadeductionfrom 122

W/m?to 42 Win? (SHQ, 2020)

2.6.1.5 Field Monitoring

The SHQ (2020) and an automation firm planned fiedd monitoring system during the design
phaseto beintegratel into the building, allowng for expandability while at the same time being
nortintrusive to the occupant§he main objectives were to monitor and compare the energy usage
of the twohousingunits and mechanical room, as well as verifications of mechanical equipment

design choicesby monitoring the indoor air conditions

Thedata loggers installedollect informationfrom 29 sensorand communicate the dataanon

site web connectecbmpuerwhichsends the informatioto anonline FTP site. Some issues have
arisen with the dependability of the internet connection, power esiiaghe village and the data
reception at the FTP site. However, over time the issues have been corrected allowing for a more
stable data collection. Logging intervals range from 15 minutes, 60 minutes and 24 hours
depending on the parameter. As well sosensors collethe operating or opening times such as

the bathroom fan usage or window openings.
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Table 2.2 NHRparameters measured and sampling frequency

15 minutes 60 minutes

24hours

CO:levels for Unit 1 &2 Water levels:
Relative humidity&

temperature foventilation air

0 Potable water
0 Wastewater

return Water temperatures:

Air temperature: 0 Potable water
0 Bedrooms1l &2 0 Wastewater
0 Cold porch 0 Domestichot
0 Kitchen/living room water
0 ERV exhaust

Electrical energy
Heating oilusage
Usage times:
0 Kitchen range hood
0 Bathroom ventilation fan
0 Clothes dryer

0 ERV
Total opening times:
Exterior door
Porch door
Vestibule door

O« O«

O«

Mechanical room door

O«

Bedrooml1&2 windows

O«

2.6.1.6 Initial Data Analysis

From the initial data collected it was found that the actual energy consumption was much higher

than previously simulated, especidilgm one of thawo housing units. For example, theermal

energy consumptiowas 237 kWh/rhicompared to the estimated value of 170 kWh/the same

can be said for the electricity usage. This illustrates the difficulties in modeling occupant behaviors

in simulations programs. It was also noted that the occupants opened the windows frequently

during he heating season, increasing the air exchange rate of the condition space, decreasing RH,

and increasing the heating loads significantly (SBIG20)
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2.6.1.7 Lessons Learned

Some difficulties and del ays oc c unfamilarty withur i ng
the dual coil hot water tankised to heat the hydronic baseboardshe the ventilation air and

the domestic hotwvater. As well the workers were not accustomed installthg triple pane
windows, metal roofing and the largeaffolding required to work on the back side of the house.

The increased ceiling height of the prototype also added additional volume to the conditioned
space compared to the J2.2 volume of 14,Gk®fnpared to 22,685%tor the prototype. Concerns

hawe also been raised about the complexity of the heating and control sysseseen in Figure

2.16, that could lead to difficulties repairing and maintaining the system by the local workers
(SHQ 2020) As was mentioned in SHQ (2018) it is important thatmechanical systems of the
residential buildings in th&lunavik are kept simple and at a minimum to allow for regular

maintenance and performance tests by local maintenance personnel

Figure 216 NHP mechanicakystemcould bedifficult to maintin locally (SHQ, 2020)
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2.6.2 NunavikClean EnergyBAPV & PV

Therehas beerocal interestover the past 15 years in Nunavik concerning renewable energy,
including photovoltaic technologiesSuccessfuprojectsinclude the Kuujjuaq airport terminal
which isthefirst LEED certified building in Nunavikandwas constructed in 2008A 6.3kWp

grid connecteanonocrystalline P\array, as seen in FigureXZ, was installed on the south facade
to reduce the electrical Idasandprovide an stimated 5040 to 5670 kWh of electrical energy

generation annuallgMatrix Energy 2007)

Figure2.17 Kuujjuag QCLEED certified airport with 6.3kW PV arrgMatrix Energy 2007)
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Figure2.18L a v a | Uni versityos WhapmhagamstyiQ {Matiko r
Energy 2011)

In 2011, a4.2kWp monocrystalline PV system was installed orLtteev a | Universityoés
Northern Studieshn WhapmagoosuKuujjuarapik,QC 55°N as seen in Figure I8, andusedow

voltageDC appliancegMatrix Energy 2011)

In 2017 a BAPV pilot projectto study the solar potentiai Kuujjuaqg, QC took place where
20kWp solarPV system was installed on tN&akivik Corporation headffice as well asa 45kWp
solar PV systemvasinstalled on the Nunavik Research Center buildagyseen in Figur2.19.

The project is the largest local grid connected net metering PV system in N(Baxdlon 2017)
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Figure2.19 Makivik headoffice and NunavikesearcltenterPV pilot project(Gordon 2017)

In 2018, HydreQuebec installed 69 PV paneads seen in Figure 20, in the community of
Quagqgtaq,QC with two 500kWh Lithium iron phosphate (LFP) batteries install@ Arctic

electrical energy storage systems that has an operating ra#@2©fto 30°QEVLO, 2018)

Figure 220 Quaqtaq HydreQuebecsolar project(EVLO, 2018)

27



A 100 kWp PV system is planned to be installed on the Kuujjuaq Forum to preledgicity for
two 6-ton ground source heat pumpstalled in 2020that will beused toheat the water at the

local swimming poqglas seen in FigureZL (Giordano & Raymond2020)

Figure2.21 Kuujjuagsolar/ geothermal pool heat@Biordano & Raymond2020)

2.7BAPWsPV

When using &nd alongground mounte®V systemss seen in Figure 20there is aequirement
for the preparatiorof the land tesecurelyerectthe structuraframing as wellasthe need for the
installation ofa service roaawill be required in most caseBoth construction processesquire
theremoval ofthe natural landscape, that can years to grow ina&ictic climates Theoccupying
of this spacealso takes away natural hahttthat could other wise be used faildlife and
traditional activities. Building applied photovolta{BAPV) systemson the other hantlelp to
conserve the larsdapeby installing the PV system axisting buildings that have alreatipd the
lot developedor the structural foundation of the buildings well, having the PV systemearthe

loads reduces transmission loss@g&A, 2019). These conventional BAPV systems typically
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convert the incoming solar radiation to electricity wih efficiency in the range of @0%
depending on the composition of the PV moduath the remainder of the solar radiation either
beingreflected orconverted to hedCandanedp2010).Typical designs promotéé heatossto
the environment to improve the electfiemergy generation efficiency and to prolong the panel

life span.

2.8BIPVIT

Building incorporated photovoltaics/ thermal collect¢BdPV/T) aim to improve on BAPV
systemsgenerating electrical energwyhile recovering the heat that would otherwise be last,
pre-heating fresh air or supphg a heat pump, as seen in the simulation study by (Ma 202l1).
Helping to improve the total solar radiation conversion to useful energy efficignty 55%

(Bambaa et al, 2011)

As with BAPV, BIPV/T systemcan helpto reduce electricdbads,avoiding high peak electrical

energy rates common #irctic regions Sincetotal heating loadsincluding domestic hot water

(DHW), in theCanadian residentigectorarei n t he 80 % range of the tot
(NRCan 2011), it makes sense tecover heat from solar systemmst would other wise to lost

(Pinel et al. 2011). This useful sensible heat can letma redudion in themaximumthermal

energy loadsallowing for adownsizingin the home heating system sizimgsulting in increased

heating system efficiency by allowing the heating system to operate at full load for longer periods

of time, reducing cyclingHeat recovery also reduces flossil fuels used by the heatisgstems

and improves energy security in emergency situatiolghile at the same time achieving the

objective of cooling the PV modules for increased electrical efficiency and increased service life.
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2.8.1BIPV/T Categories

There are severalariationsof BIPV/T collectorswhich use different configurations and heat
transfer fluids. The major categories can be divided into concentrating or flat plate systems each
of which can be installed on the facade and/or.rédhfile concentrating systems have proven
successful in certain situatioass s een by D &02§)lard CBemiSadaBet,2013)

the complexity of the systems can lead to high installation and maintenance costaiotithe

communitieChenet al,, 2012) Thereforethis study will focus solely on flat plate collectors

The flat plate systems typically uses either air, water/glycol or a phase changing substance such as
a refrigerant as the heat transfer fluddr based systems can hether divided into active system
where air is forced by a fan or passive systems that use natural convection. Water based systems

use circulators or thermosyphon action to transport the liquid

2.8.2ClosedLoop Water/Glycol Based Systems Open LoofAir Systems

Using water/glycol as the heat transfer fluid as opposed tairdrasedsystem does have its
advantages as the specific heat o6k Jdikfaf AiKs app
50/50 watefpolypropyleneglycol mixture (Dow, 2021) This higher specifihieatincreases the

useful heat transfer available from the PV to the buildargncreased thermal efficiendyoshi

& Dhoble, 2018. However, there are several disadvantages of using a ghatel/basedsystem

in the northern communitieslaving outdoor air flowing in the cavity behind the PV modules and
exteriorwall hasno risks of freezing or leaking when compared to a water/glycol system which

will inevitably leak over its service life and can befidiilt to access for repairés well, there is

arisk of freezing i the extreme cold winter temperatudesp belowthe freezingpoint of-33°C
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for a 50/50 watepolypropyleneglycol mixture or if water is added to a leaking systertuting
themixtureincreasing the freezing point {81°C for a 6040 watevpolypropylene glycomixture

(Dow, 2021)

Using an air baseapen loop flat plate facade integrated system has many benefits for use in
Arctic regionsAir as a heat transfer fluid is extremely light making it easy to integrate on a facade
or roof compared water/glycol that also requires a piping systenonAine on the hancan be
transported through prexisting cladding wall cavities and eventualitess the building through

light weight sheet metal ductgherethe air flowis easily modulatedvith a low power fan

The use ofa 90° sloped facade takadvantage of the low solar incident angle in high latitude
locations especially during the wintemonths helping to match the energy generation with the
higher loads during these timékhe 90 tilt angle also allows for maximum surface irradiance
gains taking advantage of the highly reflective snow cover for several months of the year that
would other wisebe greatly reducedith a system installed on the typical low sloped r¢Gisen

et al, 2012) Qehlin et al, 2017)

Having the BIPV/T system incorporated into the design of the building allows the PV panels to
serve multiple purposes for thailding other than solely energy generation. BIPV/T can replace

a portion of the cladding or roofing material acting as the rain and UV barrier of the building
envelope, reducing the material costs that would otherwise require having both PV and cladding
material installed. At the same time the esthetics of the PV module integration can be cgnsidered
blending in the modules with the standard cladding or roofing materials keeping the architectural

concept consisteriReijenga2000)
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It is also worth membning that heat losses through the building envelope from the interior
conditioned spaces can be recovered in the cavities and brought backcimsmdgng the tvalue
of the envelopdelping to compensate for low thermal resistance of the insulatiain lzakage

from workmanship errorgyang & Athienitis 2016)

A simple design that does not pose additional risks to the building operation and maintenance are
important for the northern communities, where there are long lead times to receive parts and
materials through expensive air transpastwell aghe shortage of skilled labor to carry out
maintenance and repair work. For these reasons mentioned the study will focus on an air based

flat plate BIPV/T system.

2.8.3 BIPV/T Projects

Building incorporated photovoltaics/ thermal collectors BIPV/T play an important role in the
implementation of renewable energy in the building sector, with several studies and prototypes

demonstrating the benefits (Sultan & Efz2018)

Severalfull scale BIPV/T projects have been implemented sucta 888nt unglazed transpired
BIPV/T collector installedon the John Molson School of Business building at Concordia
University located in Montreal, Quehewith the concept seen in Figure22. Experimental
testing conducted bfBambaraet al, 2011) demonstrated that the system was able tehped
ventilation air up to 20°C, while obtaining a combined electrical and thermal efficiency in the
range of 3755%. It was mentioned that essential items for an @btil@sign were the souticing
orientation, and the proximityo the mechanical room to reduce ducting requiremethiss

minimizing materialcosts andhe fan power as well as to facilitate the electrical connections.
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Figure2.22 Unglazedtranspiredccollector concept installed at Concordia Univerg§Bambara

et al, 2011)

Dermardiros et al(2019)studied the performance of tB&PV, and BIPV/T systems installed at

thenewLibrary in Varennes, QGwnhich wereinstalled as part of the design to achievezszb

energy building usagas seen in FigureZB. Other features of the building design include optimal

shape andrientation ofthe building to maximize daylighting and surface irradiance on the PV

system. As wellthe building takeadvantage ofiatural ventilation for free cooling of the building

and uses the BIPV/T to pteeat fresh airThe first year normalizedgrossenergycorsumptionof

the building was78kwWh/nt and was further reduced to 70kWR/riwith the BIPV & BIPV/T

energy generation the normalized net energy usage of the building was reduced to Z5kWh/m

Further commissioningndo pt i mi zat i on

of t ystenbcontrélsdare mejng s

studied tdfurtherreduce the net energy usgegounis et al, 2021)
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IPV/T roof

Figure2.23 Varennesibrary (Rounis etal., 2020)
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Figure2.24 BIPV/T schematig(Candanedo et aR011)
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Candanedo et ali2011) modeled and performed experimental studies with arlopprair
based BIPV/T system based on flystenthat was installed on the sloped rootloé
EcoTerra" demonstratiomousein Eastman, QCA schematic of the system can be seen in
Figure 224. From the studyconvective heat transfer correlatsiCHTCs)weredeveloped for

theasymmetridop and bottom surfaces of the cavity for forced convection

2.8.4 Arctic BIPV/IT

With the yearound heating loads iNunavik,it makes sense to take advantage of thermal energy
that would otherwise be lost to the environmé&perimental sidies have beeconductedor

Arctic BIPV/T applicationsby Chen et a).(20123) and have showthat the BIPV/T thermal
efficiency can be improved by reducing the heat losses to the environmental by the addition of

transpired glazingp the exterior surface of the system

Kayello et al, (2016) performed a simulatiostudy using BIPV/T to lower humidity levels in
residentialttic spaces Arctic climates while at the same time providing a substantial amount of

the heating and electrical energy for the house

Toffinin et al, (2019) demonstrated through simulations that BIP&StUld be successful at pre
heating air for HRVs to reduce the defrosting cycles for a residential application in Igaluit,

Nunavut.

Ma et al, (2019) concluded that an optimized passive solar design of a house in Yellowknife,
NWT could bring the normalizeghergy demand below 77 kWhinf\s well, aBIPV/T could be
usedwith an HRVto help reduce thé&osting risk time or coupled with a heat pump to improve

the efficiency and the working period.
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29 Arctic ERV/HRV

To achieve aenergy efficient buildingnvelopeit is vital tominimizeoutdoor air infiltration and
the exfiltration of conditioned air through unintentional openidgsconstruction processes are
becoming increasingly effective at reducing unintended air passage iout of the buildinghe
need for controlledresh airventilation systemsre vital to ensure high quality air for the
occupant 0 s healtbantoacuded ia thel Nunavik resideniradoor air quality (AQ)
studyfrom Aubinet al, (2019) Aswell controlled humidity levels are importaior preservation

of the buildingmaterialgGe et al.2018)

Air to air heat exchangeedso know asHeat Recovery Ventilator$iRVs) have beemn effective

method to efficientlymeet the fresh air needé the building,while recoveringsensiblethermal
energyfrom the exhausted aiDuring the regular operation ah HRV, condensation can occur

in the heat exchanger core of the pniberethewarm moist indoor air anthe cold outdoor air
streams pass. In warmer seasons the condengsigsigmed to bdrained as part of therocess
However in cold climatesthe condensateeginsfreeang whenthe inlet supply air is belowb°C.

In the extreme cold climate of the Arcticore freezing occurs on a much higher frequency as
ambient temperatures are belé®Cfor a large portion of the yeaks seen from the experimental

study conducted by Beattie et,a{2018), this canbe problematicsince the heat transfer
effectiveness is reduced from the core frosting and can eventually lead to system failure and more

importantly,thefresh airsupply is reduced.

Various $rategiesexist to mitigate the core frosting.he most commortechnique is the
recirculation of the warm indoor air inside of the umitppping the supply of fresh outdoor air

during the defrost periodds mentioned in the HVAC best practices in Arctic climgigénfield
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et al, 2021) cutting off the fresh air supply to commercialildings is not acceptable and is not

recommended for residential buildings as well.

Another method is to preeat the outdoor air supply with a heating coil before it enters the heat
exchanger s well as having a second heating coil after the HRV to irase the supply air
temperature to the rogrio a comfortable levellThis method is seen to be effective, however large
amounts of energy are consumed by the heating itcothe processHowever as seen in the
experimental study conducted by Berquist et(28021) in the Canadian Arctigvhichcompaed

the two defrosting techniques, gneated air versus recirculation, it was seen that thbgated

air was the more energy efficient methiodeduce core frostingnd ensured the designed fresh
air supply to the occupantShe systenthat wasreliant onthe recirculation methogdwithout air
preheatindy heating coilshadair supplied to the living space at times cooler than the indqor air
requring the home heating system to warm the i@icreasing theoverall energyusageof the
building. As well, this was seen toreat discomfort to the occupantspm the cool draft of air

being suppliedwhich led to the ventilation system being turnedatiftogetherin some cases

Another successfudefrost mitigatiormethod used in Greenland and studied/laykova et al.
(2012) uses a dual core system that alternates airflow between ckeep @ continuous fresh air
flow while the other core idefrosting.In a study conducted B Ouaziaet al, (2019 it was also

shownthat dual core systems were able to preform well in northern settings.

A similar devise to the HRV is aBnergy Recovery Ventilator (ERYwhich uses a vapor
permeabléneat exchangarorethatallows forsensible as well datent heatransfer between the
conditioned indoor air being exhaustaad the cold dry outdoor air entering the building. This
process helps humidify the cold dry outdoor ainigdgdrought into the buildingvhile at the same

time helpingto mitigatethe condensationccurrencenside thecore andowersthe corefrosting
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threshold to approximateh10°C (Beattie et al., 2018)n a simulation study conducted by Li et

al., (2021) significanteductionwasfoundin the heatingenergyusage for northern housing.

In conclusionERVsare a attractiveoptionto be used in the extreme cold climate of the Arctic
asthe frosting riskhresholdsare reduced while at the same timereasing the ¢ ¢ u pcamifdrtdo s
by increasing the indoor relative humidity during the ¢diy, heating seasoit is worth noting
that in the conclusiodiscussed in the studyf Aubin et al, (2019), it was seen in Nunavik that
regularpreventative maintenance on the HRV/ERV systems was lgdkavgeveronce properly

maintained they were able to provide effective IAQ and energy saving benefits.

2.10Literature Review Summary

As was seen in the sections of the literature review presehi@,is a desire to improve the
construction practices of the buildings in the Arctic regions of the world, for the environmental,
social,and economical benefithat are a consequenad the green building conceptSeveral
projects have focused agreen building and passive house concepts to imptioehermal
performanceof the building envelopeandthe energy efficiency of theechanical systems. As

well, it was seen that there has been an increased amount of interest in renewable energy
generabn, specifically solar power in the northern villages of Canada, with the community
members taking part in training initiatives and programs to be able to actively participate in the

clean solar energy projects.

From the studies reviewed it was seen BI&V/T has several advantages over stand alone PV,
BAPV andBIPV, with the most important benefit being the recovery of heat, which is of even
greatersignificancein the extreme cold climate of the Arctitt was seen that HRVs and ERVs

are a key compant toprovidefresh air to the occupasih tightly sealedenergy efficient building
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envelops. However in thecold Arctic conditionghe frosting of the heat exchanger core reduces
the effectiveness of the units alodversthe amount of fresh air supgdl to the occupants. It was
demonstratedrom previous studies that coupling BIPV/T with HRVs have been effective at
reducing the frosting times howeyéhnere have been limited implementationsathsystems in

the Arctic.

This study aims to buildnthe promisingstudieseviewed anavill focus onadaping theBIPV/T
system forwood framedArctic residential applicationsvhile keeping in mind the ease of
construction and maintenance that are vital to aptisim successful projects in the small Artic

communities with limiedskilled labor and materials.
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3. Methodology

The methodology section presents the steps taken to meet the objectives set out in Chapter 1 of

adapting amair-basedBIPV/T for northern housing tonaximize the outlet air temperature to

mitigate ERV core frosting whilgeneratng electricity and therma&nergy

The first step in meeting the objectives of adapting a BIPV/T design for northern housing, was to
propose an integration of the BIPV/T system onto a typical housing duplex presently being
constructed in northern Quebec. The envelope design \pashieesame, except the cladding was

replaced by PV modules which serve as the rain and UV barriers while generating heat and

electricity.

To analyze the effectiveness of the BIPV/T to-peat fresh air and obtain electricity and thermal
energy, a firte difference simulation model of an air based open loop system has been developed.
Mo d e | validation was conducted wusing BIPV/T

solar simulator lab.

Local weather data has been gathered from multiple soancewas used to prepare the inputs of
ambient temperaturesolar irradiance wind speed, and sky temperature. Indoor fresh air

requirements for a typical overcrowded duplex were determined and used to supply an ERV.

Possible configurations of the BIPV#ilt angle and cavity depth wemvaluatedto obtain the

highest outlet temperatures during the coldest months to mitigate ERV core frosting.

A ducting system was then designed to supply théaeated fresh air to an ERV and the associated
pressure loses were determined in the ducting and cavities to obtain the fan power required to

overcome the losses.
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3.1 Desigmof anintegrated BIPV/B/stem

To improve implementation of BIPV/T in Arctic regions, a simplesteffective,pragmaticdesign
is required for ease of construction and maintenam@seping changes to the building design to a
minimum are importantio reduce any additional time required to install the BIPV/T systard

to minimize the chances wforkmanshiperrorin the pocess

A typi twbedrRoe®ml ex built in Nunavi k can seen
Vertical 1X3 (19 X 57mm) wood furring strips are installed to crezteitiesbehind the cladding

to provide drainage and ventilation, for drying of the envelope materials.

Figure 3.1 Vertical furring strips presently used on standard Nunavik housing constructis
(Photo taken by author)

For the integration of the PV modules the buil

3 . dxgept, instead of the standard cladding, PV panels will be installed on the south face of the
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building. Qreatng a BIPV/T facade that not only producasctrical and thermal energy but also

serves as rain and UV barrier of the building envelope

To have a proper integration of the PV, thetatlationmust be designed from the beginning of

the projectand not added on latter in the process. For thdys the integration is assumed onto

the south facing fagcade of a new iteration of the original Northern Housing Prototype (NHP)
design seen in section 2.6.1. However, the south facing windows have been shifted and the
mechanical room access is assumedthe north face. The same south facing window to wall ratio

is keptto have similar solar heat gains and daylighting, when analyzing the energy usage. This
allows for 4m of vertical length for the cavitiemnd 10m of horizontal width of exterior wall to
install 20 2 X 1m PV panels, creating Bm X 2m cavities as seen in Figure 3viaximizing the

available fagade space BIPV/T energy generation.

Ducting System Behind Insulated Bulkhead
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BIPV/T Amay — E
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Figure 3.2South facade of duplex with 4GBIPV/T array
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Figure3.3 BIPV/T wall section drawing.

An annotatedvall section drawing of the BIPV/$ystemcan be seen in Figure 3.3.

3.2 Thermal Network Model

As was seen in section 2.8 of the literature review, an open loop BIPV/T systenhosenyith
air as the heat transfer flugihce itlight weight, easily transferred, and has no risk of freezing, or

leaking, compared to similar water/glycol systdiMang & Athienitis 2016)

The BIPVIT system was modeled in MATLAR)y using the finite difference control volume

scheme. Wherthe cavity cross sectias discretized into the thermal netwaskownin Figure
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3.4. By establishingthis thermal networkan energy balance was able to be performaiethe
principalnodes othePV, cavity back surface and cavity d@w obtiana setof algebraiequations
These equationwere thensolvedusing thefully explicit Euler method The list of parameters

solved and corresponding equations3.10 can be seen below.

Tair outlet

N =

PVPanel —
gma —

gsky
1/hbAcv| |

Pelec —
\/\ - | Rinsul
Text @ e 1in
1/ho TPV Thase| —
1/hrAcv I
Tair inlet

Figure 34 Controlvolume of theBIPV/T cavity thermalnetwork
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The average values of the mass flow tateand specific heat of air

were used when calculating the total heat recovered
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The following linearized radiative heat conduction equation was used.

Y QXL Y XxPU

C
P
Q

o®0

& p

The top surface of the PV is assumed to be glass which has an assoissdityQ of 0.95.

The back surface of the PV panel is assumed to be steel plate with an em@sofit§.95.The
back surface of the channel is assumed to be X&&aimon withan emissivity'Q of 0.2.

The inlet temperature is considered #mbienttemperature for the first control volume. For all
other controlvolumes,the outlet temperature from the previous control voluvas used as the

next inlet temperature.

Each parametewas solved by using the values from the initial conditions or previous results.
Equations are solved several times with the daooely weatheconditions (outdoor temperature,
solar irradiance, sky temperature and wind spdedjave the results converge to within @. bf

the previous iteration.

3.2.1Photovoltaic Specifications

— - zp rzY Y (3.10)
- p LU P(Pike Research2012).

Y 20°C

b =0.0045
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3.2.2Control Volumes

The length of the channel was divided irs®veralcontrol volumedo accurately calculate the
increasing bulk mean air temperature and its corresponding properties. As the number of control
volumes were increased the results started to converge and were found to be withof 0.1
convergence when using 200 control voluniegias of concern thaising such a high number of
control volumegould becomeomputationally expensivend if necessarythe numbepof control
volumes couldbe reduced to increase the program efficiency, while sacrifisorge ofthe

calculation accurey, however this was not the case during shmulations

3.2.3Air Properties

As the properties of air change with temperature, correlations were estabdistsedan accurate
value for each control volum&aluesfor the following air propertiekinematic viscosity, Prandtl
number, thermal conductivity, air density, and specific tedt atm pressurfer a range between
-50°C and +60°C were obtain&@m the propertestables ofCengel & Gharjar (2011)andwere
plotted inMATLAB . Basic fitting wasused to produce the correlatiofts each propertyas a
function of the bulk mean temperaturengl'in the cavity. The curves for each property can be
seen in the appendix.

The knematicviscosity was determined with a linear approximation function.

O Ugzpmz’Y p&oYp T (3.11)
The Prandtl number was determined with a cubic approximation function.

01 p®zpmzY p&zpmzY TEINTNEY TWOPC (3.12)
The thermal conductivity was determined with a linggproximation function.

Q x®zpmz'Y mMWICOQT (3.13)
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The air density was determined with a cubic approximdtiontion
Toe®pzpm Y pzp T zY TINT XY PE w( (3.19)
The specific heat at constant pressure was determined with a cubic approxforatimm

w p8zpmzY mWNEESY mWeEY pnme (3.15)

3.2.4Convective Heat Transfer Coefficients

The Reynolds Numbewhich isratio of inertia forces to viscous forces was determined ukmg
air velocity in the avity multiplied by the hydraulic diametébn) divided by the kinematic

viscosity.

0 ARV I ® YR w0 "Bl ELHNN
19 6 OL DOD Qa Qo Qi P 9

YO 8 QO Qa*le“womﬁa\w Q0 Qi
0 a e L QL QA ARIQDE | QO W o X

TheNusselthumbers used were taken from the experimental correlatioas far based, wood

framedBIPV/T determined by (Candanedo et aD11).

For the front side of the cavity the following correlation was used.

06 mThruvrY® z0i8 (3.18
For the back side of the cavity the following correlation was used.

66 p8tpXY® z0i8 (3.19

From the Nusselt Number the convective heat transkdficents for the front side of theaity

"Q and back side of theagity Q were calculated as follows.
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3.3 Model Validation

The criteria from ASHRAE Guideline 142014 Measurement of Energy and Demand Savings
(ASHRAE,2014) usingthe Coefficient of Variation Root Mean Square Error (GRMSE) and

the Normalized Mean Bias Error (NMBE)ere utilized to validate and measure the model
accuracy with regards to experimental daiae experimental data was obtained from the results

ofBI PV/ T tests conducted at Co nbyYangkiAthienisi ver si

(2014) with a schemat of theexperimentaket upseen in Figure 3.5

B I O
#62-3%|,E 7 p T o8 ¢

" %—F—— prih (3.23)
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O =mean of measured values
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Figure 35 Schematic oBIPV/T experimental setufang& Athienitis, 2014)

The following experimental parametevereused in the simulation model:

0 Wind Speed: 1.6 m/s

o Ambi ent Temperature: 20e¢eC

o Solar Irradiance: 1080W/m

The experimental cavity dimensions weratamed in the simulation model and can be seen in

Figure3.6.

o Height 0.04m,

o Width 0.38m,

o0 Length 2.89m
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Figure3.6 Experimental cavity dimensiored materials.

Measuredxperimentabutlettemperature valugaken at 4 points from the inletwere compared
with 14 simulated outlet temperatuk@luestaken at the same distance from the inhgth the

values seen in Table13.

Table 31 Experimentaimeasured andmulatedvalues

Point Distance Measured Calibrated Measured Calibrated
from Outlet Simulated Outlet Outlet Simulated Outlet
inlet (m) Temperature Temperature °C  Temperature °C  Temperature °C
°C for for 0.26m/s test  for 1.5m/s test for 1.5m/s test
0.26m/s test
1 0 20 20 20 20
2 0.06 27 21 24 20.3
3 0.29 27.5 24.7 23 21.6
4 0.52 29 28.1 23 22.7
5 0.75 31 31.1 24 23.9
6 0.98 33 33.8 24.5 25
7 1.21 36 36.3 26 26.1
8 1.44 38 38.5 26.5 27.1
9 1.67 39 40.4 27 28.2
10 1.9 40.5 42.2 28 29.2
11 2.13 41 43.8 29.5 30.1
12 2.36 43 45.2 31 31
13 2.59 44 46.4 31 31.9
14 2.74 45 47.2 30 325
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3.3.1 Model Calibration

Iterations of the simulation were run using éxperimental BIPYT cavity dimensions along
with the environmental condition§he convective heat transfer coefficients, sky temperature
assumptionand emissivity valuesere variedwith the objective of having the simulated outlet

temperature approach the experimental outlet temperature values.

3.3.1.1 Model Convective Heat Transfer Coefficients (CHTC)

Nusseltnumbers developed from BIPV/T experimental correlations from Candaneddq20:1)

wereused inthe model to determine the convective heat transfer from the cavity surfaces.
Cavity front side
06 mTrurY® z0i8 (3.24)
Cavity back side

66 p8tpXY®P z0i8 (3.25)

Iterations were performed with three different exterior convective heat transfer coefficiénts

the closest fit to the experimental data

A ho=5.7+3.8wina (McAdams 2006 (3.26)
A ho=8.55+2.58/uind (Test et al. 1987 (3.27)
A ho=11.99+2.2/ins (Sharples & Charlesworti 998 (3.28)

52



The outlet temperatures of the simulation mpdgwell as the experimental datath both using
a 1.5m/scavity air velocity are shownin Figure 3.7. It was found that the Sharples and
Charlesworth CHTCorrelation provided the most accurate results compared to the McAdams

and Test et alCHTC correlations.

3.3.1.2 Sky Temperature

Original simulations were also run assuming the sky temperature was the same as the 20°C ambient
lab temperatureHowever after reviewingthe experimental detailhe Solar Simulator artificial

sky usage was notedherefore the sky temperature correlation frgiuffie & Beckman2013

was used which resulted in closer results to the measured values when used with tee &harp

Charlesworth CHTC.

40
McAdams
36 —8—Test et al
Sharples
—a— Sharples w/Tsky
32

———Sharples w/Tsky & EmmisivityUpdated

Measured

Outlet Temperature [°C]

1 15 2 2.5 3
Distance from Inlet [m]

Figure 37 Model calibrationusing 1.5m/scavity air velocity with simulated& experimental
data, with2 0 er@bienttemperature0.0228 n¥/s air flow, andl080W/nt solar irradiance
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3.3.1.3 Emissivity Values

For further improvements, the emissivity valugere changed to match thalues usedy
(Candanedo et al2011) with the exterior surface of the PV module assumed to be made from
Tef zel wi t h 1 d 095.6eThei ingesor sutifateyof the PV modules assumed to be
made from a steel ,pfl08% Ehe backsurfacaof thecavitgs assumadt y U

to be made from XPS isd®d0ati on with an emi ssi

3.3.2 Model Validation Results

Using thes@arameterghe C\-RMSE was determined to be 5.3%d the NMBE was determined
to bei 1.8%when usinghe measureexperimental data frorffang & Athienitis, (2014)as seen
in Table 3.1for the cavityair velocity of 1.5m/s testThedifferences in the results are sde be
greatest at point two of the measured data, where the entrance effienigriifauence on the cavity
air temperature. If this point is removed from the -BMSE calculation the percentage is
improved to 3.9%.The (ASHRAE, 2014)criteria for a vatlated model is <30% for GCRSME
and <+£10% for NMBE.Both C\-RMSEand NMBE determinederewithin the validated model

range.

As well, the measuredexperimental resultasing a 0.26m/s cavity air velocity, wetempared
with the simulated values as seen in Figure 818ing equations 3.22 & 3.28sulted in a CV
RMSE of 6.6% and a NMBE 0f2.4% The same entrance effect can be seen to occur at point two
of the measured datand when removed from the calculation the-RMSE improved to 4.8%

Both CV-RSME and NMBE percentages were also within the validated model range.
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Figure 38 Outlettemperaturaisingsimulated& experimental datavith 0.26m/scavity air
velocity, 2 0 erfibienttemperaturg0.0228 /s air flow, and1080W/n¥solar irradiance

Table 32 Model calibrationresults &validationcriteria

Index ASHRAE-14 2014 1.5 m/s Experiment  0.26m/s Experiment
Validation Criteria

NMBE <+/-10% -1.8% -2.4%

CV-RMSE <30% 5.3% 6.6%
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3.4 Weather Data

To obtain the BIPV/T system outputs faspecific locationhourly weather dataasrequired to
be inputinto the calibratedmodel Local weather data fodew pointtemperaturedry bulb
temperaturgand wind speefibr the community of Quagta@C wereobtained from Environment
and Climate Chang€ a n a (E&Q@C2020 historical weather files/hich are based on thecal

weather station operatéy NAV Canadaat the Quagtaq airport
i Climate ID 716273
1 Latitude6 1A0Q060083. N
f Longitude0®IAB7604.

9 Elevation 32.30m

3.4.1 DewPoint Temperature, DrBulb Temperature, Win&peed

The hourly valueof the dew point temperature, dry bulb temperature and wind spessl
averaged for each month based on26&7 ECCC QuaqtaqQC weather file and can be seen in
Figures3.9, 3.10& 3.11. Color scales were added to the tables to facilitate analysis of the monthly
trends.July and August were the warmest monthigh the average hourly ambient temperature
remaining below 10°C for the entire ye@he coldest month was seen to be in February with the
lowest hourly average temperature-82.8°C obtained. It was noticed that the average hourly
monthly temperatures ave only above zero for the entire day Jane, July, August, and

September.
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Jan |Feb |Mar Apr May |[Jun
0 3.5 0.5
1 -53.7 -0.6
2 =9 -0.5
3 -5.7 -0.5
4 -3.6 -0.4
3 .0 -0.2
& 3.3 0.0
7 50 01
a8 -4.7 0.2
9 4.6 0.2
10 A5 0.3
11 44 0.6
12 4.3 0.7
13 41 0.8
14 -3.9 0.7
15 -40 038
16 4.0 0.8
17 41 0.5
18 4.1 0.5
19 43 0.3
20 43 01
21 45 0.0
22 4.8 -0.1
23 49 -0.3

Jul Aug Sep Oct |Nov |Dec

40 41 14
40 39 1.3
40 39 15
40 39 14
3.6 3.9 17
42 41 14
43 46 14
45 50 1.8
46 51 20
46 51 19
44 53 20
42 52 2.0
43 54 20
43 53 17
42 51 16
40 49 15
41048 15
41 46 14
3.9 44 15
41 43 15
42 41 14
39 41 14
41 42 14
41 42 14

Figure 39 2017Quagqtaq mnthly hourly average dew point temperatif(€]
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Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov

0 35 36 0.5
1 37 35 -0.4
2 -41 34 -04
3 -4.0 3.4 -0.5
4 -3.8 3.0 -04
5 = 33 04
6 28 =1 o2
7 -2.4 3.9 -0.2
8 -1.9 43 -0.1
9 9 46 0.2
10 -0.8 48 05
11 03 50 06
12 a1 =4 06
13 0.0 53 07
14 0.1 0.7
15 0.0 52 06
16 -0.3 50 04
17 98 -06 46 0.1
13 . 10 43 -01
19 - 16 40 03
20 31 39 01
21 =35 3.8 -0.2
22 -2.9 2y 0.2
23 3.0 3.6 -0.4

Figure 3102017Quaqtaqg ronthly hourly average dry bulb temperat{f€]

The monthly wind speed trenfts Quaqgtaqg as seém Figure 311, show that the windiest months
are October and Novembaerith the highest average hourly speed of 9.0 m/s obtained. The calmest
months wereeen to be in February, May, Judely, and August with the lowest average hourly

wind speed of 3.8 m/s obtained.
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Jan Feb Mar Apr Aug Sep Oct MNov Dec

0 6.6 5.5 7.8 6.1
1 6.0 5.8 73 64
2 6.2 5.6 71 63
3 6.2 5.6 71 6.4
4 6.6 6.0 70 6.4
5 6.2 5.8 69 5.1
6 6.7 5.9 7.6 6.3
7 65 43 59 75 6.7
8 6.7 5.9 78 6.7
9 67 6.1 73 6.7
10 69 6.3 6.5 6.5
1175 6.2 74 5.2
12 6.5 7.5 6.6
13 7.2 49 67 6.7
14 69 48 6.6 6.4
15| 7.3 4 6.5 6.0
16 6.1 6.6 5.2
17 6.3 6.3 6.0
18 5.9 6.3 5.9
19 6.9 5.8 5.5
20 6.2 6.2 5.9
21 7.0 6.0 5.2
2 65 6.2 6.0
23 6.9 5.9 6.1

Figure 311 2017Quaqtaqg ronthly hourly average wind spegi/g

3.4.2 Sky Temperature
The following correlation has been usedlaiermine the sky temperatiie for Quaqgtaq

Y SYOIE ppr@IUY mWInNnTRo T@rpAl ®o 7 (3.29)

(Duffie and Beckman2013)

Dew point temperature8Y ) and thedry bulbtemperature”Y) are taken fronECCC historical

data. Wher@is the hours from midnight.

The followingsky temperatureorrelationfrom (Anderson et al.2009, wasalsoused
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Y =mtox v 8 @ OY (3.30)

(Anderson et al.2009)

However,the sky temperaturesbtainedusing (3.30)were higher than the ambient temperatures
for ambient temperaturdmlow 0°C thereforehe Duffie& Beckman (2013 equation was used
for the simulationdata tableshownin Figure 312. The sky temperature reaches its minimum

value 0f-51.8°C in February and maximum value-b2.5°C in July.

Jan Feb Mar Apr Jul Oct Mov Dec

-39.0 -26.9 -20.5 -23.0 -31.9 -38.3

May Jun Aug Sep

0
1 -39.4 -27.3 -20.8 7.3 -23.0 -31.8 -38.4
2 : -20.9 17.5 -23.0 -31.9 -38.6
3 -20.9 17.6 -23.3 -32.0 -38.6
4 -21.1 -18.1 -23.3 -31.4 -39.0
5 -23.7 -31.1 -35.1
6 -23.9 -32.6 -38.7
7 ' -24.1 -32.9 -39.0
3 ) -24.2 -33.2 -402
9 17.9 -24.

10 17.9 -24.1 -33. 2%

11 8 -24.1 -33.3 -39.2

12

13

14

15

16

17

18 . .8

19 -23.6 -32.4 -37.4

20 -23.2 -32.0 -39.8

71 -23.0 -32.1 -36.8

22 -22.9 -31.8 -37.9

23 -23.0 -31.2 -38.9

Figure 312 2017Quagqtaqg ronthly hourly average sky temperat(it€]
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3.4.3 Solar Irradiance

Solar irradiance dat@r Quagtagvasnot collected by ECCC therefoedternativemethods were
requiredto approximate thé&ourly total surface irradianc& he first method uses a Clear Sky
Model with Cloudiness values recorded by ECCC. The second method uses satellite derived
weather data obtaga fromCanadian Weather Energy and Engineering Dat&3AMEEDS from

the weather statior Igaluit, NU and KuujjuaqQC interpolated for Quaqta@C.

3.4.3.1 Clear Sky Irradiance

Hott el 6s c (Hetelrl1976)kng comatatoad frorfLiu & Jordan 1960) were used to
estimatethe total clear sky solar radiation for a surface azimuth of 0° due south and tilt angles of

90°, 80° and 10°. Where the 10° tilt angle is based on the roof sidpbe NHP
Thesimilar geographic coordinates the Quaqtaq airpostere usedn the clear sky model.

A 61 026N
A 69 376 W
A Elevation: 32m

A Local Standard Meridian 75

The beam surface radiatibgy, diffused surface radiatioasland ground reflectesurfaceradiation
I,swere calculated using the correlations from &idordan1960). These three components were

then added to provide the total surface radiafion

0O 0 'O O (3:31)
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‘O is theextraterrestrial solar radiatiamhichis afunction oflscthe solar constant and day of
the year. The value rangesby3/% depending on t he Wharethdhds di st
valuefor Januaryd2is 1412W/m?and July 02s 1321.9W/m?,

—~ s s £
(@] O p T[8I0A§I|Q0(pu o ¢

‘0=1367W/nt

The apparent solar time AST is used to give the exact sun position in the sky and is a function of

the local standard time LST, geognhaplongitude of the specific location LON and the equation

of time ET.
B YYD YUY a Qe B BB Oy &
0 —~—=.0 YO DUU o® O
QQ"Q
The equation of time ET is a correctionfactsreed t o account for irregul

and is a function of the day of the year n.

- cere £ WP Ao £ WP cEre £ WP

The solar altitude U is the ana@fuectobefthevoen t he
angleha which gives the angle of the of the sun rays before or after solar noon. As w&h the
depends on thewthechi nat i accmoamgl| d oi Earthés ax

the sun path. The third factor in tiiébequationis the geographic latitude LAT of the location.

| AOHI ©b6 "gbéli AT '@ OED b "®WEN (3.3%)
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@ p Ve~ Y7Yp ¢i'Q o® @
TE
CﬁLﬁ"Q@;"GCLAAC o® X
oQu
The solar azimuth angle G4 is the angle of
(xQET DETSYORT @ N
SATIORT ©6 Y 6D o Y

The zenith angle z is the complement of the solar altitude.

d W | (3.39)

The direct beam normal radiati@ is the irradiancen surfaceperpendiculat o t h e

0 t 00 (3.40)

Hot el 6 s CIl evasused3ddgtermmmedhe fransmittance of the direct beatediation

through Earthdés atmosphere.

T o o o8 p

Table 33 Climatecorrectionfactortable

lo r Mk
Sub-Arctic Average 1.02 1 1
Sub-Arctic Summer 0.97 0.99 1.02
Sub-Arctic Winter 1.05 1.01 0.99

s u
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Usi ng KRoredian Fatters for Climate Typssen in Bble3.3,from Duffie & Beckman
(2013), coefficients for the Subarctic winter were determined by using the summer values for
Midlatitude and Subarctic then interpolating with the Midlatitude winter values. The average

Subarctic values were then used to calculatéo¢laentransmittance for each hour of the year.

The | o cltautdeio as méasured ikm above sea level.

O I McoydinyOPEe O (3.42)
O | MMnuudnu Oegd O (343)
Qi1 ™M xppBipPOGR® O (3.44)

The horizontal diffuse transmittante has beemletermined using the correlations fraum and
Jordan (1960)which uses the beam transmittance previously determined. From this the diffused
horizontal radiationghis determinedusing the extraterrestrial solar radiati@ and the solar

altitude U.

T T X p g w oo (3.45)
'O t J0 VE|N (3.46)

The eamdirect radiatiorcomponent othe surface O is determined using the angle of incident

d, t hezismytarhéd surface azi muth 9%.,, and the sol ¢
I e T (3.47)
— AATAQ IO AT HODET O[T AT10 (3.48)
0O 0 AT & (3.49)
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The dffused surface radiatiofD is then determined, assuming isotropic distribution of the
di ffused radiation, using the surface tilt an

horizontal radiatior gh.

0 0o30>—— (350)

The reflected ground radiatio® from a horizontal surface was determined udiagh the

horizontal diffuse transmittanck andthe transmittance of the direct bedmalong with the
sol ar ahdtthest wurdfea cle using equatrBg7. As well asthe reflectancé of

the ground surfacevhichis of importance and will be discussed in more détaskection3.4.4.

AT10
o odq ot t+ odf A9 B p

C
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L]
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g2 400
F

& 300
5
(%, ]

200

90° Slope 80° Slope 10° Slope
100
0
1 2 3 4 5 6 7 8 9 10 11 12

[Month]

Figure 313 Quagqtaq clear sky peaouth facingsurface irradiance for three surface tilt angl
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The total surface radiatiof® was then determined for every hptor each day of the year for

three tilt angles of 19 8C0° and 90. Thepeak clear sky surface irradiance for three tilt angles can

be seen in Figure B3. The 80 tilt provides an increased amount of peak irradiance between the
months of February to October. As well the 90° and 80° slopes provide higher surface irradiance
for all months except for June and July where the 10° slope peaked with its highest Madues
peak values for the 90° and 80° tilt angles are seen to be in April where the large tilt angles take

advantage of the lower solar altitualedsnow reflectance.

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

= e = R R L

el
L=

12

=
S

Figure3.14 Quagtaq average monthly hourly clear sky 90° surifaadiance 0.7 [W/m?]

The complete table of the hourly average surface irradiance values for the 90° tilt for each month

can be seen in Figureld. Large seasonal variations in the amount of surface irradiance can be
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seen with December having approximately 6 hoursoddir irradiance while in June there was

approximately 18 hours.

3.4.3.2 Cloud Cover

The 2017 hourly cloud cover data from ECC@swsed in combination with the Hotel clear sky

irradiance to determine the approximated surface irradiance for Quaqtaq. Theemesasaf

cloud cover was performed by the observational method at the Quaqtaq airport using an oktas scale

which assigns a Wae between 0 and 8 depending on the sky condition, with O representing a clear

sky and 8 being overcast with a sky cloud coverage greater than 90%. The oktas values were then

divided by 8 to obtain a decimal percent which was used as the value tife correlation(3.49)
from Davies et a)(1984) to determine the beam normal irradiance with the observed cloud cover.

‘0 Op b (3.52)

WhereOis the clear sky beam normal irradiance dislthe approximated actual beam normal

irradiance.

Missing hourly cloud cover values the EGCC data setluring daylight hours were substituted
with the daily averageloud covewalues obtained from Canada Weather Stats which is based on
ECCCb6s <collected dat a. For days that wer e

average value of ghprevious and proceeding days was used.

From the Hotel clear sky calculated beam normal irradi@cehe new beam surface irradiance
‘O, and a portion of the ground reflected irradiariCe were calculated incorporating the cloud

cover dataThe original clear sky horizontal diffused irradiarffoe was stillusedand was also
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utilized in thesecondportion of thealternativeground reflected irradianc® correlation(3.50)

and total surface irradiand® calculationg3.28).
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Figure3.15 Quaqtaq average monthly hourly 90° surface irradiance using clewaitbig.7
snow reflectancwith cloud cover valueBN/n?]

Figure 3.15 showsthe average monthly hourly surface irradiance valuea étearsky combined

with cloud covewalues.Average values for each montiere used temooth out the fluctuations

caused from the variable sky clearness from day to day and allows for more accurate irradiance
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data to be used for energy modelirReak clear sky values can be seen to occur in Apr
Figure 314 while thepeak values for the cloud cover irradiances occur in Mavbich is due to

the increased cloud cover during April and May.

3.4.3.3 Canadian Weather Energy and Engineering Datasets

The second method used to estimate surfaadiance was based on sateltierived data from
the Canadian Weather Energy and Engineering Datasets (CWERDBh has been established
by satellitederived estimates from the State University of New York (SUNY) metho2817
CWEEDS beam normaD and horizontal diffusedD datasetsfor thetwo closest stations to
Quagqgtaq were obtained for the cita@dqaluit, NU 63°N, and Kuujjuaq, QC 58°&é seen in Figure

3.16.

Thebeam normalO and horizontal diffuse@® datasetswere therused to determine the hourly
beam surface irradiance’™© with equation (3.48), surface diffused irradiance

"0 x E AR O A O# lwiand ground reflected surface solar irradidoce E @R O A @ io.]

0 0 Al & (3.49)
AT10
"O "C) :%T o TT
AT10
0 '0d'Qt O 33'%7T o® o
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Figure3.17 CWEEDSaveragehourly 90°south facingsurface irradiance for Kuujjudgv/m?]
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Figure 3.B CWEEDS average hourly 90° south facing surface irradiance for |§liit?]

The average hourlgouth facingsurface irradiance values fliuujjuag,and Igaluit can be seen in
Figures 3.7 and 3.Bfor the90°tilt angle. Both locations can be seen to have peak values in May,
however Igaluit has higher surface irradiance values in from March until August with Kuujjuaq
having the higher values for the remainder of the year. It can also be seen thatebeaonal
variation differences between Kuujjuaq and Igaluit where Igaluit has 19 hours of irradiance in
June, while Kuujjuaq has 17. As well in the winter Kuujjuaq has approximéatélgurs of
irradiance in Decembgwhile Igaluit hasapproximately 3 hours. his shows that there can be
substantial differences in the irradiance values for locations at different latitudes, even for the 5

difference between Kuujjuaq and Igaluit.
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To improve the approximated irradiance valuls surface irradiance values foul§juaq and

Iqaluit were interpolated for the location@QuaqtaqgQ C 6 dsgdNequation3.54).

od T

Igaluit latitude x = 63

Kuujjuaq latitude ¥=58

Quagtaq latitude x=61

y= Quagtaq Irradiance

yi=lgaluit Irradiance

y>=Kuujjuaq Irradiance

In Figure3.19 the CWEEDS average hourly data for Kuujjuag and Igaluit were interpolated to
produce the estimated hourly totmuth facingsurface irradiancelhe same trend as what was
produced wusi ng tinhigureBbtiseltai svher@ the meak vabuksyur around

mid day and in the months of Marchpril, and May. As well, the seasonal irradiance variations

of 18 hours per day in June and 5 hours per day of irradiaridecember isimilar tothe clear

sky amounts seen in Figurel3.
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct MNov Dec

S T N T R

147 116
3 194 246 348 238 190
9 60 365 432 334 268 236 183 159 110 61
10 134 449 419 340 356 222 209 161 95
11 178 392 402 262 241 181 1321
12 176 402 413 279 246 157 111
13 132 447
14 48 303
15 125 434 438
16 9 263 281
17
18
19
20
21
22
23

ca

Figure 3.D 2017 CWEEDS Quagtagterpolated 908outh facingsurface irradiancBAV/m?]
with snow reflectance 6.7

3.4.4 Ground Reflectance
34.4.1 Snow Cover Period

To determine the snow ground cover period, the 2017 CWEEDS ground snowl atawveas used
from the two closest stations of Iqaluit, NU°6Band Kuujjuagq, Q@8°N. In these data sets the
snow cover is indicated as a value of 1 for snow cover or O for no snow cover. For saiwit
cover is indicated as 1 from January 01 udtire 24 andindicated as 0 from June 25 until

SeptembeB0 andis indicated as 1 from October 01 until December 31. For Kuujjhagsnow
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cover is indicated as 1 from January 01 until May 12, is indicated as O until May 19 where itis 1
for one day then is Ontil October 07, where it fluctuates between 1 and O until Octob#re28
remains 1 for the remainder of the year. When the snow cover period is interpolated between
Kuujjuag and Igaluit for Quaqtaq the renow cover period begins at approximately Jd@and

ends October 11, with the days in between considered as snow covered.

3.4.4.2 Reflectivity

The ground reflectivity coefficierit has been approximated by two different methdt first

method derived fronfLiu & Jordan 1963) uses the following correlation.
" & Op @ 1O (Liu & Jordan 1963) (3.55)

Whereis the fraction of time that the grouiglassumed tbave over one inch of snow cover.
Fromthe CWEEDSweather data the value @fis given as either a 1 or a 0 therefore lthe &
Jordan correlation will provide a ground reflectivity coefficiendvf 0.7 for periodsassumed to

haveground snow cover.

The seond method uses the typical surface albedo table from ,(3010) that has a range 'of
values of 0.75 to 0.95 for fresh sndwor periods with out snow cover the valu€' aé assumed
to be 0.2 which represents the reflectivity of tundra or sandy soil which is the typical ground

surfacematerialfoundin Quagtaq

Based on these two sourcése value of was set to 0.and0.95 during the snow cover period
to obtain a rage of values that could be expected during this pddgatovide a more realistic

approximation of the range of snow reflectivity encountered throughout the year
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3.4.5 Peak Surface Irradiance

900

—+—Interpolated w/.95 Interpolatedw/.70
800 Clear Sky w/.85 CloudCover w/.95
—4— CloudCover w/.70
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Surface Irradiance [W/m?]
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100

1 2 3 4 5 6 7 8 9 10 11 12
[Month]

Figure3.20 Peaksouth facing 90&urfaceirradiancefor all irradiance calculation methods

The peal®0°surface irradiances forthe clearsky t h a , glearsKy with cl@i® coverith
a J of 0. 7 amlthéintexpolpted CWEHDS @ahies between Kuujjuaq and Ilgathit
a 0 .o/ a n@95 earbeg seanfin Figurd.20. It is noted that the clear sky irradiance is the

highest as expectedith the interpolated irradiance between Kuujjuaq and Igaluit being lower.

The clear sky with cloud cover irradiance is seen to be rfoveér than the interpolated values.
The clear sky diffused surface irradiance correla®d7) was intended to be used with clear sky
irradiance howeverwhenused to determine the diffused irradiance component during overcast

periods,demonstrated tanderestimates the diffused irradianchew there wagloud cover.
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Therefore,to accurately calculate theradiance values with this method diffused irradiance

model must be used.

As a resultdue to the uncertainties mentioned using the clear sky combined witlotltecover

datg the interpolated CWEEDS surface irradiance data will be used in the BIPV/T simulations.

3.5 Ventilation Rat&kequirements

To determine the volumetric air flow supplied to the ERV, and thus air flow used in the BIPV/T
cavities, the nmimum fresh air ventilation rates have been determined based on calculations from
ASHRAE standard 62.2t has beemssuned thathousing unitsre atypical overcrowded living

spaceof 5 occupants pawo-bedroomhousing unitfound in Nunavik

An infiltration credit has been included twnsiderfor fresh air infiltration from unintended

openings. As well, additional flow rate has been added for an increas#zerof occupants.

It was found that using the 3.05ACH and 1,152CFM of air leakage @50Pa mentioned in SHQ
passive house pilot proje@@HQ2020)that the ventilation system would need to provide 7.6CFM
per dwelling unitHowever,using the Passive House ACH rate of 0.6 would result in 50.5CFM
required for acceptable IAQ for a family of 4. For the entire duplex with two housing units the
minimum fresh air requirements would be 101CHMe airrequirement was rounded up to 150
CFM (70.8 L/s)to include a safety factor and to accommodate for more readily available ERVs

on the market.
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3.6BIPV/T Configuration

The validated BIPV/T modefresh air flowrate of 150CFMand integratiorconceptwill now be
used to configure the BIPV/T systeammaximize the outlet temperature for supptypreheated

air to theERV.

The BIPV/T tilt angle and the height of the cavity created from the veftioahg strips will be

variedto obtain the highest outlet temperatures to be used for ERWaateng.

3.6.1Tilt Angle

The autlet temperatures of the BIPV/T system for three PV tilt angli¢és,an air flow of 150CFM
(70.8 L/9, are shown in Figurg.21 at peakclear skydaily irradiancefor the 22 day each month
along with the correspondirabient temperatuia peak irradiangdor the 2% day each month
It can beseenthath e outl et temperatand ®8e haghdesf oom
10e roof during the winter, spring and fall

highest, with the 80°tilt angle providing a slightly higher outlet temperature during this period.
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Figure3.21 BIPV/T outlet air & ambient temperature at 150CHkhih three tilt anglest clear
sky daily peakirradiancefor 21t day each month, Wi corresponding ambient temperature

However, it can be assumed that t konstrn&Otean f a- ad
an 80°facade, by being able to keep the same vertical cavity method seen in Figure 3.1. Therefore,
to keep the design as simple as possible for proper implementation in the northern communities a

small amount of performance is sacrificedrtorease the buildability.
3.6.2 CavityDepth
Three different nominal lumber sizes have been asdte furring stripg create the cavitgepth

T 1XS3-(19mm X 64mm)
T 2X3-(38mm X 64mm)

T 3X3-(57mm X 64mm)
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Simulations were run for cavity depths ofmi®, 38mm and 5™m, using thaAan 90et i
arbitrary day was selected, in this casgril clear sky weather data at peak irradiaot@60W/nt

andan ambient temperature 615°C, with a wind speed of 6m/s was selected to be used for all
threecaseswith the results seen in Figuse&2. Air volume flow rates were varied between 10 to
600CFM.The autlet temperatures were similar for all thideptls at the low air flow rates until

around the 25 CFM poinvhere the 19mm cavity provides the higheutlet temperatures for the
remainder of the range. The channel air velocity is also seen to remain the highest for the 19mm
channel, which results in higher Reynolds numbers, Nusselt numbeyN(h) and thus higher
convective heat transfer coeftcits for the front and back surfaces of the channel, providing the

greatest heat transfer from the cavity surfaces taitltroughout the flowange
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Figure3.22 Outlettemperature anchannelar velocity vs. air flow rate for three cavitgepghs
under outdoor condition960W/nt irradiance -15°C ambient temperature and 6m/s w

velocity.
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In conclusion, when keeping in mind the ease of construction using readily available building
materials, it was found that the ideal configuration of the BIPV/T used a south facing 90° facade

tilt angle, with a 19mm cavitglepth

3.7 Fan Energy Usage

To force air movement in the cavities an electrically powered fan is required in the system. The
electrical energy consumed by the fan is of importance to determine the net energy production of
the entire BIPV/T systenand if it is advantageous to have fystem operating during periods of

low irradiance The dynamic pressure losses have been determined for the critical path of the

airflow assuming a cavity/ duct system as seen in Figue8s324 & 3.25.

5m 6"X3" rectangular duct 6” round duct
\ ./

- = — — . -
B 3 ] BIPV/T|Amray ] z B
Ambient Air

1936X19mm cavity

Figure3.23 Proposed ducting system to supply forced air to ERV. Elevation drawing
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Figure 324 Proposed ducting system to supply forced air to ERV. Section drawing

3.7.1 Cavity Pressure Losses

Air enters the system through fizen x 19mm wood framed cavities 4 meters in length.

Correlations used by (Ge &Y8007) have been used to determine the pressure losses at the

cavity entranceo 0 , cavity straight portiom 0 , and cavity exity 0
- Z ” Z 6 8)
w0 . -7 o
A < % @
. 0z0Q "
0 — o
' T QEFpPZL zZa X
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For air flows less than 1,200 CFM the Reynolds numbers remain under 10,000 and can be

assumed as laminar/transitional for thegmse of determining the friction loss factors.
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3.7.2 DuctingPressurd_osses

The top of the cavities is assumed to be conn
steel duct, which runs horizontally under the roof overhang in an insulated bulkhead. At the mid
horizontal point of the facagde he &wX3o0 i s connected to a conver
which runs straight for 4 m to the ERV located centrally in the mechanical es@®een in Figure

3.5.
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rectangular duct 4m -6” round duct
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Figure 3.25 Plan view of ducting system.

The dynamic pressure loss calculations for the ducting system are determined ufagcyhe
Weisbach equations which are based on the first law of thermodynamics. The pressure losses in

the straight portions of galvanized steel ducts have been determsieg the following

correlation:
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The pressure losses from the fittings, and directional changes have been determined by the

following correlations:

YO 6 00 (3.64)
0 — in.wg (3.65)
0 WQaé VRO

YO 0Owné G&@ b iindtings

6 0 ¢ DE QQQTst@Rined from the ASHRAE Duct Fitting Database, 1992 for a

converging tee, and 90°elbaqMcQuiston et al 2000).

3.7.3 Fan Power

e . . W& 0 OO D OZ@ U
Owbv € L Qi oD @

- )

Table 34 Pressure losses afah power for air flow rangef 1501500CFM

Volume Flow Rate [CFM] 150 300 600 1500
o PCavity [Pa] 0.3 0.7 2 9.5

P Duct [ Pal] 21.4 85.4 342 2136
Tot al P Syster?2l7 86.1 344 2145
Fan Power [W] 1.9 15.2 122 1900
Re 250 500 992 2481
Cavity Air Velocity [m/s] 0.38 0.77 1.5 3.8

Main Duct Air Velocity [m/s] 3.9 7.8 15.5 38.8
Branch Duct Air Velocity [m/s] 3.5 6.9 13.8 34.5
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3.7.4 Discussion

The ducting system was designed to be used with a volume flow rate of 150 CFM up to 300 CFM
to account for a boosting of the fresh air if required. System air velocities were kept under 8 m/s
to prevent vibrations and to reduce noise. As well, a shall@ivgize was selected to be able to

fit under the overhang, inside of an insulated bulkhead.

The results of the pressure losses forchaty, ducts,total system,andfan power can be seen in
Table 34. As well, the Reynolds Numberavity air velocitymai n 60 round duct ai

br anch 60X30 rect aaepedestad. duct air velocity

It can be seen in Table43}hat the total system pressure lossearéPa for the 150 CFM flow

rate andB6.1Pa for the 300 CFM flow rate. This corresponal4.OW and15.2W fan power for

the 150 CFM and 300CFM flow rates respectively and can be considered low power compared to
the generated energy as will be seen in the following chapter. With the 600 CFM flow the main
duct air velocity increases up to 15.5nahd corresponds to3d4Pa pressure loss an@2N fan

power. The fan power is still relatively low however the high air velocities in the man duct could
result in vibrations and excess noise or whistling in the sysémn using an air flow in the range

of supplying a heat pump suchZ2s00CFM the air velody is seen to be much higher at 38.8 m/s

in the main duct. The pressure losses dtd3Pa for the 1500CFMir flow resulting in a high fan

power of1900/. As demonstrated by these extremely higlues the duct system would need

to be resized to reduce the air velocity and pressure losses if higher flow rates are required such
as in cases to supply a heat pump. For this study thegated air is intended to be used to reduce
the frosting of th&ERV and thus requires a higher outlet temperature, which will be demonstrated

in the following chapter to be achieved with lower air flow rates, therefore it can be assumed that
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the ducting system is sized properly for the intended purpose and the codiegdan power for

the 150CFM and 300CFM are reasonable.

3.8 Methodology Conclusion

As was seen in the methodology, a finite difference model of the BIPV/T cavity was established
and was validated with BIPV/T experimental data resulting@VeRSME of 5.3%and a NMBE

of -1.8% Local weather data for the small northern village of Quad@2;61°N was obtained

from ECCC except for solar irradiance. The surface irradiance was therefore determined using
interpolatedCWEEDSsatellite derived irradnce from the neby weather stations of Igaluit, NU

63°N and Kuujjuag, QC 58°N.he surface irradiance was determined for three tilt angles of 10°,
80° and 90° and was seen that the 80° & 90° surface tilt provided the highest surface irradiance
during tre colder months of the year when ERV frosting will be most problematic. Astiaell

80° & 90° surface tik wereable to take advantage of the highly reflective snow during the months
that the grounevascoveredThe fresh air requirements of the buildiwgre determined using the
ASHRAE 62.2 standard for a typical overcrowdateklling andresulted in 150CFM70.8 L/s)of

fresh air flow.Building integration of the PV was kept simple by using a 90° tilt angle, which
allowed for the standard cladding ingtal on vertical wood furring strips to be repladsdPV
moduleswhich will act as the UV and rain barriers while generating clean enArgif9mm cavity

depth was seen to provide the highest outlet temperature over a range of air flow rgiessSure

losses of thefive 19 mm cavities and proposed ducting system was determinedtland
corresponding fan power was determined for theCE air flow rateto bel.9W and15.2W for

a 300CFM flow rate.
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This validated model along with the compiled local weatdata will be used in the upcoming
chapters. The outlet temperature increases from the BIPV/T, will be analyzed to verify the
effectiveness of ERV frosting mitigation, throughout the months of the year. As tivell
electricity and thermal energy wilebanalyzed and compared with monitored energy usage data

from a residential duplex located in the northern village of Quagtaq, QC.
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4, SimulatiorResults

As was seen in th&lethodology ofChapter 3, an aibased open loogsouth facing,facade

integrated BIPV/T was modeledKeeping the same southicadewindow to wall ratio as used in

the Northern Housing PrototypeNHP), twenty 1m X 2m PV panelsattached to 1x3
(19mmX57mm)vertical woodfurring stripscreaed a 40 n BIPV/T array, with five 19mm X

1936mm cavities 4m iwerticallength. An air velocity of 0.38m/s is obtained in the dasivhen

usingthe ASHRAE 62.2 determinetbOCFM (70.8L/s) of fresh air to suppbgcupants through

anERV. As was seen in section 2.9tbE literature reviewERV core frosting typically starts at

supply air temperaturebelow -10°C (Beattie et al.,, 20185ur f ace i rradi ance
deter mi neGWHIESDS get hbel ated valu@&dbé galbderih ¢ Kuuj j
l ocation ®uatgha@P®DHRr@df 7T@ct ance and the 0.95 r
snow wemeed in the surf atcee prravaiddveahau erascmnmge ud fd
be expected depending AhltheusiQCw@eafthetyi c 0 & dj

wer e aver angoenth ifider eeaskd as t.he simulation inp

Using theseitems developed in Chapter 3 the following parameters will be analyzed. Outlet
temperature, ERV frosting reductions, BIPV/T electrical and thermal efficiency, as well as the

electricity and thermal energy generation.

4.1BIPVIT Performance Analysis

To meet the objective of mitigating ERV core frosting,-peating of the fresh air supplied to
the ERV must be maximized. In this section the performance of the BIPV/T to increase the outlet

air temperature will be analyzed
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4.1.1 Outlet Temperature

As can be seen from Figureldthereweremaximumo ut | et t emper atlubredd i ncr ¢
at peak uisrimagd it dMacyeevae haege wobhtdi t hensresh snow r
of 0. Wb tuhsedh.e ol d snow refdeazn aoct! etal uempér &
of &£€£. 8his demonstrat ese @uwtaltett hteamp eeraant ree uipn «
ont heondi ti ognr oasindbtwh ec oAedesi gn consideration

performance of the BIPV/T should take into col
to an area with prolonged periods of c¢clean sn
the snowyi Pl owedr ainld mi xed with s<eamddaod ObObhéa

refl ecti vteo cvoaelfufeiscineunctch | ess t h.an the 0.7 assu

16

14 ——Interpolated w/.70

12 Interpolated w/.95

10

Outlet Temperature Increase [°C]

1 2 3 4 5 6 7 8 9 10 11 12
[Month]

Figure 41 Maximum autlet temperature increase at peak irradiamsiag 0.70 and 0.9
snow reflectane values
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Thmaxi mwml|l et temperatius eolaseped@¢ amomRggwmntere4t t
frosting tlhorAeCs hion dli coaft ed Th@& | RVW/eT rceuwt | leitnet.e mp
substantially amixiteeetped adtlboee fohe most mont hs
temper at urleCClaboddtrietsghol d at Mairneemsd i Mp rFielb rwhae ry

seen thatstheosting risk.

't 1 s al saonamxdtmudn toluatl etthada empédaBgCufernéher ent §
2017, demonstrating that pr eheraotuendd, aiwheman hbkee
temperature Iis above ambient temperature.
However, esgbremestaswhich wil/l be di scussed i

20

15 A

N
10

-5
ERV Frosting Threshold \
-10 _

Outlet Temperature [°C]
(=]

—a—Interpolated w/.70 Interpolated w/.95
-20
Ambient
-25
1 2 3 4 5 6 7 8 9 10 11 12
[Month]
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Figure4.2 Outlettemperature gbeak irradianceising 0.70 and 0.95 snow reflectance val
along with the monthly average ambient temperature at peak irradiance

4.1.2 Maximum Outlet Teperaturesvith Extreme Ambient Temperatures

Theaxn mum ambienth tambpeabhaoperfiomd@d®Q o EYI®

obtained from the ECG&6dhranombiec slé ewe & thheelraviad an
mont hFhese maxi mum mont hl yusaendhbVv & npdegaek e mp & raati wari
ti noefs each dmoermipeernt hleoond!l ef t,8sspeeernatiunr eFsi gu

43,t h@aaul d ypesseshbbuntered. over the design |ife

Table 4.1Absolue maximumhourly Quagtag ambient temperatyf€] over past 20 years.

Mont h Maximum
Temper RAtCu

Apr il
Ma vy
June
July
August
Sept embe
October

R INNININF
~N N OO o1
(6]
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Figure 43 Outlet temperature®r 20 yearmonthlymaximumambient temperatura monthly
averagegeak irradiance

As seen Bn whiegnlrgexeigddag i anum ambi ent @wémpaeabueea
peak irradt freecsemigadr et treap@BPeadifuo€ an air fl ow
150CFMDuring such times without a heating dem

di r ebcytplayssi ng the BIPV/T.

While times when the ambient temperature is s
irradiance, it would be possible to hBeosteenhhe

from the curves using 300, 600 and 1000CFM.

For times such as the case seen in May when tF
i s anghemdera BRWédcy pasasnnedt he preheated air can

space directly.
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Figure 44 Outlet tempreduction& additional heat recoveredtiincreased air floveompared
to 150CFM flow ratefor 20 year monthlynaximum ambienttemperatureat monthly average
peak irradiance

Fi gudpe es.ents the reductions in the outlet tem
when the flow rates are increased from the de
l¢an bwhesmetnhe air flow is increased as sdo t he

in heat. recovered

For 3 0bhE€FMrtilees ,out |l et air temperature i s reduce
up to 2282 Whmr mal PE¢hEr guyrvpleicehBair £ ad gkéWhv aflhoent t c
401 PlvThe 600 CFM efslhoew oruetdluect t e mpCe raantdu rree cboyv eury

62WF@ . 5kWh). i n May

When ubi gglyerma asuchl asw ta0etCémpern ateurmartil®etr educ

and recové®sk Whadg i sncussed previously the duc:
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be resized accordingly i f maximum heat recove

menti one do bwsoeulvde db e

For the case 3vwhiotwn tihne FJugluyr emadx.i neuans eldi gah ro ff | 2
300CFM would not be sufficient to reduce the
t hi swobscsagasheeenari o and boosting the air flow co
of May Julhwmjde ,August xdureimeg hlighs temper atures

irradiance to be abl e nemgiemieng g .atdtdi ti entbl f

4.2 ERV Frostingeductions

One of the main objectives of this study is ¢
frosting in the extremesentl idotthlé&2 .3 tteef rEaR VSN Len a vel
cammeduce t he cor e-10°G This freeinggoirtt Wilk be wsédaonl thet antlysis of

the simulated data.

The BIPV/ Brfobemaalegpt supply aivi adwedhaQ)EIRY 4 a
using the sooef fliedil Ec®d@dcaver aged montadhgh wleat
of t hlecardbe geen i€olumn 2 that the ERV frosting risk without pheated BIPV/T is

100% of the time from January to March, 75%tloé time in March and 92% othe time in

December. Therost raduction time, which are théours per day that the BIPV/T outlet
temperature was above0°C whiletheambient temperature was belel®°C canseen inColumn

3, where the frost reduction is up to seven hours per day in March and five hours per day in April

with one hour per day in Februaihe frosting time istsown inColumn 4 as a percent of the day
wherethe ERV frosting time is reduced directly from the BIPV/T {reated ai29% and 2% for

March and April respectivelsgnd 4% for Februaryn Column 5 the extra fresh air supplied to the

95



living spacedue to theERV frosting time reduction is seen to provide up to an additional

2,226L/Day, 1,590L/Day and 318_/Dayin March,April, and February respectively.

Table 42 ERV frostingreductionswith BIPV/T pre-heated air.

Frosting Risk with  |BIPV/T Toutlet >-10°C & Frost Reduction with |Extra Fresh Air with
Month | out BIPV/T (%/Day) |Tambient < -10°C (Hours/Day) |BIPV/T (%/Day) BIPV/T (L/Day)

The dur at i-lmema doed tithmee Ipireed t o the ERV from the
using the hour shemdreddawttlreat atire hpprde a hi gher
The val ue3weirne Tdaebtleer Mi.ned wusing tbt B6AsBlBn refl e
in Column2, pre-heated fresh is available feeverahours per day in every month with the best
performing months seen to beMay with 13 hours per day followed b&pril, and Juneavith 11

hours per day Column 3 presents the percent of time per daytte ERV is supplied with pre

heated air, with the corresponding maximum in Mayitgypre-heated air for 54% of the day.

Column 4and 5of Table4.3 presents th@olumeof heated fresh asupplied from the BIPV/T

with the May peak of4,134L/Day which is equivalent td0 L/Day per square meter of floor area

for the entire duplex
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Table 43 BIPV/T pre-heated fresh air supplied ERV.

Toutlet> Toutdoor |Pre-heated air with |Pre-heated air with |Pre-heated air with
Month|(Hours/Day) BIPV/T (%/Day) BIPV/T (L/Day) BIPV/T (L/Day/ mz]
Jan
Feb 3 33 2544 12
Mar g 38 2862 14
Apr 11 46 3498 17
May
Jun 11 46 3498 17
Jul 10 42 3130 15
Aug g 38 2862 14
Sep 3 33 2544 12
Oct 6 25 1908 9
Nov
Dec

Figure 45 presents the preeated air times ambrmalizedvolumeof air per floor areajsing two

values of snow reflectanc€hereis up to 13 hours of preheated air in May which is equivalent to

20L/day/n? (4,134_/Day) of fresh air that is praeated.
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Figure 45 HoursDay outlet temperature higher thambient temperaturand volume
of pre-heated fresh air per4uof floor area
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4.3 PVHficiencylmprovements

4.3.1 Electrical Efficiency

The following section focuses on the PV electrical efficiercy improvements from the forced

air heat transfer behind the BIPV/T in the wall cavitws reducing the PV temperature

Simulations were run with a base line air flow rate @FM in the BIPV/T cavityto obtainthe

— values without forced air flow This baselineefficiency wasthen compared with the
efficiendes obtainedvhenusing150 and1500CFM. The PV electrical efficiency was determined
assuming poly crystalline silicon pan@sdusing the followingstandard test conditions (STC)

correlation which is a function of the PV temperatkayello et al 2017a

_ - P rz Y Y (4.1)

Y  20°C

b =0.0045

The— obtained at peak solar irradianz@n be seen in Figuretdusing thethreeair flow rates.

It is observed h ey trehd for all data series is the inverse of the ambient temperature which is
what is expectetfom usingthe— STC correlation. It is seen thefficiency improves when the

air flow rate is increased dke cooler ambient air is drawn into the cavity reducing the PV
temperaturelmprovements are barely discernable between the 0 CFM and 150 CFM, except for
a slight improvement during the warmer rttus The range of— can be seen to Heetween

17.4% inJanuaryto 15.2% in both May and JulyNoticeable improvements can be seen though
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with the 150C€CFM seriescompared to the baseline valuegshe warmer monthdVith the 1500

CFM series rangingdm 17.4% indJanuary down to 15.4% in July and August.

It is worth noting thouglthat for all flow rates the—- was above the  of 15% for all months
of the yearwith up to a24% — increaseover the-  when using the 150CFM flow rate,

demonstratinghe advantage of generating PV energy in the extreme cold climate of Nunavik.

17.5
17.0
— 1500 CFM
=2
= 16.5 150 CFM
s ——0 CFM
E ——Ambient Temp
8 16.0
L
15.5
o
15.0 10°3
2 32
g
6 g
E
-14 @
22 €
1 2 3 4 5 6 7 8 9 10 11 12 -E
[Month] a

Figure 46 Electrical efficiencies withrange of air flow ratesat peak irradiancewith
correspondingmbienttemperatureisingpav er aged mont hly weath

As seen in Figurd.7 therewas little improvement in the  when using 150 CFM. Comparing
the 0 CFM to 150CFM gave at beash absolute efficiency increasd 0.01% This small

improvement can be attributed to the low air flow in the system with only 30 @F flow in
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each of the five cavitiewhenusing thefresh air supplyair flow rate of 150 CFMHowever, f the
objective is to recover an increased amount theemaigy then a higher air flow rate is desirable,

and would result in noticeable PV efficignincreasess seerirom the other data serieg/hen

the simulation was run using 1500 CFM the results improved noticeably from February until

May with a peak improvaent of 0.27%. The peak irradiancaues arglottedas wellin Figure

4.7 and can be seen that the greatest efficiency improvements occur during the months with higher

surface irradiance.
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Figure 47 PV electrical efficiency improvemenss peakirradiancewith 2 air flow rates.
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4.3.2 ThermalEfficiency

The comparison of the for the wo flow rates can be seen in Figuré.4Considerable
improvements can be seen when using the higher flow rate, with the 1500CFM seriegyreachin
24.2%. Thermal efficiencies in December are very lowbfuth flow rates with values of 1.1%,

and 1.3% for the 150and 1500CFM air flow rates respectively. These low values of thermal

efficiency can be attributed to the lowest solar surface irradiance values of the year.

_ 25
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=
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= 15
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ﬁ /\/ - -y
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Figure 48 Thermal efficiency for range of flow rates with peak surface irradiance
correspondig ambient temperature.

Of interest ighe spike in thermal efficiency improvement in the month of August which can be

attributed to the small increase of peak irradiance to 413 W/Day compared to the 402 W/Day in
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July along with the decrease of peak ambient temperature in August with a value°@f 8.3
compared to the value of 9.2 AC in July. The

Y “Y  for August which provide more heat recovered and a high thermal efficiency.

0 azé zY 0%

4.3.3 BIPVIT Efficiency

The electrical, thermal, and total BIPV/T efficiencfesthe 150CFM flow ratean be seen in

Figure 49.
21
19
17 M
15
T ij —e—BIPV/Tn
= —a— Electrical n
9 —+—Thermal n
7
5
3 /‘\"‘—‘\’\.—_"\‘
1 Tt

1 2 3 4 5 6 7 3 9 10 11 12
[Month]

Figure 49 BIPV/T efficienciesusing150 CFMair flow rate.
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It is noted that the thermal efficiency is much less than the electrical efficiency, which is due to

the low air flow rate used to maximize the outlet temperature for ERVigatng. The average

monthly thermal efficiencinermaiis determined bgquaton (4.2).

Pprnh T8

8 e
]

where
Qrec= Total daily heat recovered jlv]
G=Incident solar irradiance {iW/m?]

Agipvir= Surface area of the BIPV/T collector{im?]

- 4 - -
Peak— for the 150 CFM air flow rateccuss during February with avalueof 3.8%,anda
corresponding— 5 valueof 20.8% The lowest— value for the 150 CFM flow rate

occurs duringdecembemvith a value ofL.1% however the lowest ¢ occurs in July with a

value of 17.3%this can be attributed to the lew whichis connectedo the highet ambient

temperaturef the year occurring during this month

Figure 410 presents the total efficiency of the BIPV/T which is the sum of the electrical and

thermal efficiencies, for thevb air flow rates.
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Figure 410 BIPV/T efficiencyfor range of flow rates

The— 4 for the 150CFM flow rate is seen to peak in February at 20m%e the 1500 CFM
series is seen to be considerably improved compared to the 150 CFM series with-a peak
of 41.4% in FebruaryThe — ¢ is the lowest in December footh flow rates and have very

similar values of 18.2%@nd18.4% for the 150and1500CFM air flow rates respectively. As seen

from Figure 48 the relatively low-  ; can be attributed to the low in December for

bothair flow rates

4.4 Energy Generation

The dail yt helranmadlo,miciarheed gy generated from t he B
flow ratearnd [AbddLdriMt ed Twa ¢ hisah oawend inegge n ehree t wo

of snow fted | prcavaincce an upper andA IDbGvetro bACU n dh voe
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efficiency of 0. 97 $&ecificatiomsofab.0ke/dc Sharssaentiabinverterh e
(SMA, 2021) As well, the fan powewasdetermined to b&.9W as seen isection3.7. These

losses have been applied to the electrical energy generated.

4.4.1 Electrical Energy Generation
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Figure 411 Monthly averageslectrical energygenerated per daysing 150 CFMair flow rate
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4.4.2 Thermal Energy Generation
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Figure 412 Monthly averagehtermal energyecoveredger day using 150 CFMir flow rate
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Figure 4.8 presents the increased amount of air floatwould be in the expected range to supply

a heat pumpor a building with higher fresh air requiremen®henthe air flow rate is increases
from 150CFM to 1500CFM that heat recovery is greatly increaseskef@ral months of the year.
With May having over 6kWh/dayof heatrecovered compared to thék\Wh/day recovered when
using 150CFMIt is observed that little improvements were made during the low irradiance months

of JanuaryDecemberand November thoumg
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Figure 4.8 Monthly averagehtermal energyecoveredoer dayusing150CFM and 1500CFN
airflow rates.
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4.4.3 Total Energy Generation

The total energy r ecédanrd ecdan sbhemnbismeabd@mouns i gur e
electricity and heathatwill be valuable to reduce daily peak electrical loads and the amount of
fossil fuel used to heat the building. The best performing months can be seen to occur in March,
April, and May where the system took advantafyenow cover to reflect solar radiation witine

095y pr ovi da loigd lkdVh/day andth®é .;p r o v i d a IBGleNa/day.Once again

it can be seen that the fresh snow was able to increase the total energy productida By’ up
kwWh/day, demonsating one of the advantages of using a facade integrated BIPV/T in a cold

climate with long period of snow cover.
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Figure 414 Total energy generated per day using 150 CkiMlow rate
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4 5Discussion

As was seen ifrigure 4.8the thermal efficiency was very lowhen using an air flow rate of
150CFMand resulted in a low amount of heat recoveasdeen in Figure 4.12The thermal
efficiency usingl500 CFMwas seen in Figure 4.8 to be much highemwever to take advantage

of the additional heat recovergide installation of a heat pumpnd a separate ducting system
would be requiredThis would add to the initial costs of thmstallation and increases the
complexity of the projectSince heat pumps are not presently usethénArctic communities,
repair of the system would require a costly trip for a technician to be flown in from the south. As
well, Hydro-Quebec does not permit the usage of heat pumps in any of tgeidofrctic
communities, therefore an exemption woulkeked to be requested, demonstrating that the heat
pump could be powered by solar generated electri€iy.these reasons the use of a heat pump

does not meet the objective of a simple design for the north.

The potential for the BIPV/T studied, to maximithe electricity generation was shown to have
limitations maximizing the heat recovered due to the low make up air flow, used in the system.
However, if used on a building with higher fresh air requiremehnésthermal efficiency can be
increasedyhen he cavity dimensions are sized accordinglpcdbieve a high outlet temperature

and sufficiently high heat recovere@sulting in acosteffectiveway to reduce the heating and

electricity loads while mitigating ERV frosting, increasing the indoor aifityua
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5. Northern Housing Prototype Data Analysis

This study takes advantage of the monitored data collected from the Northern Housing Prototype
(NHP) duplex presented in section 2.6.1 and will use this building located in the low Arctic
community of Quaqtaq, QC as an archetype Arctic residential building BIPV/T simulated
performancénas beematchedwith thefield data to obtain the expected benefis will be seen

in the upcoming Chapter.

5.1 Hydro Quebec Domestic Rates for-Gffd Systems

Since the communities of Nunavik are not connected to the hydro electric gdidetiec and
depend on an offrid Arctic diesel generator to supply the local electrical enetggtricity costs

i n Nunavi k ar e s ub-GCredSysteribyDN Rates. Eyanethe elecrisal radds f
effective April 01, 2021a base rate d0.06159/kWHor the first 40kWh/day and seconetier

rate 0f$0.41969/kWh for electrical energy consumption over 40kWhi&lagplicableln the case

when a building has multipléwelling units a multiplier equal to thaumberof dwelling units is
multiplied by the 40kWh/dayln the case studied for the Northern House ProtothibtP) there

are two dwelling unitgjiving a multiplier of two resulting ina first-tier base consumpn rate

applied to the firsBO kWh/dayand theseconetier ratefor energy usage above 80kWh/daks

well, there is a charge of $6.21/kW for an excess billing demand over the base billing demand of
50kW. The billing demani$ determined by takinipe geatervalueof eitherthe maximunpower

used during the consumptigeriod, or65% of the maximum power usage that occurs entirely in
the winter period of December 01 to March 31 in the previous 12 months. A system access charge

of $0.41168 per daymesthe multiplier,is charged as wellA net meteringption is also available
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whereon-siteelectrical energy production that is injected into the Hy@u@bec system is paid at

the rate 0f50.48624/kWH nt o t he customer ds surplus bank

It is also mentioned that electricity delivered inoéingrid system cannot be used for space heating,
water reating or for any other thermal applicatidghlydro Quebec, 2021¥%ince the electricity is
generated in thesd#f-grid power stations by diesel generators, it is more efficient for each building

to cover their own heating needs with oil fired burnerss the dependence on fossil fuels.

It is worth noting the 2021 Dkates were recently gegotiated and changes to the 2019ratés
were madeéncreasing the base rate limit from 30kWh/day to 40kWh/daywell, small increases
were made to the019rates, changing the base rate fré0.0608/kWho $0.06159/kWh and the
2" tier rate from $0.4143/kWhto $0.4196HWh for the remaining daily consumptiohe
increasing of the base rate limit will provide substantial savings since the time spersdodhe
tier will be reduced. Howevers will be seen in the following sections there is still potential for

further savings and net energy reductions wéiiekvable energy generation from the BIPV/T.

5.2Daily Energy Usage

As part of the NHP pilot project, introduced section2.6.1, a field monitoring study was

established to collect important data from the build®gQ, 2020)

Three years dflaily electricaland thermaénergy data has been collectesin theNHP duplex in
the northern village of Quagtaq, QContinuous data collection for 365 days occurred for 2017,
however there wer28 daysof missingdatain 2018 and three days missing in 20T8e daily
electrical and thermadnergy loadsiormalized with thdloor areain kWh/m? and intotal kWh

consumedan be seen in Figuel for the period between December 2016 and January. 2020
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Figure 5.1Daily energy usage normalized with living area and total usage

Peakdaily thermal energy usage of 1.58Vh/n? and electrical energy loads of 0.88vh/m?
occurred during the monitoring periods mentioned insection5.1, it is prohibited to use
electricity for heatingtherefore all space and domestic hot water heating are provideddii- the
fired boiler. Electical loads for the housing units are lighting, appliances and plug loads only.
While the shared mechanical room uses electricity for theheating dewies such as water

pumps, circulators and the ERV.

Because of the reasons mentioné@,heating loads arseen to beubstantially greater than the
electrical energy consumption, especially during the heating season. This results in the heating
loadtaking up over 70% of the total building energy consumptid0iti7, 75% in 2018 and 77%

in 2019.
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5.2.1Electrical Energy

Theduplexelectricalenergyload was determined by using the monitored daily electrical energy

consumption from both housing units and the mechanical room.
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Figure 52 Dally electrical energypreakdown byhousingunit.

The breakdown of thdaily electrical energy usage per dwelling unit and mechanical room are
seen in Figure 2. The units areviewedindividually in this figure to highlight the differences in
0 ¢ ¢ u pbahaviosiréWhere, awill be seen, theombinedelectrical energy usage from the two

units and mechanical room arled together as one buildingor this figure lhe base lindilling
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rate is set to the one housing unit rat&0 kWh. Unit 1 had large peaks well above tH¥ tder

pricing rate line waile Unit 2 was under th2" tier pricing line for the entire monitoring periott.

is noted that Unit 1 is occupied by a young couple with one small child, while Unit 2 is occupied

by an older mother with an adult daughfEne mechanical room is sharkeetween both housing

units andits energyusage comesfromh e bui |l di ngbés mechani cal equ
fans, domestic water pumps and hydronic circulation pumpd.atge differences in electrical

energy usage can be seen between both housing units and demonstrates the great differences that
can occur fom theo ¢ ¢ u pbehatioss@hich is consistent in what was observed by Rouleau et

al. (2018).

Since the duplex was equipped with one boiler to meet the heating needs of both units and
mechanical room, the fuel usage could not be broken down per @néfdre a similar analysis

could notbe conductedbr the thermal energy usage.

114



[=.:]
(=]

70
60
=
E 50 ——Unit 1
" —Unit 2
@ $0.41969/kWh Mech Room
e 40
Ll
E
5 30
(']
w
20
10
0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Time [%)]

Figure 53 Dally electrical @ergyusageduration curves pdrousingunit.

In Figure 5.3 thealaily electrical energy duration curves can be seen andsshevsmall percent

of time that the peak loads occumit 2 does not have peak electrical energy usdgee the red

2" tier pricing line and that its peaks above 20kWh/day only accouapfooximately 2% of the

time. For the mechanical room the peakge rises above the red line for less than 1% of the time.
For housing Unit 1 the peaks are much higher crossing the red line close to 9% of the time with a
maximum value reaching close to 80kWh/day. Howerarstof the peak values for Unit 1 are
under DkWh/Day and only rises aboube red linefor approximately 2% of the time. This
demonstratethatthe costly peaks areccurringfor only a smallpercentof time and that the peak
reductions carbe achieved relatively easy having the occupants awasEwhenenergy usage

is approachinghe 2" tier pricing rangeprompting the users toirn off unnecessary devises or

lighting to shed loadswaiting to use high energy consuming appliances suclclases
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washer/dryes or cooking with the ovento the following day, shifting the loads tavhen the
aggregate@nergyusageis still being charged a@he base rateAnother way to reduce the daily
peaks is fronrenewable energy production from the BIPV/T system and cantdesubstantial

savingsby avoidingthe $0.41969/kWh rate

5.3 NHPQoupled with BIPV/T

As discussed in more detail in ChapteC3YEEDS irradiance data was only available up to the
end of 2017, thereforenly the2017 weather dataasused in the BIPV/T simulation to obtain the
electrical and thermal energy generatdeflectance value of 0.95 was used during the periods

of assumd snow cover, which gives threestcasescenario for the generated energy.

The results presented in Figure 5.4 provide a good approximationaiehgygenerated BIPV/T

by for 2017 and the corresponding net energy usage when combined with the ongiteechon
energy datdrom 2017 A DC to AC inverter efficiency of 97% has been assumed based on the
specifications of a 6.0kWac SMA residential inver@®MA, 2021)and has been applied to the
generated electrical energy along with the fan power usagy@wffor a volume air flow rate of

150CFM

5.3.1 Gross andNet Electrical Energy

The daily monitoredand net kectrical energyload for the entire buildingusing the simulated
energygeneration from the BIPV/T are plotted in Figure 5.4. Reductions aréekzng to reduce

the amount of time spent in th& #er pricing rangeindicated by the red line at 80kWh. As well,

the net electrical energy approaches the green net zero line and dips below 0kWh for a portion of

time in April 2017.
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Figure 54 2017 daily gross and net electrical loadsing BIPV/T simulated electrical ener
generation.

The total duplexiaily electrical energy loatollected from December 01, 2016, to December 31,
2019,areplotted in Figure 5.5 along with the simulated BIPV/T electrical energy generation and

the 80kWh/day 2'tier pricing rate line in redThe results fo2018 and 2019 are presented as well

with the 2017 simulated energy production being considered theakyyear generatiomnd

provides an approximate representation of the net electrical energy usage with a BIPV/T system

over the entire monitoring perio8everal electrical energyeaksabove the red line can be seen

in the $0.41969/kWhregion Asseenfom Fi gur e 5.2 these peaks can

high usage.
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Figure 55 Total building electrical load and simulated PV generation

Figure 5.6 presents the monitored gross electrical energy load from December 2016 until
December 2019 along with the net electrical energy which was determined by subtracting the
simulated2017 electrical energy generationh@ net energy usage can be seedip below the

green net zero line for more periods in 2018 and 2019. As well there are reductions of peak
electrical energy usage above the réigr pricing line reducing the amount of time in this costly
price range. The same yearly treoflredued net energyan be observed with the largest

reductions happening during the peak irradiance months of February until September.
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Figure 5.6 Gross and net electrical loadsh BIPV/T generation

The gross and net electrical enetgye durationcurvecan be seen ifigure 5.7. The highest
gross energy usagalue of 112kWh has been reducedhe net energy amounf 9%Wh and

the percent of time above the red 80kWh line was reduced to approximately 2.5% for the net
energy compared to the 5% fibre gross energyl.he net energy waapproximately 2.5% of the

time below the green net zero energy line as well.
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Figure 5.7Daily gross and net electrical energy duration curves

5.3.2 Electrical Energy Costs and Savings

A summary of theelectrical energyusage and costsan be seen iffable 5.1 As mentioned
previously the DN rates were updated in April 2021 and these new rates were used in the
determination of the electrical energy costs and savihigsobserved thahere is a $390 savisg
obtained from the BIPV/T electrical energy generation for 2017. There are similar amounts seen
for the other two years as wdllis worth noting that if théormer pricing rates were applied there
would havebeeneven larger savings specifically from the lower base rate limit of 60kWh instead
of the 2021limit of 80kWh. Days where the™tier pricing rate is avoided specifically from the

BIPV/T generation can be seen, with 10 days avoided in 2017 and simdantnmn 2018, while
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2019 has 0 days avoided aking the electrical energy generated divided by the total building
electrical energy loadin electrical energy solar fraction of 30% is obtained for 2017 and up to
40% for 2019.Since power usage has neten monitored the electricity costs do not include the

maximum monthly power demand charges over 50kW. If these chargesaladed,then there

would be increased opportunities to further reduce peak charges with generated electricity.

The amount ohetelectrical energyvailable forexporting carbe seen ifable5.1 as well.These
values were summedr the year andreavailable fomet meteringvith the correspondingnergy
anddollar amounts determined to be 6kWh and $3 for 2017, 24kWh and $201f®mand 11kWh

and $5 for 2019.

Annual rormalizedgross electrical energy loads are sgefiable 5.30 be between Z04kWh/n?

with thenormalizednet electrical energy load seen to be betweeG@2Nh/nt.

Table 5.1 Annual gross and net electrical loads with corresponding costs.

Year 2017 2018 2019
Days Data Collected 365 337 363
Annual Electrical Energy [kKWh] 19,829 15,649 14,859
Generated Electrical Energy[kWh] 5,953 5,536 5,903
Net Electrical Energy [KWh] 13,876 10,113 8,956
Gross Electrical Energy Cost{$] 1,262 1,027 915
Net Electrical Energy Cost[$] 872 638 552
Savings[$] 390 390 363
2" Tier Avoided [Day9g 10 11 0

Net Electrical Energy Exported [kWh] 6 24 11
Net Electrical Energy Exported[$] 3 11 5
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5.3.3 Thermal Energy

The building is equipped with orteeating oil fired47kW boiler witha thermal efficiency of
86.8% The boiler is used to heatwater/glycol mixture for space heatintprough a hydronic

systemand is also usetd heatthedomestic hot water.

The heating load was determined usgogiation 5.1, withthe monitored daily fuel usag@of the
building in liters used A heating valuéO of 10kWh/L for fuel oil was assumed and a boiler

efficiency — of 86.8% was used based the mechanical specification$ the building

0 "0000- (5.1)
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5.3.4 Gross and Net Thermal Energy

Annual goss thermal energy loadsormalized to the living space floor araee seein Table 5.2

to be between 22239kWh/nt with the net thermal energy load seen to be between-216
234kWh/nt. Fuel savings in liters from the thermal energy recovered byBtR&/T were
determined to be 133L in 201725L in 2018 and 132L in 2019. Witlan estimated heating oil

cost of $2L the corresponding savings of $267 for 2017, $251 for 2018 and $265 for 2019 were

achieved.
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Table 5.2 Gross and net thermal loads wilhrespond costs.

Year Gross Thermal Net Thermal Energy Fuel Fuel
Energy [KWh/m?/yr]  [KWh/m ?/yr] Savings/Year Savings/Year

[L] [$]

2017 222.2 216.7 133.7 267

2018 232.9 227.6 125.8 252

2019 239.5 234.0 132.8 266

One of the original objectives of the NHP project was to reduce the thermal energy usage of the
typical residential duplex by 60%, decreasing the amount &daseline 0810 kWh/n? to 128

KWh/n?.,

It can be seen from the monitored thermal energyttatagross thermal energy usage was below
the baseline value 0810 kWh/n? usage for each yeawith the lowest value of 222.2kWn?
occurring in 2017 foa 28% reductiorbelow the baselindoweverthis valuewas well above the

128 kWh/n? target.

As wasseen in the SHQ2020 report the final ACH50 was 3.05ACH which is well above the
Passive House Standard of 0.6ACH50. With this level of air infiltration in the extreme cold Artic
climate it was shown to be difficult to achieve substantial thermal energgtiasi In order to

reduce the heating demand for future iterations of the duplex, locating the unintentional air leakage
points and investigating methods to successfully seal and design against them will be an important

first step to achieving the energificiency standard set forth.

The net thermal energy usage including the heat recovered from the BIPV/T brought the amount
down to 216.7&KWh/m?, which isa 30% reduction from the baseliriEhe 60% thermal energy
reduction was not achieved with the mtgpe housing desigtoupled withthe simulated BIPV/T

heat recovery. Howevelhé objective for the BIPV/T in this simulation was to-peat the fresh
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air supply to prevent ERV frosting therefore, the hheabveredand corresponding fuel savings

weresupplementary to the ERV frosting reductions.

5.3.5 Total Energy

The totalannualgross energy loagsormalized to the living space floor argdyich includes the
electrical and thermal energy aaledfor the entire yearand can be seen in Table 5.3 to be
between 30:B16kWh/nf. With the simulated electrical and thermal energy generation taken into
consideration the totahormalized annual net energy usage is reduced to 2B2KWh/nf.

Resulting in approximately a 10% redioo in the total usage for each year.

Table 5.3 Breakdown @fnnualgross and net energy

Year 2017 2018 2019
Gross Total Energy [kWh/m?lyear] 317 307 310
Net Total Energy [kWh/m?/year] 283 276 277
Gross Electrical Energy [kWh/m?lyear] 94 75 71
Net Electrical Energy [kWh/m?/year] 66 48 43
Gross Thermal Energy [kWh/m?/year] 222 233 239
Net Thermal Energy [kWh/m?/year] 217 228 234

With the gross heating loads accangtfor 70% to 7%6 of the total energy load while the net
heating load accounted for 76% to 84% of the total net energy To@&ldemonstrates the high
percentagehat the heating loads account for in the total building energy usage in the Arctic and
that ways to reduce theating loads while generating thermal energy will be vital to achieve lower

net energy usage
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5.4 Indoor Air Quality GO
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Figure5.8 Indoor air CQlevels duration curve.

ASHRAE 62.2 recommends maintainimgloor COz levels below 80000 ppm. It can be seen
in Figureb.8that levels are below the recommended amounts approximately 99% of the time. This

would indicate that both units are achieving a high level of indoor air quality.

It is recommended thaoif the shorperiods when the Cevels rise above 1000ppm a booster
mode can be used on the ERV/HRV to increasgdheme air flow rate¢o provide additional fresh

air. As discussed in Chapter 4, increasing the air flow through the BIPV/T decreases the outlet
tempeature while increasing the heat recovered. For ket portion of time when there are
elevated C@levels boosting the airflow can be an option to provide an energy effiaiarhative

to opering a window to provide additional fresh allowever the BIPV/T outlet temperature
shouldbe monitored and available for the occupantsliservedf it is below-10°C,to verify if
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there is an ERV frosting riskVhere increasing the air flow rate would further increase frgsting
causinghe ERV toenterrecycled air mode to defrost the cofdiswould resultin the occupants
not achieving their objectivef receivingadditionalfreshair andredueng CO; levels.Therefore,
it is recommended fOERV usage in extreme cold climatieshave an indicator tket occupants

know not to use the air flow boost during such times for the reasons mentioned.
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6. Conclusions

This investigatiorexploredthe simulated energy performance of a BIPV/T built into the facade of

an archetypical duplex commonly used in the Nunavik territory of Northern Quebec.

A finite difference model of the alvased open loop BIPV/T was createdlused hourlyweather
data & the inputs.Irradiancevaluesfor the small northerwillage of QuaqtaqgQC were created
usingsatellite derived data from timearbylocatiors of Kuujjuaq, QC and IgaluityU interpolated

for Quaqgtaq

An easily builtwood framed,facadeintegrateg 40n? BIPV/T collector was designedsing
common building materials ambminal lumber sizego create a series of cavities behind the PV
modules to heat fresh ain an open loopsystem. The ducting system was designed to be used
with 150CFMto provide a high level of indoor air quality for an overcrowded housednudd
resulted in a cavity air velocity of 0.38m/s aamthain duct velocityof 3.9m's that helpdreduce

the possibilities ofnoise and vibration®uct system lengths wete@ptto aminimumto reduce

heat and pressutesses and resulted anrequiredan power below2 Watts

The system was configured to obtain the maximum outlet temperatures to reduce the frosting times
of the ERVand was seen thdtd cavity depth of 19mma@ng with acavity width of 2m provided

the highest outlet temperature compared to other larger nominal sized lambétV panel
orientations The 90° tilt was used for ease of construction and to match the energy production
with heating needsby takingadvantage of the low solar altitude and ground reflected solar
radiation during the many months of snow covér was seen that the snow condition had a
noticeable effect on the performance of the BIPVifiEreasing theutlet air temperaturap to

2°C aswell asgenerating an additional 4.7 kWh/day, when new snow was assumed.
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Thesimulation results showed that tB&PV/T facade was able to preheat ERV supply air all year
round for several hours per day with the greatest increases occurring in ApMagnaith
temperature risesver 16e CDefrosting time reduction was achieved up/tbours per day in

March, suppling an additionaR,200 Lof fresh air to the occupandsily.

Maximum simulateddaily energygenerationoccured in May with 33kWh/Day of electrical
energy and 7.5 kWBay of thermal energy being producedglectrical efficiency improvements
of the PV were barely noticeable when using an air flow of 150CFM in the ceoitypared to a
flow of OCFM. However electrical efficiencies imprad when higher flow rates were usetth

an absolutemprovement of 0.27%when usinga 1500CFM air flow ratelt was also noted that
the electrical efficiency was above the standard test condition efficiency of 15% tbubtigh
entire yearfor all flow rates demonstratinggne ofthe benefits of using PV in the extreme cold

climate of Nunavik.

Thermal efficiencies were seen to be low with the 150CFM air flow aswigh an annualpeak

of 3.8%, howeverthe thermal efficiency increased substantially with increased air flow as the
1500CFM air flow resulted in a peak thermal efficiency of 24i@%ebruary and peak thermal
energy production of 56kWh daily in MayThis demonstrated that the BIPV/T hagraater
potential of recovering an increased amount of ,h@aen used with a building with a larger
requirement of fresh air, such as a mulhit residential building or schqolithoutthe need of a

heat pump

The total BIPV/T efficiency at convertirgplar radiation to useful thermal and electrical energy
was seen to reach its peagingthe 150CFM air flow in February with a value of 20.8%, with the

lowest BIPV/T efficiency seen in July at 17.3%hen a higher flow rateof 1500 CFM was used
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the reslting total BIPV/T efficiency peaked in February at 41.4#86l peak total energy production

of 89%kWh (0.43kWh/m) daily occurred irMay.

Coupling of the simulateBIPV/T performance wh collected field monitoreénergydatafrom a
prototype housing dupten Nunavik was conductett was seen that theveasgreat potential for
electrical loads reductionspecifically the avoidanceof the high secondier electricity rates
which resuled in substantiabostsavings each yeaf close to $400As well it was shown that

there were possibilities to have net electrical energy days.

Using the configuration of the BIPV/T to pheat 150CFM of fresh aled tomodestreductions

in the net thermal energy usadpait still resuledin direct fuel oil savings of approximately 130
liters per yearwhich is equivalent to $260 per year when assuming a $2 per liter fuel price in
Quagqtaq Total duplex net energy was seen to have been reduced by 10% per year with the
renewable energy proded by the BIPV/T. With the gross heating loads accangt for
approximately 75%of the total energy load while the net heating load accounte®D¥orof the

total net energy load.

In summarythe BIPV/T systemhas shown toassist in theedudion of netelectricalenergyloads,
avoiding high peak electiity ratesas wel aspre-heaing air reducingeRYV frosting, heljing to
provide additional fresh air to the occupants wihitenging downheating load The energy
reductions from the BIPV/RIso led toa direct decreasan the diesel consumption of thecal
Arctic dieselpower plantused for local electricity generation, as well as helping to reduce the

home heating fuel consumption.

In addition,the BIPV/T alsodemonstrated tbe a renewableauxiliary energy sourcenot only

helping to reduce thpeakloads on theelectrical andheating systesibut alsoimproving the
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energy resilience during emergency situagj@uch as heating system failure, loss of fuel sypply
or power failureswhich is important fotheenergy security and a sustainable future in the remote

Arctic communitief the World

6.1 Contributions

An in-depthstudy of a simulated air based BIP\@@llectorusing local weather data wesupled
with the monitorecenergy data from high-performanceesidentialduplex in QuaqtadC. This
study helped to provide insightinto the systenis onsite performance for validation of the

appropriateness of BIPV/T for Arctic residential applications.

Contributions for the study include:

1 The creation of a finite difference simulation model of an open loop air based BIPV/T
system developed to input local hourly weather dataltain the systeds electrical and

thermal energy generation capabilitiesrgavith the corresponding outlet temperatures.

91 Data sets of the local eatherwere collected,and local irradiancedata was created by

interpolating satellite derived values from nearby stations.

1 Three years of wnitoredenergy data from high-performarce prototype Actic duplex

was obtained and analyzed with the simulation data.

1 A designfor an easily built and maintainedvood framedBIPV/T systeminstalled on the
facade of an archetypevercrowdedhousing duplex in Nunavikyas createdassuming

readily available building materials on the martioeiay.
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1 The BIPV/T system was configured to maximize the outlet temperature during the heating

seasonto mitigating ERYV frostingin extreme cold Arcticlimate

6.1.1Publications

Baril, D. Athienitis, A. Ge, H(2021). BIPV/T for Arctic Residential Applicationgnternational
Building Physics Conference 2023openhagen, Denmark

Xie, Z. Shu, C. Reich, B. Wang, Baril, D. Ji, L. Yang, S. Bai, X. Zmeureanu, R. Lacasse, M.
Wang, L. Ge, H(2021). A field study on summer overheating of six schools in Montreal
Canadalnternational Building Physics Conference 20€bpenhagen, Denmar

Wang, R.L., H. Ge anb. Baril. (2020. Moisturesafe attic design in extremely cold climate:
hygrothermal simulation®8uilding and Environmenti82, September 2020, 107166

Ge, H. R.L. Wang, anB. Baril. (2018. Field measurements of hygrothermal perfance of
attics in extreme cold climateBuilding and Environmerit34C: 114130.

Baril, D., Fazio, P., & Rao, J. (2013). Field Study of Hygrothermal Performance of Housing in
Canadian North. liEIC Climate Change Technology Conference 2048ntreal, QC.

6.2 Future Additional Work

The following points are additional items that can be analyzed through simulations or studied

experimentally to further develop the performance of BIPV/T for usage in the Arctic.

1 The eavelope drying potentidtfom theincreasedavity air flow and temperaturereated

by the BIPV/T.

1 The mproved thermal performance tbfe buildingenvelope fronthe heat recovered by

forced air flow in theBIPV/T cavity.
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Analyzing the effect of ltangirg the cavity surface material to increase convective and

radiative heat transféo the recovered air

Investigation nethodsfor decreasing sky lossesich adow-e coatingson PV surfaceor

theadditionof glazingmaterial

o Search for a wre accurate skiemperature correlatiorts be utilizedfor cloud

covered skies.

Developing a low order building modet the NHPto be used for model based predictive
controls with weather forecastased as inpuisfor ventilation controls, energy

management, and gridteraction.

Analysis ofthe buildingd thermalenergy savings when usiriggo heating cos, oneto

prevent ERV frostingindthe other tdheatsupplyair from ERV toliving space

Control of the ventilation rate to optimipaitlet temgratureand heat recovered to obtain

high COP and maximum thermal energy from a heat pump.

Cost analysisof energysavings over time along witenvelope material savingand

BIPV/T system costs.

Creating of wood framed BIPV/T facade fexperimental testing fofurther model

calibration and validation.

Improving theQuagtagrradiance model using diffused irradiance correlatifmmscloud

covemeed skies

Field trip to the NHP in Quagqtaq to investigate air leakage locations and tHiafiostapf

pyranometers to obtain surface irradiance values.
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AppendixA Air Properties
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Appendix BASHRAE standard 62.2 Fresh Air Requirements Calculations

Total Ventilation Rate

Sl
Qto=0.15A100r+3.5(Nor+1)

Quwi=total required ventilation rate,L/s

IMP
Qto=0.03At00r+7.5(Nort+1)

Infiltration Credit

Qfan:Qtot'G ( in@A ext)
=1 f or vén@dtiomnced
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Aex=1 for a detached house, or for horizontally attached units, the amount of area not attached to
the other unit divided by the entire envelope surface area.

Effective Annual Infiltration Rate (R)
wsf=weather and shielding factor
wsf assumed to be 1 for Quagtaq
Qini=0.052*Qg*wsf*(H/H ()*

H= vertical distance between the lowest and highest afpade points within the pressure
boundary, ft (m)=2.44m for Pilot House

H=reference height, 8.206 (2.5m)
z=04
Different Occupant Density

Assumed to have 2 people living in a 1 bedroom dwelling and an additional person for each
bedroom. Each additional person adds 7.5 cfm or 3.5L/s.

Appendix GIATLAB CodRIPV/T

clearvars;
load( 'MonthlyWeatherData.mat' );
%Environmental Conditions Inputs

G=DecCloud90TotalRad70; %incident irradiance W/m2

Textr=DecTExtrAvgHour; %Exterior air temperature in Celcuis From
Environment and Climate Change Canada

Vwind=DecWindSpeedAvgHour; %Velocity of wind in m/s From
Environment and Climate Change C anada

Tsky=DecTSkyAvgHour; % Correlation from Duffie&Beckman 2013

Tin=20; %lndoor air temperature in Celcuis

%BIPV/T Cavity Properties
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Hch=0.019; %channel height in m 19X64 wood strapping For
Validation 0.04m

Wch=1.936; %channel width in m 19X64 For Validation 0.38m
Lch=4; %channel length in m For Validation 0.06 to 2.89m
nCV=200; %number of control volumes

Lcv=Lch/nCV;  %Control volume length

Ach=Hch*Wch; % cross sectional area of air channel in m”2
P=2*Hch+2*Wch; %wetted area perimeter of channel in meters
Dh=4*Ach/P;  %Hydraulic diameter of channel in meters
Aspect_Ratio=Wch/Hch;

Acv=Wch*Lcv; %Area of control volume in m2

ChannelAmoun ts=5; %Amount of channels installed on facade used
to determine flow rate in each channel

cfm=150; %48.4CFM for 1.5 m/s 8.5CFM for 0.26m/s

m3pers=cfm*0.00047194745; %meters cubed per second conversion
from cubic feet per minute

ERVFlowRate=m3pers;  %m3/s High setting of Venmar EKO 1.5 ERV
(157CFM)

M=ERVFlowRate/ChannelAmounts;  %Volume Flow rate in each channel
in m3/s

Vch=ERVFlowRate/(Ach*ChannelAmounts); %average velocity of air
in channel in m/s

Rins=9.55/Acv; %Equavalent Wall thermal resistance RSI of
Quagtaq House wall=9.55

%1.6RSI used for 2" of XPS in Tingting experimental work

F=1;, %View factor of cavity walls

E1=0.95; % PV top surface emisivity (0.95 Tefzel) (Glass 0.95)

E2=0.95; % PV bottom surface emisivity (steel plate 0.8 )
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E3=0.2; % Channel back surface emisivity (XPS)

%lnitial values

% QskyTotalCV=(1:48);
for i=1:24
TPV(1,i)=Textr(i);

% TPV=(1:20)';

% qsky=(1:20)";
qsky(1,)=1;

% Tma=(1:20)’;
Tma(1,i)=Textr(i);

% TB=(1:20)’;
TB(1,i)=Textr(i);

% Toutlet=(1:20)";
Toutlet(1,i)= - 5;
% hr=(1:20)";
hr(1,i)=2.6;

% Qrec=(1:20)’;
QrecCV(1,))=0;

QrecTotal(1,i)=0;
% eff_PV=(1:20)"
eff_PV(1,i)=0.17;
% Pelec=(1:20)
Pelec(1,i)=0;

% Rhr=(1:20)";
Rhr(1,i)=1.5;

% Kin_ViscosityBM=(1:20)";
Kin_ViscosityBM(1,i)=1.338e
% Re=(1:51);
Re(1,i)=3000;

% Pr=(1:20)";
Pr(1,i)=0.7362;
% Nu_f=(1:20)"
Nu_f(1,)=22;

% Nu_b=(1:20)"
Nu_b(1,)=37,

% k=(1 :20)’;
k(1,i)=0.02364;
% hf=(1:20)"
hf(1,i)=20;

% hb=(1:20)"
hb(1,i)=20;
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% Rhf=(1:20)";
Rhf(1,i)=0.06;

% Rhb=(1:20)";
Rhb(1,i)=0.04;

% air_density=(1:20)";
air_density(1,i)=1.42;
% mdot=(1:20)";
mdot(1,i)=0.0092;

% cpair=(1:20)";
cpair(1,i)=1005;

% Sgn=(1:20)";

% Sgn(1,)= -1,

% Tsky=(1:20)";

% Tsky(1,i)=Textr(i);
% Tinlet=(1:20)";

% Tinlet(1,i)=Textr(i);
% ho=(1:20)";

ho(1,i)=18;

% Rho=(1:20)’;

Rho(1,i)=0.04;

% Qins=(1:20)";

Qins(1,i)=0;

end

0= m = m e o
S U S

%PV Module Properties based on manufactures specifications
%specific to the PV surface construction

alphaPVv=0.90; %Absorbtance of PV

eff STC=0.15; %PV module efficiency at Standard Test Conditions
written as a decimal For Validation 0.061

beta=0.0045; %PV Module Temperature coefficient %/degree C
Tstc=20; %Standard Test Condition Temperature in degree C

%%constants
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sigma=5.67e - 8; %Stefan - Boltzmann constant W/m2

%Simplified Energy Balance without PV resistance
m=1;
for j=1:24 %iteration using hourly weather data for 24 hours
PelecTotalCV(1,))=0;
QrecTotalCV(1,))=0;
QskyTotalCV(1,))=0;
Qsky(1,))=0;
TPVTotal(1,))=0;
TBTotal(1,j)=0;
TmaTotal(1,))=0;
GrTotal(1,))=0;
ReTotal(1,j)=0;
mdotTotal(1,j)=0;
air_densityTotal(1,j)=0;
cpairTotal(1,j)=0;

for y=1:nCV

p=1;

for n=1:50 %number of iterations to have results converge
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if y<=1%if else loop to have Tinlet= Textr for first iteration
loop, then Tinlet= previous Toutle t for next Control volumes
iteration loops

Tinlet(p+1,j)=Textr(m);

else
Tinlet(p+1,j)=Toutlet(51,m); %Uses the converged Toutlet
result from the previous timestep as the Tinlet
end
TPV(p+1,)=((Textr(m)/Rho(p,)))+(alphaPV* G(m)*Acv) - Pelec(p,j)) -
Qsky(p.j)+(Tma(p,j)/Rhf(p,j))+(TB(p.j)/Rhr(p,j)))/((1/Rho(p,j))+
(1/Rhf(p,)))+(1L/Rhr(p.j))); %PV temperature assumed to be uniform

temperature on front and back

TB(p+1,)=((TPV(p,j)/Rhr(p,j))+(Tin/Rins)+(Tma(p,j)/Rhb(p.})))/(
(L/Rhr(p,j  ))+(1/Rins)+(1/Rhb(p,))); %Cavity back surface
temperature

Toutlet(p+1,)=((TPV(p,j)+TB(p,}))/2)+(Tinlet(p,)) -
((TPV(p.j)+TB(p.j))/2))*exp(2*Lcv/((M*cpair(p,j)*air_density(p,j

)N/ (Weh*(hb(p,)+hf(p,))/2))): %From Athienitis et al 2004
%

}AZ()F)#LJ'F((M*CD air(p,j)*air_density(p,j))/(Wch*(hb(p.j)+hf(p,}))
2);

% e(p+lj)=exp( -
2*Lev/((M*cpair(p,j)*air_density(p,j))/(Wch*(hb(p,j)+hf(p,j))/2)

);

Tma(p+1,j)=(Tinlet(p,j)+Toutlet(p,)))/2; %Bulk mean temperature
at which air properties are determined for determining Reynolds
Number and Qrec

QrecCV/(p+1,j)=((TPV(p.) - Tma(p,j))/Rhf(p,j))+((TB(p.)) -
Tma(p,j))/Rhb(p,))); % Heat recovered from control volumes in

Watts. Variable will display only the values for the final

control volume. QtotalCV used to sum all of the control volume.
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eff PV(p+1,j)=eff STC*(1 - beta*(TPV(p,j) - Tstc)); %PV electrical
efficiency, function of PV temperature

Pelec(pt+1,))=eff_PV(p,j)*alphaPV*G(m)*Acv; % Function of
incidence angle, irradiance
%and PV module efficiency

hr(p+1,j)=(4*sigma*((((TPV(p,j)+273.15)+(TB(p,j)+273.15))/2)"3))
/((/E2)+(1/E3) -1); %Linearized Equation
%hr(p+1)=((((TPV(p+1)+273.15)"4) -
((TB(p+1)+273.15)4)))*F*sigma)/((1/E2)+(1/E3) -1); %Non -
linearized Equation

Rhr(p+1,j)=1/(hr(p,j)*Acv);

Qsky(p+1,j)=(EL*sigma*(((TPV(p,j)+273.15)"4) ]
((Tsky(m)+273.15)74)))*Acv;

%Convective Heat Transfer Coefficients

Kin_ViscosityBM(p+1,j))=8.7e - 8*Tma(p,j)+1.338e -5; %Kinematic
viscosity at Bulk Me an temperature in m"2/s Linear approximation
function

Re(p+1,))=Vch*Dh/Kin_ViscosityBM(p,j); %Reynolds number. For
internal flow, considered laminar if <2300, turbulent >10,000

and transitional in between.

Pr(p+1,)=1.5e - 08*(Tma(p,)))"3 -1.2e - 06*(Tma(p, )2 -

0.00025*Tma(p,j)+0.7362; %Prandtl number cubic approximation
function
Nu_f(p+1,))=0.052*(Re(p,j)"0.78)*Pr(p,j)"0.4; %Nusselt number

for the front side of the cavity from L. Candanedo 2011

Nu_b(p+1,))=1.017*(Re(p,))"0.471)*Pr(p,j)"0.4; %Nusselt n umber
for the back side of the cavity L. Candanedo 2011

%
Nu_f(p+1,))=((0.6883*(Re(p,j)0.70)*Pr(p,j)*0.8)*exp((Lch”~0.3)/(
6.45*Dh)))+(0.0124*(Re(p,j)"0.70)*Pr(p,j)"0.8); %Nusselt number
for the front side of the cavity Laminar from Yang 2014

%

%
Nu_b(p+1,)=((50*(Re(p,j))"0.50)*Pr(p,)"0.2)*exp((Lch”0.3)/(1.37
*Dh)))+(0.428*(Re(p,j)*0.50)*Pr(p,j)*0.2); %Nusselt number for
the front side of the cavity Laminar from Yang 2014
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%

Nu_f(p+1,)=((8.188*(Re(p,))"0.77)*Pr(p,j)"3.85)*exp((Lch”0.2)/(
2.8*Dh)))  +(0.061*(Re(p,j))"0.77)*Pr(p,j)"3.85); Y%oNusselt number
for the front side of the cavity Turbulent from Yang 2014

%

%

Nu_b(p+1,)=((4.02*(Re(p,j)*1.09)*Pr(p,j)*19.3)*exp((Lch”0.2)/(1
4*Dh)))+(0.005*(Re(p,j)*1.09)*Pr(p,j)*19.3); %Nusselt number for
the front side of the cavity Turbulent from Yang 2014

k(p+1,))=7.5e - 05*Tma(p,j)+0.02364; %Thermal Conductivity k, in
W/mK Li near approximation function

hf(p+1,j))=Nu_f(p,))*k(p,j)/Dh; %PV bottom convective heat
transfer coefficient

hb(p+1,j)=Nu_b(p,j)*k(p,j)/Dh; %Channel back surface convective
heat transfer coefficient

Rhf(p+1,j)=1/(hf(p.j)*Acv);

Rhb(p+1,j)=1/(hb(p,j)*A cv);

air_density(p+1,j))= - 6.6e - 08*Tma(p,j)"3+1.8e - 05*Tma(p,j)*2 -
0.00473*Tma(p,j)+1.292; %cubic aproximation
mdot(p+1,j)=air_density(p,j)*Vch*Ach; % mass flow rate of air in
kg/s

cpair(p+1,)=1.4e - 05*Tma(p,)"3 -
0.0013*Tma(p,j)*2+0.042*Tma(p,j)+1006; %specific heat at constant

pressure in J/kgK cubic aproximation

%representing the ratio of buoyancy force to viscous forc e.
%Determines whether the natural convection flow is turbulent
when Gr>10"9.

Tmean(p+1,j)=(TPV(p,j)+TB(p.)))/2; %Mean temperature of the
verticle surfaces to determine the Grashof Number for Natural
Convection characteristics

Kin_ViscosityTMean(p+1,j )=8.7e - 8*Tmean(p,j)+1.338e -5; %Mean
Temperature kinematic viscosity in m”"2/s
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Beta(p+1,j)=1/(Tmean(p,j)+273); %Volume expansion coefficient in
1/Kelvins

0=9.81; % gravitational force m/s"2

Gr(p+1,))=(g*Beta(p,j)*(TPV(p.j) -
TB(p,j))*Hch”3)/Kin_ViscosityTMean(p,j)"2;

Buoyancylmportance(p+1)=Gr(p,j)/Re(p.,))"2; %If <1 then buoyancy
can be neglected

ho(p+1,))=(11.9+2.2*Vwind(m)); %PV top convective heat transfer
coefficient.

% Sharples and Charlesworth give the clos est results to Tingting
Yang's measured

% data

% ho(p+1,))=(7.4+4.0*Vwind(m)); %Palyvos windward

Rho(p+1,j))=1/(ho(p,j)*Acv);

Qins(p+1,))=(Tin - TB(p.))/Rins;

p=p+1;

end

PelecTotalCV(j)=Pelec(51,j)+PelecTotalCV(j); % Function to sum
the Electrical Power from each control volume
QrecTotalCV(j)=QrecCV(51,j)+QrecTotalCV(j); % Function to sum the

Heat Recovered from each control volume

QskyTotalCV(j)=Qsky(51,j)+QskyTotalCV(j); % Function to sum the
Heat lost to the sky from each control volume

%Average of TPV, TB,TMA Qsky from each Control Volume for entire
channel

TBTotal(j)=TB(51,j)+TBTotal(j);
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TBAvg(j))=TBTotal(j)/nCV,
TPVTotal(j)=TPV(51,)+TPVTotal(j);
TPVAvg(j))=TPVTotal(j)/nCV;
TmaTotal(j)=Tma(51,j))+TmaTotal(j);
TmaAvg(j)=TmaTot al(j)/nCV;
GrTotal(j)=Gr(51,))+GrTotal(j);
GrAvg(j)=GrTotal(j)/nCV;,
ReTotal(j)=Re(51,j)+ReTotal(j);
ReAvg(j)=ReTotal(j)/nCV;
BuoyancylmportanceAvg(j)=GrAvg(j)/ReAvg(j)"2;
mdotTotal(j)=mdot(51,j)+mdotTotal());
mdotAvg(j)=mdotTotal(j)/nCV;
air_densityTotal(j)=air_density(51,j)+air_densityTotal(j);
air_densityAvg(j)=air_densityTotal(j)/nCV;
cpairTotal(j)=cpair(51,j)+cpairTotal(j);
cpairAvg(j)=cpairTotal(j)/nCV;
QrecTotal(j)=mdotAvg(j)*cpairAvg(j)*(Toutlet(51,))
end

m=m-+1;

end

%Transposing of results
PelecTotalCV=PelecTotalCV"
QrecTotalCV=QrecTotalCV"
QskyTotalCV=QskyTotalCV",

TBAvg=TBAvQ'

TPVAvg=TPVAv(g',

TmaAvg=TmaAvg';
Toutlet=Toutlet";

- Textr(m));
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GrAvg=GrAvg',

ReAvg=ReAvqg’
BuoyancylmportanceAvg=BuoyancylmportanceAvg’,
QrecTotal=QrecTotal’;

eff Pv=eff PV

TPV=TPV/
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