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ABSTRACT

Development oHeuristicModelBasedPredictive Control Strategies for an

InstitutionalNet-ZeroEnergyBuilding

Emil Jalilov

Thisthesispresents the development of heuristic mdabeded predictive control strategies far a
institutional NZEB buildingarchetypewith the Varennes Librargelected as a case study. A
heuristicmodetlbased predictive control strategy is applied tadiant fbor heating system
Depending on anticipated weather scenadeseloped neaoptimal heatingtemperature
setpoint profiles are selectell generalized methodology for building energy model
developmento be used bynodel predictive control (MPCdlemonstrating atepby-step
approacltof more detas addtion to the modelis presentedlhe resultingexplicit finite
difference 18 order lumped parametegsistancecapacitance (RGhermal network model is
used to describe the dynamic behaviof the building.The selected odelis validated using

on-site measurements

Thethesisthendevelopsan approach for generalizing the heuristic predictive control strategies.
The proposed strategy showed the possibility of 25% energy savingestr@amely cold sunny
day. Another strateggmphasizingenergy flexibility displaces nearly 100 % loatingpower
duringthe morningoeakand approximately 80%f theheatingpower duringhe evening peak

demand everiince theoneday aheadhotificationfrom the utilityis received Acceptablemdoor



thermal conditions recommended by ASHRAE Standardr&Baintainedunderproposed

strateges

Finally, the thesis analyzes theilding-integrated photovoltaithermal(BIPV/T) system
installed in the libranas a potential solution to increase energy flexibditg energy efficiengy
proposesubsystendatadrivencontroloriented modetlevelopmenand evaluates the possible

enhancementsf the installed systefnoth in terms bdesign and control perspective.
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Chapter 1

Introduction

In the lastdecade or sahe confluence of the demand for innovation with the necessity for
significantreductions in energy usage and greenhouse gas (GHG) emissions in the construction
industry alteedthe way buildings and their energy systems are percelvexpursut of an
integrated design approach, more efficient envetopighting heating, ventilation and air
conditioning (HVAC) systers) mass installation of esite renewable technologyore stringent
energy codesaandtheemergence of green building certification grams are evidence of this.
Nowadays, buildings and grids arel@pendently pushingariousenergy efficiency innovatia
neverthelesghese initiatives are not well integrated enough to fully exploit the new prospects.
Combining and managing a varied set of demands from both the building and the local utility
requiresmore controlled, adaptable, and integrated building operatibansy electrical loads in
buildings may be handldtexibly and can be regulated to run at specified times and varying
output levelausing advanced controlShe capacity to implement more complex continuous
energymanagemergolutionsat the building level caassist utilities in addressing peak demand
issues, which are becoming increasingly significiiherefore, this thesis proposes moving
beyondsimplegrid-integration techniquesych agslemand response) to create integrative
solutions that result inubstantial long-term savings for building owners, grid operators, utilities,

and other stakeholders without compramgsoccupant8comfort.

The reasonfor greater demandide engagement in electric grid operation, the routes via which
this may occur, and the role buildsxgan play are all covered in the introductwrapter

1



Following themotivation the introduction concludes with the thesis' generalotibgs and

structure of this thesis.

1.1 Motivation

1.1.1 The role of Buildings in Climate Changeand Grid
Regulation

Scientific evidence supporting the occurrence of shifts in global climate trends has accumulated
over the previous centurstill, data collectedh the last 25 years demonstisiieat we are

amidsta rapid and globally happening movement toward increasing average temperatures
(Houghton et al., 2015 hebuilding industry is théargestsource of worldwide greenhouse gas
(GHG) emissionsbuildings consume around 40% of global energy and produce roughly 30% of
GHG emissiongLEED, 2014) If current trends continue, these emissions are expected to double
by 2050. (UNER2019). Though stastics vary per building, studies show that over 80% of
greenhouse gas emissions occur during the operational phase of lsuddul§ !l different

energy demandsuch as air conditioning and lightingut especiallyspace heatinEA, 2020.
Severaimeasures are being taken in the right direcewen thougtpresent policietack

ambitionfor climate change mitigatioto the desiredlarges. At the international level, the Paris
agreement reached at the end of the Conference of the PArsiesieeting in 2015 resulted in

the framework of an overarching plan of act{tiNFCC, 2015)On 16 November202Q the

Quebec government adoptirk 2030 Green Economy Plan (PEV 2Q3@tording to which

$6.7 billionare goingbe invested in building and transportation sectors over theimextears
targeting the GHG emissioi8030 Plan for a Green Economy, 202Biit it will not be enough.

As indicated by itsmplementation pla, the envisaged results widduceemissions by just 12.4



million tons(Mt) of the 29 Mt that should be eliminated annually to reach the target of 37.5%
under the 1990 level in 2030. It will therefore be necessanty touch mordrom 2021 to
achieveour targetsTo do more, building ownsmust comprehend their buildings' value
proposition.There isa necessityfor analysis based on reliable datawever achieving this task
has become a challenge in recent years due to federal changesdatGanenpose limitations
on the availability, frequency of publication and accespaxificcritical energy dataStatistics
Canada recognizes the challengessent with the datand actively collaborates with if&rtners
to identify possible solutions. Ultimately, a reform of tB&atistics Act will need to be carried

out to correcthese gapéThe state of energy in Quebec, 2021).

1.1.2 DemandSide EnergyGeneration andFlexibility

In many countriegienewable energy sources (RES)gm@ving withthewidespread demarfdr
electrification.Hydropower already playsaucialrole inadoptingrenewable energy in several
regions such as Quebeé&till, it is geographically confined to a few locations where @isady
primarily utilized. Solar and wind power are the fastgatwing RES sectors todalge to
significant cost reductions that lenade them costompetitive withthe other fossil or nuclear
fuels, resulting in their rapid adopti¢giRENA, 2018) However,on the other hand, their
intrinsic intermittency poses particular challenges to the grid's stabilitgasingsupply
volatility. Indeed, these two power sourceshaghly dependent on climatic circumstances,
which leag to a mismatch between fluctuating supply and demand when the use of renewable
energy sources is widespre#abstalling smaHlscale PV panels avindmills and injecting
electricity into the gridsllowsbuildings to affect the energy exchange of the grid badome
prosumersHowever, he electricitynetworkwasnot designed to handiepredictablgpower

flows, and this might cause system congestlthe most famous exampdé this issue is



Cal i f or ni a'(sawréndeuBerkley blational kaboratory, 201The impacts of high
penetration of renewable energy sources (Ri&Sgalso observedh Germany whereaccording
to New York TimesReed, 201), the negative pricing due to excess renewable energy supply

occurred over 100 times per year in 2QEigure 11).

In such circumstances, curtailment of RES is a simple and common remedy, although it
essentially consists sfjuandering free available energy resultingaganomicand zerecarbon

electricitylosses.

Goingback to the challenges of integrgirenewable energy, besglhe surplus, the

intermittent nature of these sources also raézat the output may be inadequate to ntleet

Price in
Euro/MWh
: : Bid to sell X MWh for
Bid to buy X highest price X (e.g.
. MWh fqr gas-fired power plant)
highest price X
. Power SN
demand Y

J\ curve curve

(+)

Natural gas

Electricity in
MWh / h

(-)

Bid to sell/buy at same
(lowest) price X
= Market clearing price

Figurel-1: Power market scenario in Germany; addition of renewables and inf
conventional power plants led to a negapesver price(The Causes and Effects
Neaative Power Prices, 2018)
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demand, necessitating additional peak powetstifinese facilities must be easily dispatchable

15°

P TP P F r r
12 3 45 6 7 8 91

and their primary energy source is usually natural gas or nuSleein. peak power facilities must

be kept operational all year to ensure that their power capacity is available when solar and wind
power outputs not enoughSome financial issues aridae totheir profitability: they would

only be used for a few hoursmgearwhenthe RESs are not accessible. Or, if the significant
baseload power productiegmnuclear such as in Ontario or California, it can be challenging to

modulate is supply

The two peak demand periofis the gridin Quebeareshown in Figure 2 above There are
several potential solutions taldresshe mismatch of power generation by RES and building
demand. Opportunities exist from batte utility side and consumer sidéxhaustingexcess
generated enerdgp restore the piht's stability, as discussed abawveght not be the optimal
solution. To compensate for a shortage of renewable energy agrigegide flexibility can be
used, but it does not make financial sense to maintain those plants amlgtfeitime of use.
Building/upgradgng new power plants and transmission $iean be economically not warraiot

either. However, expanding transmissiimes to exchange energy between the countries of

5



different weather conditions (and consequently different available renewable energy sources) is a
promising solution for the futur@here are ongoing talks between the countries to overcome the
political and technical barrierElectricity surplus can be stored for later ,usbere batteries,

thermal storage, hydrogen systeamsl aqueous reservoase popular solutionglowever, thee
solutionsremainnot costeffectivg and significant research breakthgh is required for their
profitability. Now, what about the flexibility from the prosumsuch asbuilding side?

Buildings areessentiato energy managemesincethey constitutapproximately40% of the

total enduse of energglobally and 32% in Quebe@he state of energy in Quebec, 2021)

In recent years, a substantial amount of research has focused on improving the flexibility of
buildingsthroughoptimal controls andemand manageme@ne of those is thproposalof the

new research annexbyh e | nt er nat i o nBEA) Ené&gy emBglgingsfagde ncy 6 s (
Communities (EBC) Program "Annex 87 Energyflexible buildings". Experts in thigroject

described buildings' energy flexibiligsthe ficapacity to regulate their remement and

generation under local climatic circumstances, user demands and network requéréBAnts

2017) Various aspects of a building can be considered as a source of flexitiktynal mass,

such as gypsum board or a thick radiant floor,atas passive thermal storage doedutilized

to shifttheenergydemandwithout impactingndoor thermal comforgignificantly. Onsite
renewableenergy generation sourgesich as solar systemmust be addressed as wblthin

terms ofdesignand operation and finding synergies with ventilation, heat puamasthermal
storagesystemsElectricvehiclesand batteries can also providethe@ i | di ngbés energy
Furthermorethe Building ManagementyStems(BMS) for commercial buildings provide

coordinated, supervisory managemenalbsystemsn the building allowing foreffective

demandnanagementhile providing adequate servii occupants and guaranteeing system



functioning within operatingonstraintsConsistentmodel development must eployedo
assist inestimatingpotential energyiexibility available to the gridrom buildings(Date et al.,

2020)

1.1.3 Enhancement of energy flexibility opportunities in buildings

Buildingscanprovide considerable flexility services tdhe grid by anntegrateddesign and

control of ther thermal and electrical energy systems. Given that buildirgthe highest

energy consumeiglobally, the trend for enhancing energy flexibilitytime building sector is

rising. Considering the general issue of global warming and energy conservation, more and more
incentives and progranase being proposdd promote the construction of higierforming
buildingsthat achievenearlyZero Energy Buildigs (nZEB)or Net-Zero Energy Building

(NZEB) statuswhich implies a netero energy consumption in a yearly balance. While these
buildings are designed to be enegjficient andrequire much less energyportfrom the grid
thantraditional buildingsgiven the generation and storage systems integnatieieh their

design, they are also potentiallgignificantsource of energy flexibilityThe nmajority of zero

energy building have some form of energy storage in the form afacpassive thermal
systemr/and batteriegn-site renewablgeneratiorsystemsuch as solar power, wind power
and bioenergy; efficient HYAGystemssuch as heat pura@nd heat recoveand Building
Automation System@AS) which allow implementation of sophisticated control logiata
collection andemotecontrol One of such typical buildings studied in this thesis as an archetype
example is the Varennes Libraryhefirst institutional NetZero Energy Building in Canad

The library, inaugurated in 2015 and locate¥arennes, Quebec, Canada, comprises the
majority of technologies discussed above, some of which, as shown in Fgieldw, serves

as an excellent archetype for A@sidential buildings with similar permance.
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Figure 13: Varennes Librar§ energy system sematic(Amara, 2019).

The building is described in detail in Chapter 3, bigworth noting it comprisebuilding-
integrated photovoltaithermal (BIPVT) andbuilding-integrated photovoltaiBIPV) for
electricity and heageneration, passive and active thermal storage in the fotine obncrete

floor exposed to soutbriented windowsradiant hydroni@ipes embedded in the floor structure,
electrical storage through 2 EV charging stations, ground source hea{ &P s )or

heating/cooling and operable windows for free cooling and rmMdwese are onlthe potential

Typical Commercial Energy Efficient Energy Efficient Grid Integrated
Building Building Building with Building with
Solar PV Energy Efficiency,
Solar PV, and
Load Flexibility

Energy Demand (kW)

A NS

noen noon ‘ noon , noaon

Figure 24: Principles to be adopted by buildings during design and operation to maxin
flexibility that building can provide to the gr{&rid-Interactive Efficient Building, 2019).
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sources of energy flexibilityand optimabperatiorwith further desigrenhancementare

required to activate and maximitteat potential

There are three stepy-step principlesas shown in Figuré-4, that building owners and utilities

must undertake to conserve energy emenhane theenergyflexibility in buildings

1)

2)

3)

Design an energgfficient building.Redution of energyconsumption and demand
chargegequires considering the building as a whole integrated system utilizing the
advantages of the surrounding nature from the concept designgrithisgegrating the
storage in its structure.

Adding onsite intermittent renewable energy generation sources. Solar PV is the most
popular option, it reduces loads around noontime, laisd lead to steep load ramping
and grid modulation issues. In cold climates like Quebec, peak energy demarsl occ
when solar energy is not availabfmply installing rooftop solar panels does not

provide nanybenefits if not creates more problems to the gridess step 3 is

undertaken.

The net load curve is successfully flattened by shifting load to periddglorenewable
energy supply, as shown in Figurd, resulting inareduceddaily peakand a more
consistent demand profil& smoother demand profile witessdaily peaks implies that

a surge in demand above reference loads would be smaller and have less impact on the
grid. Lower peak demand means less frequent ugeeiifcient, expensive, and polluting
power plantsLoad matching alongside other techniquéists building loads to match
generation, smoothening peak loaldsmproves energy efficiency and reduces demand
charges while ensuring grid stability and resilience. Having the capacity to respond to

demand during grid peak scenarios generates adaliiiocome.



The Varennes Libranselected as an institutional NZEB archetjgethis studyjs currently
implementingthefirst two principles ofanenergyefficient design and generation; this thesis
will mainlyfocus on thepplication of thdast principleto increase thenergy flexibilityof the

building through predictive controls artgsign.

1.2 Objective

The discussion above highlights the needfmrmal operationn buildingsto exploit the
possible sources of flexilly. We must establish a coordinated power usage strategy. This
coordination mustonsiderfuture or anticipated demandigxibility availability, and
restrictions, which may vary depending on tenant actisitiiedules, weathand a gido state
Most research proposes solutions through model predictive controls to achieve an optimal
integrated operatiqrespecially in complex structures with a large quantitygratedhermal
storaggVallianos et al.2019 Finck et al., 2019; Saberi & Athidis, 202]). The common
practice to reduce the peak demand in urgenatiors in buildings is the demand response (DR)
strategy which isanexpertisedriven rulebased techniquélowever, when considering such
strategiesseverakhallengesarise, each with its own set of obstacles to resdllaus, tlis thesis
aims toquantifyandutilize the energy flexibility potential of institutional/commercial building
that can be provided to the gbdsedon an institutional Netzero energy buildingNZEB)
archetype exampliirough predictive controlsy resolving issues of modelling alihited

availability ofdata.The objectives can be summarized as follows:

1. Develop and validate a generic stpstep contreloriented modelling methodology that

is fast to develop to estimate theilding'sindoorair and concrete slab temperature
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2. Develop aheuristicMPC methodologyto maximize energy efficiency afat the
flexibility potential of the librarywhere the latter aint® reduce the demand during the
two daily peakwinter periods for the grid in Quebec

3. Design and controltgdy of enhancing the energy efficiency of the buildimgpugha

BIPV/T system

1.3 ThesisOutline

The thesis is structured in chapters in the following way:
Chapter 1 briefly introduceghe role of buildings in climate change, the downsafdaken
initiatives, the challenge of obtaining the data, &mel concept of energy flexibility concengj

building-grid interaction.

Chapter 2 consists of two part§.he frst partreviews the literature armirrent statef-the-art
control methods tailored thie needor predictivecontrol and energy flexibilityThe £cond part
examina the arrentknowledge and developments in BEPV/T systemsas a possible solution
to increaseenergyflexibility in buildings their large scaleapplication and the existing
challengedowards widescaleadoption Both parts of the literature review wrap up with the

research needmdmethodology

Chapter 3 describegheinstitutional NZEBarchetypeits role in providing energy flexibility
services to the gridind the steps required to achiéveéley architecttal and mechanical

features, as well as operational sequerareslsooverviewed.

Chapter 4 introduces thastepby-stepapproach for model developmaeaftinstitutional NZEB
for heuristic predictive control strategies. The methodology is generic and can be applied to other

buildings withsignificant thermal masg hisis followedby the introductioranddevelopmenof
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the heuristic MPC control stratiegwith an objective to maximize energy flexibiligndbr
energy efficiency. Performance of different scenarios is anabrzeédompared with the baseline

data

Chapter 5 starts with a detailed overview of the BIPV/T system, its mechanical integration with
AHU and controls. Exploratory data analysis is performed based on an exampleygditab

clear days. Then controrienteddatadrivenmoddling of the BIPV/T is introduceébr whole
building and subsystem MR @llowedby the evaluation ofalternative design and control

options

Chapter 6 concludes with the final remarks, the contribution of this thesiglaadtion towards

expected future work
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Chapter 2

Literature review

Energy flexibility studies at the wholriilding scalecan be separated into two phases: design
and operationDuring the design stg, the general objective is mdlileg and parametric design
analysis to achieve the best synesipetween thgeneration and storaggstems and building
design Maximizingenergy flexibility at the operational phaseludespredictivecontrol
strategesevaluationsThese strategies can be optimal or heuristiocdetbased or moddree

andbeimplementednline or offline

The literature review consists of twoajorparts each concluding witits ownresearch needs
andmethodologiesThe frst partcovers theperational phase to address the energy flexibility in
buildings througtpredictivecontrol practicesind demangide managementhe fcond part

deals withthe flexibility at the design phaseoveringthe design, thermal enhancements and
largescale aplications ofBIPV/T systemswhich besidethe generation of electrical energy,

provides energy flexibility througthe generatiorandin-placestorage ofthermal energy.

2.1 State-of-the-art in the buildings control

The controffunctionsin the building systemcan be dividednto two parts: local level and

supervisory levelLocal controls’' fundamental and automation saskable the building systems

to work correctly and offer appropriate services. Local control may be further split into two
divisions being process control and sequencing control. While sequencing control determines the

logic of which thesystem components should operatgch apen outdoor air damper where
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fan is energized, shut off the valve whbefan is off, timeclocksand so ojy process control
modifies the controlled variables to achieve specified process objedfiossof the existing
building processontrol algorithms are based on simple feedback lampsethe error signal is
detectedthat is when the measured output (feedback) deviates from a reference value,
corrective action is takeP1D controller) The controlactionof these local controllelis
inherentlyreactive configured to providanadequate nmimal service by following the provided
setpoints and usuallgre not optimal or energy efficiefithe majority of large commercial and
institutional buildings are slowesponding systenaccommodatingoncrete slabs, electrical and
thermal storage systenand other technologies wisignificanttime constargwhere reactive

controlsfail (Dermardiros, 2020

Supervisory contrak responsible for the overall system monitoring and control of the local
subsystemdt aims to reduce or maxize an objectivefunction by selecting variable values

within acceptale rangeslirectly. Supervisory control of building systems strives tovue

pleasant interior comfort and a healthgoorenvironmentith the least energy input or running

cost possiblegonsidering the constantly changing indoor and outdoor conditiongremit

schemes and demand chargaem a supervisory control paiof view, there is a need for

control strategiethatc an use the buildingds ther mal i nert |
Incorporatng weather and occupancy behawviprediction patterns can helptake preventative

measures tmaximize energy efficiency and flexibility

Most buildings nowadays ut#e rudimentary ruldasedcontrol techniques (RBCyvhich
providelimited energyefficiency (Privara et al., 20)3However, the uprise of the digitaja
provides increased opportunities in computationdatd collectionunleashing the potential

application of complex control strategies, such as model predictive control) ((AB@nitis,
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A., & O'Brien, W. 2015)MPC has been a dominating control metblody in research on smart
buildingsin the previous decad@/hile RBC and MPC have their ownarits, they come with

limitationsdiscussed in the following sections.

2.1.1 Rule-based predictive controls

The use of rules antkuristicsbasedexpertiseand best praates can be used tieriveeasyto-
applysupervisory contratrategieslt is commonpractce in theBAS to developaseries of if
thenelse rules tamplementnearoptimal operating points for the systeRBC techniqusare
usuallyrealizedby manipulatingemperature setpoint or schedwdach agpre-conditioning,
optimal start/stop, temperature reset for supplyaaid so onAlbeit rule-based approaches are
simpleandcanfind only nearoptimaloperation pointsthey carachievea substantial energy
efficiencyif correctly appliedMa S 2 k, 2@19). Besitles the ease of practical implementation,
theotheradvantages of RBC are logic with a distinct physical meanindle@xitility to be
modified for aspecificsubtype ofthe systemcomponentFurthermore, if a rule cannot be used
owing to a lack of sensors, a simpler rule (requisimgpleror virtualsensors) can bepplied
However, acistomized solutions are implemented on a prejgeproject basis, witmethodology

neededo make them moreemeral andeproducible

The rulebased approach is typically used to compute better setpoints and/or better scheduling
(optimal start/stop, preooling,and so or). When thebuilding operatorsim to attaira
particularobjectivebeyond comfort, they generally specify specific goals to achieve. These
targets are not usually cleadgfined in RBC, but an implicit objective can be determined most
of the time.

The most common form of ruleased control to maximize energy flexibility is expeHisgived

load shiftingwith fixed schedulingFor exampleCarvalho et al. (2015urnedoff a heat pump
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over peak heating hours from 9:00 to 10:30 and from 18:00 to 2@a80ng up to 34 % on
energy costd.ee et al.(2015)modulated set poiatduring peak eveningemandhours

reducing the energyonsumption by 80 % in cooling and 64 % in heating during that period. De
Cornick etal. (2013) used RBC schedule to charge a thermal energy storage tank optimally
Given thatheat purps operate more efficiently wheahe sourceandsink temperaturgare

closest, heharged the tank with a heat pump from 12:00 to 19n@0uding raisng setpoint

until 16:00 and achieved better results tbrerstandardexpertisebased controls. Ruleased
controls weralsoused for peak shaving strategies@veraktudies(Dar et al., 2014; de Salis et
al., 2014; Halfmann et al., 2017; Hida et al., 2010; Lu et al., 2021; Moghimi et al., R016)
these instances, the building's powansactiorwith theutility is tracked and power import and
exportcutoff can be selWhen the thresholds are exceeded, the contmadiisto halt oractivate
the operation ofhe specific parts, such as mechanical systems, batteriesttaerd in order to
keep peakiemandoelow the predetenined levelln a NZEB with aphotovoltaicsystem, for
example, Dar edl., (2014) established an import restriction & RW and an export limit of 5
kW, whereas (De Coninck et a22010) proposagalike ii g Floadd a p pwitlo 35&W import
and exportutoff. Somecontrol techniques are aimed at lowering-eisdr energy expenses.
These techniques, in general, rely on tivaeying energy costs, with the controller aiming to
operate energgonsuming equipment during leprice times oavoid them during higiprice
onesldentificationof the low and higtprice thresholdss one of the mostritical aspects of
these RBC methodSchibuola et al., (201%)sed a predictive rulbased approach, where based
ontheforecastectlectricity price for the next 12 hourgcontrollerrespondedo the price He
achievedcost savingsf around 15%Clauld et al.(2019) studied three ruleased predictive

control strategies to reducest, CO2 and energy ageduring peakdemanchoursin a
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lightweight timber residentiduilding in Norway. Hereportedthat in all three casethe
potential cost savings for the proposed strategies awdvecigheddy theincreased heating
electricity usge The schedulbased control, where the temperature setpoint was raised for
heating 3 hours before the peak demand, proved to be the most eéficasegy foload

shifting.

A modelbased approach was presented by Athienitis gt18i88) who developd a predictive
control algorithm for heating massive buildings with high solar gains in the frequency domain.
The amplitude of a halinusoidal curve for solar radiation and the amplitude of a sinusoidal
curve for temperature were determined using tenperand clearness index predictions for the
following days. These predictions were then applied to the building's linear nieigeldifferent
setpoint ramps were developed, and the oneptioaided the least energy consumption was

selected for the day.

While RBC is relatively simple to develop,does not consider weather and occupancy
behaviours predictions in most cas&hey are usually modékee and rely purely on supervisory
control expertiseTherefore, it is challenging to guarantee that thefodnasonstraints on the
control output will always benaintained.An expert system is used as a supervisory controller
may identify energefficient or costeffective control settings fanearoptimal HVAC system
operationbased on the curremiorking conditions. These energy or ceffiective control

settings are discovered using a mix of knowledgsel rules and data from BAS. An expert
system's knowledge base is generated from one or more Hspecialzed expertise. Based on
the knowledgdase, an expert system may replicate human thinking to make judgments for a
specific working situation. Iis also capable of deducing appropriate solioom incomplete

data collection. It is simple to set up and mainthowever, because the rulee atatic, the
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depth of the knowledge database affects the application of an expert system, posing a

considerable risk of mistakeOther alternative technique® not employamodel in the

decisionmaking such as reinforcement learning, where a coletrtriies to improvehe

operationbased on the outcomes of past actibtmvever, makinghec ont r ol | er Al ear n
requiresanexcessie amount of timand data collectiarMany aspects influence the controller's

performance, including th&ateaction selectiomndlearning settings.

2.1.2 Model Predictive Control (MPC)

Anothergrowing field of research ipredictive control strategsto maximize building eergy
flexibility is Model Predictive Control (MPCAs the name suggests, these contrsltequirea
building modeffor the whole building and/or its subsystetngorecast thermal behawiosuch
as energy loads or thermal comfort. The type of modelling approach is udasélifiedinto
three categories: whilgox, greybox and blackbox. White box modejor physicsbased
models, arelevelopedrom thefirst principles and implemented waty in building energy
modeling (BEM) toolssuch as DOR2, EnergyPlus and IESE. In general, they comprise
energy balance equations applied to each suaiadeonen a detailed geometmyhich yields
comprehensive analysis of the model for the desigisid® and retrofitting purposes. The
disadvantages of these modatethe time and cost required to build them andnixed for
complete knowledge of buildings physics which is not always available. Thus, they are rarely
used for controls, although theaee some applications the literature where offlinBIPC uses
such modelsGomezRomero et al., 203¥Kontes et al., 2018Bincewhite-box moddling of
sultsystemss computationallycheap they are frequently uséd model certain components
within a building Mirakhorli & Dong, 2018)On the other hand, bladdox modelling methods

do not model buildingusing physics lawand areentirely datadriven Developing these models
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requiredargeand rich datasstcapturinga large varietyf conditions throughout the whole
season. This jaisually, the biggesthallengan deployingblackbox models.When dealing with
big datasets with numerous features (variables or sensors in this example), feature evaluation and
selection becomerucial in developing an accurate and efficient moDakadriven building
modelsusedto estimate energy flexibility range frotime simple regression mode(¥in et al.,
2019 totheartificial neural network (ANN) anthe supportvector networks (SWN)ara et

al., 2014) There is als@ combination of firs{principle and datalriven models, called greyox
modelling The most common form of those models is Resist@agacitance (RQhermal
networkmodels Depending onhe resolutions, thparametersan bedetermineceitherfrom the
measured data througlgstemidentification techniquesr meaningful physiecbased parameters
can be usedPrivara et aJ(2013)studieda method for developing and selecting a predictive
control model that focued solely onthe grey-box approachHe concluded thahe performance
of semiphysical models worserasa building become morecomplex proposinga blackbox
subspacaelternativeasaviable solution The advantages of grdyox models are cited in the
literature aghe ease ofnterpretation of the model parameters and some of the underlying

physical processes thdg¢scribebuilding behaviar.

MPC oftenformulatesan onlineconvexoptimizationproblemto determinghe optimalreference
inputfor lowerlevel controllersand uses a model to do &educeebrder models have been
used inmostresearch, with statepacgormulationbeing the most prevalertate space models
have a wellestablished theory and are widely gkl in MPC applications in marields,
including the process industi.statespace (SS) formulation is a collection of fisstler
differential equations (possible for an RC network) that descthmrelationship betweemput,

output, and state variablg3ne of thanost significahadvantages of MPC theexplicit
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definition of the objective function, which is absent in RBC. Objective functions are commonly
defined in cost or energy consumption wlspecifying the comfort constraint (usually
maintaininga specified temperature rang@&he efficacy of the pricing signal is critical in
activatingand encouraging the use of a building's energy flexibRtyusu et aJ.(2019)used

MPC to determine thmost efficient operation of a building's energy system in order to reduce
operational energy costs. The flexibilitcludedoptimal management of locednewabd energy
sources by using battery and thermal energy stokdgeoncluded that MPC habetter
performance than a conventional Fsigsed approach with no forecd®edersen et al., (2017)
utilized thermal mass for the MPC with the objective to mininmtieedost of space heating and
compared the performance with a conventional controller. The MPC strategy resulted in cost
savings of up to 6% andpmwer shiftfrom peak load periods of 2 kWhfraf heated area. By
combining reatime prices (RTP) and econarmnodel predictive control (1PC) of an AC

unit in a single residencéyci et al, (2013)reporteda 13 % cost reduction and a 23.6 %
reduction in pealhour energy consumption when compared to a baseline contxoktios et

al., (2013)used predictedpcoming prices iMPC to study thenergy flexibility potentiabf a
residential houseComparedo a rulebased controller, the energy consumption was reduced by

20%, and the cost was reduced by 28%.

MPC controler usuallyrequiresa linear modetiue tothe convesty of the optimizationproblem
however some researcheatso examinedonlinear building models\ totally linear model
usuallyyields poor performance in buildingsartly due tothe nonlinear behaviar of convective
hed transfer in spaces with substantial temperature diffeseiibe challenge®f model
development foMPC promptedesearchrsto look at datadriven methods that preserve MPC's

predictive power without the cost significant computation efforts.
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Over the last several years, there has been an increase irbblatdchniques targeted at
capturingbuilding thermal dynamics. Theg€omprise decision tree learningneans, Gaussian
processesand reinforcement learning (RL) algorithms. Some ofayroachemaintairedthe
optimizationproblem linearfor examplethroughthe Fourier variable separation technique
(Behl et al., 2016Bunning et al., 2020Jain et al., 2016 while others addressed the non
linearity by using heuristic search algorithms, such as Gehlgtirithm (GA) (Reynolds et al.,

2018)

Chen et al(2020, Yamaguchi et a2015, Dermardiros et a({2019)Also investigated the
application of "reinforcement learning" algorithms, which combine an ANN with algorithms that
extract information from the system's operatiodé@elopan optimalcontrol strategy in real

time. Instead of using a model, the coseath control actionwvasdetermined by the system's
operation. The penalty of each control actimasassigned through trsystem's operatiorather

than using a model. THRL approach's limitation is the large availability of data to train the

agentswhichrequires a lot of time.

Overall, the MPC strategies arsuallysuperior to RBCThey incorporate a building model that
considers the synergy between building dynarare$HVAC by utilizing thermal mass and
exogenous inputs such as weather and occupbtayyOstendorp et al., (201h)anaged to
reproduce the common heuristic rules such atpating of spaces and demand response but did
so inanautomated, more optimal and cheapannerthan expertlyderived supervisgrlevel
controls. Theanost significahdisadvantage of the MPC technique lies in its requirement of a
simple yet accurate model, which is costiytold, train and monitor-urthermore, extra

hardware is neede¢d accommodate MPC calculations andomatially accesshe dayahead
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electricity prices and weather forecainart metersnustbe implemented to enable

communication between the grid and engtomer(Péan et al., 2019).

2.1.3 Research needand methodology

While RBC strategies casignificantly enhane building energy flexibilitytheyare usually
modeklree and do not incorporate weather predicti@sthe other hand, MPC strategeas
formulate the objective explicitly and utilize the incorporated model to derive optimal control
action Howeverthe cost of the stringent modelling requirement and extra hardware are among
the main barriers to its wiekgcale adoption. Ais thesisproposescombiningboth approaches
whichinherits the benefits of numerical MPC for using building model and RBC for practicality
and costeffectiveness of implementatipieadng to theintroduction ofthe heuristic MPC

concept The study willfocus on devleping modetbased rulébased predictive control strateg
applied to the radiant floor heating systefitheinstitutionalNZEB. Depending on anticipated
weather scenarigoghe predevelopedptimal room temperature setpoint profiledl beselected

to save energgndbr increasehe building energy flexibilitypy redueng power demand during

the two critical periods for the grid in the heating seasbe uncertainties associated with
predictions are addressed using the data fromsitsnPV productiond ambient temperature in

the last 3 hours
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2.2 Developmentsn BIPV/T

2.2.1 BIPV as a predecessor of BIPV/T technology

Building-integrated photovoltaics (BIPV) are photovoltaic modules that are aesthetically and
functionally incorporated into theuilding envelope, substituting standard and/or premium
building materialsincluding roof shingles, wall cladding, windows, angerhangs (Yang &
Athienitis, 2016). BIPV, as opposed to radounted PV systems, is a multipurpose technology.
BIPV can therefore serve asveather and noise barrier, generate usable heat (BIPV/thiermal
BIPV/T) and allow daylight transmissigeemitrarsparenBIPV), potentiallyconvertingup to
roughly 80% of incoming solar radiation intoaleenergy in the form of electricity, heat, and
daylight (Athienitis & OO0 Brargeroofandfdddé gurfaces, s
BIPV is projectedo bea primary technology for generating-gite power in higkperforming
buildings. Onsite energy generation by BIPV may flllf portion of daily electricity demand in
commercial and institutional building applications while avoiding grid distribdbeses
associated with transferring the same amount of electricity across large distancie fromer
plants.It canalsoassistin minimizing powerdemandduring peak demand events when

precooling or preheating the space.

2.2.2 Historical development of BIPV/T

To assure energy sustainabilitypply of expanding powedemandand reduce environmental
concernof GHG, replacingthe pollutingfossil fuel sources with eemiendly counterpartss a
critical task. As a resultfremendous effortsave beerflocusedn recent decades on developing

innovative renewable energy solutiofibe fhotovoltaic systensan convertncomingsolar
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irradiation into electrical power with a restricted efficiency of roudHliy20%, based on
geographical andesign factorgAgrawal & Tiwari, 201Q Lamnatou & Chemisana, 201 By
January 2020, the worldwide accumulative capacity of installed PV amooraegroximately
627 GW, with the capacity expected to increase t@Qd GW by 2030 and 274 GW by 2050,
accounting fomore than 15%f global energgeneratior(IRENA, 2019). Thepart of incident
solar energyiot transferred to electricabwerprogressively accumulaasthermal energy
raising the temperature tife PV cellsandconsequentlyeducingtheir electrical efficiency
(Chowdhury et al., 2020Therefore it is necessary to develop PV module technologies that
improvelong-termelectrical efficiency by lowering the temperatufdte surfaceéhrougha
cooling mediumThis also extends the life of solar modules by reducing silicon degraddtien
to overheting (Sathe & Dhoble, 2017As a result, PYT systems using various medigm
mostly air or watenveredevelopedo absorb and recover the lost solar energy collected in PV
modules, leadintp a considerable increase in electrical efficiency and médsfie expectancy
in addition toan extra heat recove(fRounis et al.2018 Waqas & Jie, 2018.iu & Yang, 2018
). A lot of efforts in the literature eremadeto analyze the desigptionsand efficiency othose
systemsin the lastenyears PV/T systemschieveda substantial upgradkrough thevarious
design configurationg.he photovoltaic/thermal system (PV/T) canittegrated intaesidential
and nonrresidential buildings serving multiple functioi&fectively integratng the PV/T into
the building envelope, whictesults in buildingntegratedohotovoltaiethermal (BIPV/T)
systens, requires earlgollaboration and communication effodtthe building concept design

phase
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2.2.3 Advantages and limitationsof BIPV/T

Environmentaktonsequences such as greenhouse gas (GHG) emissions and noise are reduced
and partially mitigated blocatingpower plantsawayfrom the metropolitan regions and cities

and more towaithe countrysideThis, nevertheless, leatisenergy losses during pew

transmission and distribution, whiskgnificantly influenceshe price of electricity O6 Br i en &
Athienitis, 2015) Applying BIPV/T systemseduceghe need for electrical energy transmission
across large distancgmtentiallylowering investmerstin grid infrastructure and its operation
(Gholami et al., 2020PDverall, the advantages of BIPV$blutionsin thebuilding can be

summarized as follosv

1. Onsiteelectricalenergy production: reduced transmission logseii@d the building's
carbon and land footprint and diminishibe@ heat island effect

2. On-site heat generation: increased HVAC efficiency, better equipment performance
(reducedhermal demand)

3. Enhanced energy flexibilityntegrationwith electricaland/orthermalstoragethermal
storage in manifolds.

4. Provision ofaestheticsgnhancement djuilding envelope functioand structural
integrity.

5. Increasen thebuilding value

Newertheless, there are some barrierwitlespreadBIPV/T adoption, including thermal
integration difficulties, overheating issues, dust and saosumulation omodule surfaces,
reliability concerns, and a mismatch in the life duration of BIP§4stems and thenderlying

architectural elemestsuch as the roqfGautam & Andresen, 2017
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Despite the abundance of data supplied by the reseaostistudiesare focused on PV/T
systemswhich are smalkcale or standlone systemthatdo not repesentacompletepicture of
theintegration of BIPV/T anaperation More research ialsorequired to design simulation
software that can accuratetyodelthe energy behavio of BIPV and BIPVT systemsand
optimize their performancdés a result, the biggest challenge to the widespread adoptiba of
BIPV/T systemis the lack of expertise, planningperating and maintenance, standazdi

technologies, and commissioning.

Rounis et al.(2021)examined thatateof-the-art and listed the following majahallengesn

the research @IPV/T technology

- Deficiency in the practical consideration of the designs, thermal improvements, and
experimental performance in thaitegrationto building envelope and meahical
systemsandthe inconsistent testingpnditionsbetween experimesit

- Lack of critical review of BIPV/T modelling, specificallyhe lack ofequations
accuratelydescribing the convective heat transfer phenomena appropriate for BIPV/T

- The needor creating a common testing methodology for PV/T and BIPV/T systems

Therefore, narrowing dowtine system assumptions to practical considerations is critical

improved design and operation

Another challenge preventing the increase in BIP&dption ighelack of systematic
modelling Wind-drivenconvectionaccounts fomost ofthe systemenergy balanceanddespite
theabundance of proposed correlatiomghe literatureno single equatiorcanaccurately predict

that effect. The mostommonlyusedequations usetb characterize the windriven conveave
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phenomenanclude, but are not limited taorrelationgdeveloped bysharples & Charlesworth

(1998), McAdams (1954), Palyvos (20@8)dDuffie & Beckman (1994)

2.2.4 Thermal enhancementtechniques

Air-basedBIPV/T systems arpreferable to watelbased systenfer envelope integratiodue to
technical consideratiormich asvoidingleaks which could be detrimental to the building
envelope However,they are less effective at heat extractibmereis extensive literaturen
strategies to improve the thermal performance ebased configuration applied either on
customized prototypes or PV/T systeflst approaches incorporatentrol optimization,
designalternative or attachment of material componemsisch agins, to increase deat transfer
The addition of several air inlets along the collector's channel is a relatively nmoeigrod for
thermal enhancement, proposedvang & Athienitis(2012. Thisapproachs based on
breaching the thermal boundary layer and exploitingekaltantentry effectsBy adjusting the
flow distributiors to each inletthe convective heat transfer from the PV layer to the channel
increasesand more uniform module temperatures may be attaiiteladvantages of muitlet
systems are numerous and studied experimental¥abg & Athienitis(2015) Due to entry
effeds, the convective heat transfer coefficient increases nearttieialong the floveavity

below the PV layemwhich improves heat transfer from the \Mhe air In a traditional BIPV/T
systemthe PV panel warms both air beneath the channel and free air ohit®gurfacewhere
the latteris usuallylost to ambent. The aldition of extra inlets increases the chance to draw the
heated air into the channel that otherwise would have been ksiiientunlessan inward wind
directionprevails In addition, cold air enters the channel near the PV panel, resulting in a larger
temperature differential between the air and the PV th#reimaditionalsingleinlet systems

As a result of the temperature differential, BI®V/T may extract moredat. The performance
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of a twainlet system was simulated using convective heat transfer correlations derived from the
testing of an experimental singldet prototype insida solar simulator facilitypy Yang &

Athienitis (2012) The installation of a sead intake enhanddhe system's thermal efficiency

by 57%, loweedthe maximum PV temperatures and slightly impuobthee electrical efficiency.
Rounis et al., (2016Jeveloped a flow distribution model to simulate the performance of
multiple-inlet BIPV/T and compareits performance with th&aditionaloneinlet system in

office space condition&esultsshowedimproved electrical and thermal efficiencies

(approximatéy 1% and 20%pnd more uniform P\éurface temperatures.

2.2.5 Practical applications

Largescale pacticalapplicationsof theBIPV/T have been investigatekperimentally in

residential and commercial /institutional buildinggmedDahmane et gl(2018)

experimentally invesgiaied theintegrationof BIPV/T with anair handling unit (AHUunder

bothcold (T_ambientaround15°C)and hot weathg{T_ambient around 30°@pnditionsin

Algeria. In cold weather, the output frothe BIPV/T system would be used to preheat the
ventilation air, whereas in hot weather, instead of ambient air, cold air from the building's
conditioned areawasused to cool the PV cells. When exhaust air at 24 C° wakassa coolant

for the PV, the temperature of the PV cells was redbgesPC. Chen et al.(2010)investigated

an airbased opeioop BIPV/T systemnstalledat EcoTerra house high-performing

prefabricated home in Quebec, Canada. The system was connected to a vented concrete slab,
allowing warm air from the BIPV/T system to flow via a tubimighin the slab, preheating it and
using concrete's thermal storagapacity A finite-difference model was created for this system,
and field tests were used to validate it. The temperature of the PV panels was discovered to be

substantially lowerandthat the systemandramatically contributéo space heatingAthienitis
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et al, (2011) ebsigned a prototypgystemwhere he used an appropriate attachment mechanism

to integratespecifically designe@hotovoltaic modules to thenglazed transpired collector

(UTC), which constitted approximately 70% of PV panels and BIPV/T system on the side.
Combining unglazed transpired collectors with connected photovoltaic panels on facades can be
a promising solution for building applications with a substantial requirement to heat ventilation
air in the winterThis BIPV/T prototype was built as a demonstration project at Concordia

University's John Molson School of Business building.

Anotherwell-knownfull-scale application of BIPV/T ihe Solar XXI office building in
Portugal(Aelenei & Gongalves, 2014The fundamental concept of the building is to mazami
thermal efficiency via the use of passive heating and cooling systems, as well as energy
efficiency through the use of renewable energy technologlB%//T and BIPV panels cover
mostof the building's soutfiacing facade, producing around 12 MWh/year, abobt 67the

primary energy and 70% of total powsgmand

Agrawal & Tiwari (2010b)arried out energy and exergy analysis on BIP¥sed as the rooftop
of an expemental laboratory at the Centre for Sustainable Technology, Indian Institute of

ScienceBangalorewith an effective area of 654n

2.2.6 The role of BIPV/T in energy flexibility

BIPV/T systems are promising legrade heat recovesplutiors, which is aradded benefit to

the primary purpose of electricity generati@esides displacing heating/ventilation loads and
enhancinghe energy efficiencyof the buildings, these technologies are also a potential source of
energy flexibility. When optimally controlled, the recovered heat can be stored and utilized at

times of peak demandntegratingBIPV/T systems witlan airsource heat pumand TES or
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PCMis another possible solutipwhen controlled ira predictive mannethe power demand at
peak periods can lbeducedHowever, there is still a lot of work to be done to turn these ideas
into viable, scalable design alternativé#hile BIPV/T isarelatively new technology, there is a
need for consistent controtiented modelling, largecalepracticalapplications for data

collectionand optimal controls to optimizeerecovery fan operation.

227 Resear cahndremedtshodol ogy

While BIPV/T systems cagenerate significantamount of electric and thermal energiye lack

of standardiedtechnology, expertis@and commissioning are the main barriers to faster adopting
this technology. Most of the literature BiPV/T is based orthe labscalePV/T prototypes

where assumptiorlack practical consideration. The deficiency in simulation technology is also
part of thechallenge, partially due to ambiguity time systematianodellingof convective heat

transfer coefficients.

This thesisanalyzes the configuration and the collected data of one of the firstsieatge
installations of BIPV/Tproposs a controtorienteddatadrivenmodellingapproach and lastly,
suggests alternative design and control optibascan potentially increase the building energy
flexibility and meet the enhanced ventilation demarwsteffectivelyin buildings to mitigate

the spread ofiruses.
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Chapter 3
Varennes Library as an Institutional Net

Zero Energy Building Archetype

3.1 Overview

The NZEBconceptencourages the exploitation of the grid as an effective energy storage
medium in buildingsNZEBsrely significantly onthe energy transferaith the gridin order to
maintain their annual zero balanegmweverthegridd snergy import and expocapacity may

be limited it cansimultaneouslyaccommodatenly a certairamountfor suchbuildings
Fortunately besides energgonservationthe NZEBsalsohavethe potential to provide
substantial flexibility services to thlgrid by managing their thermal and electrical energy loads
intelligently sincea design principléncorporates wide range of storage and-site energy
generation capabilitie®©ne of suchinstitutionalbuildings chosems an archetypexamplen

this studyis theVarennes Librarythefirst institutional NetZero Energy building in Canada
which will beanalyzedin terms offurtherdesign and control perspectives&iimateand
maximize theavailableenergy flexibility. The libraryis an excellent choice for the study since it
represents the typical higherforming institutional building witrastavailableenergy flexibility
sour@s installed in plassuch asuilding-integrated photovoltaithermal (BIPVT) and
building-integrated photovoltaic (BIPV) for electricity and heat generation, passive and active
thermal storage in the form ekposedtoncreteandhydronic radianslah thermal storage
through BIPV/T manifold, electrical storage through 2 EV charging statmgtsefficient

ground source heat pumfor heating/coolingoperable windows for free coolirapda BAS for
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Figure 31: Varennes Libray, exterior view (top)energy systemesrosssectioral view (bottom)
(Amara, 2019).

remote supervisory control and data collecti®ome of those technologies are showhigure
3-1. Constructed ir2014 andnaugurated on May 16, 201#Be libraryreceived_.EED Gold
certification alongside many other awaf@®rmardiros et al., 2019 helibraryd masshas
dimensions of 54.8n x 19.1m x 6.8 min (length x width x depth)it is consideredhighly well-

insulated, spanning two floors and covering a total area of 2200 m
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Thelibrary's desigrwas carried out iklose collaboration among many specialists, including
architects, engineers in various disciplin@sd solar engineering expgrtue to the necessity for

an integrated approach.

A team from Concordia University represented the SmarZded Energy Buildings Research
Network (SNEBRN), which guided the creation of the energy concefhddibrary. A key
aspect of the buildingsiits integrated approaahthe designandadoption of a wide range of
technologieghat substantially reduced the energy demand of the librargraadaed it to béhe

first netzero institutional energy building in Canada.

From the concept desiginase, it was decided to sprehd library across two levels, providing
for the optimum light penetration and cross ventilation due to itsflamg andnarrowdepth.

The form isorientedto provide thdenestratiorand roof surfacewith the optimalsouthern
exposurdgo maximize the incoming solar gains in wintBne roof's southern sides an
extensive area of 7113mccommodating25 solar photovoltaic panels pitched at @#th a

total capacity of.10.5 kW 60% of the PV area, or 428%nis vented naturally through a gap of
150 mm between the PV panels and the roefmbrando prevent overheating and maximize
electricalefficiency. The remaining 40% are actively vented with a fan through an air gap of
only 70 mm.An area ofL73 nt (66 panels) of the total BIPV arda BIPV/T thatactively
recovers heat through the outdoor air infalamtrolled by variablespeed fans. The heat is

recovered during the heatidgmanderiod only ands exhausteautsidein the summer.

The buildingbs heating and co@eduicenhgatpuepsds ar e
(GSHP) connected to eight 1652deep boreholesvith atotal cooling capacity of 105 kWanda

heating capacity of 80 kW. Electric heating coils vattapacity of 20 W are also available on

33



¥ ] g
] | | | | |

2nd Floor
Figure 32: Architectural pan view with yellow area highlighting
hydronic radiant slab (Dermardiros, 2020)

demand Space heating and cooling aistributedby hydronic radiant slabs on the southern

perimeter of thduilding, as shownn Figure 32, supplementelly 18 fartcoil units (FCUs)

The library operates on a different fixed schedule on weekdays and weekends. When occupied,
the heating setpoint temperature is set at 22 °C and switched to 18° C on an ungecigued
Underfloor air distribution (UFAD) systems are used fordhealistributionat the building's

upper floor and overhead diffusemsthe groundfloor. The ventilation is demanrbased,

controlledwith aCO2setpoint of 850 ppm.

The building's fenestratias designedo take fulladvantagef natural lightLow-e double and

triple-glazedwindows with high insulatiomvereinstalled.Occupancysensos are installed in
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each zone for lighting contrdh weather statioiis alsomountedon the roof tqorovidedata on
outdoor illumination levels to a centrzdid DALI (digital addressable lighting interface)
management system, allowing lighting fixtsite be controlled based aaylightavailability.

The majority of the energy consumption accatot fans and pumps (40%pllowed by the
heatingcooling (29%) and lighting (25%) application&.control system monitors treolar
photovoltaic panels' energy usage and power outpeattime anddisplaysthe data on a screen

at the library entrance.

3.2 Operational Sequence

3.2.1 Ventilation

The schematic of theéedicated outdoor agystemlocated 3.3 m below the ground shown in
Figure3-3. Thegeneral ventilation system supplies fresh avV£/ terminal boxes whiclieed
18fan-coil units in the buildingAfter being fully conditioned in the facoil units, thefreshair
is supplied tahespace through diffuser§he fresh air is distributeid thefirst floor by
overhead diffusers, while the second flepredominantly by an underfloorralistribution
system (UFAD) However several overhead diffusers exist also on the seconddtowell The
ventilationair is preheated by the hemcoveredrom thebuilding-integrated
photovoltai¢thermal (BIPV/T) systerandby hed from thethermal wheelSupply fans shut off
when windows are opeenablingnatural ventilationSupply temperature set point is readjusted
between 13 °C and 18 “depending oithe average demarud the rooms The leating/cooling
coil located after the thermal wheel is activated witensupply temperatute theFCUs
deviates from tis setpoint boundg. In winter, thereturnair temperature sensor sequentially

modulate the thermal wheeadnd theheating coil valveWhentheair fromBIPV/T is directedto
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Figure 33: The mechéﬁical ié&/OUt tie primary and BIPV/Tair streams
the system, the BIPV/T faorovidesat least the same flow rate as generakupply fans
Supply and exhaust fans are equipped with an ECM motor and can be modulated directy by a 0
10 VDC signal The supply pressure is maintained by starting the four supply fans in sequence
and modulating them to ensure the flow to all the fresh air terminal boxes so timatsthepen
oneis at a minimum of 90%Ilhe room humidity set point is maintaingda minmum of 30 %;

however,a high limitin the supplysetto 85% turns off the humidifier to prevent condensation.

Thespeedf the BIPV/T recovery fan imodulatedsequentiallybetweer33%and80% to
maintain theBIPV/T outlet temperaturbelow25 ° C.When the outlet temperature of air from
BIPV/T is above 25 ° C for more than 60 minutes, the fan will switch its speed from 80% to
33%.The fresh air supplied to the faoil unit is controlled between the minimum and the

maximum by theCO,, with the highest threshold set80 ppm in the roomVhen the fan coil
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unit is stopped, or the library is unoccupittk fresh air damperisclos&®ll PV/ T sy st emoés

operation and configuration are discussed in more detail in Chapter 5.

3.2.2 Heating / Cooling

Thezonesare heated and cooled by fan coil urstisda hydronicradiantslab(both shown in
Figure3-4) supplied withcold waterat 9.4 °Cand hot wateat 37.2 °Qby theGHPs. In all cases,
heating or cooling is prioritized by the radiant floor; FCUseather condition the ventilation air
(followed by VAV box terminals) or assist tihediant slab in keeping the temperature in the

room within the setpoinThe position of theolil valves issequencedccording to the demand.

On a call for heating, theoolingoutlet valve closeso that simultaneous heating and cooling are
avoided Upona call for closure, the supply valve can modulate. For the radiant thoovever,

the action on thgalve changes depending on whether the water supplied is hot or cold. The
maximum floor temperatum@easured by the sensgcatedapproximatelyd cm belowthe
surfaceis limited to 32°C(so the maximum surface temperature is limttedround29°Cby
ASHRAE Standard 55)land the minimum temperature28°C. The radiant slab serves 11

zones and is controlled by the zanetemperatur@nly. The ground floor has five zones and a
hydronicslabareaof 240.61 m, whereas the upper floor comprises six zones with a total area of

induced  Fan-coil unit

air

VAV box
BT - XX

HIC >
coil Supp|y

VC-1.01-VC-2.10
::3 Hot supply Cold supply
— Hotreturn o | Cold return

£ Hydronic slab loop

Pump

Figure 34: Fan colil unit provides both ventilation and heating/cooling demand. Hydronic
slab is the main system for heating/cool{right)
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hydronic slab of 433 faln each roomthe zone air temperatuigensor corimuously controlghe
6-way valve of the radiant floor and the faoil unit at two-stageto maintain théneating set

point at 22°C in winter anthe cooling setpoint &5°C in summerThezone supplyan speed is
adjusted between the minimum of 10% and the maximum according to the higher of the two
inside temperature or CO2 signadssatisfy the greatest demari@ns will stop in areas outside
of officesif there is no C@demand or the temperaturdps@nt is met. Imanunoccupied period,
the heating setpoint is lowered to 18&0d the air conditioning is stoppékhe library is also
equipped with motorized windowsr natural ventilationwhich open automatically in the
cooling season when the oidis temperature is between 13°C and 22°C. During unoccupied
periods, only thenotorizedwindows located in the upper part of the building can be opened.

Windows are automatically closed upihve detection of the rain.

3.3 Conclusion

To conclude, th&arennes library is intelligently designed in an integrated manner comprising
renewable generation systenmslafficient HVAC and storage systems that allbte achieve a
netzero energy balangearly. However, in a grand scheme of electrification and
accommodation of larger scale of renewalstession the timing of net energy balance is more
valuable than the absolute amoUZEBsmust be optimized with anticipated operation in
mind, resulting in a grid impact thatnsairnly predictable and manageabWith this objective,

the next chapter will focus ayptimizingthe current baseline operation biifting the power

from the two peak demand periods of the grid and maximizingcea$umption.
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Chapter 4
Modelling methodology and heuristic MPC

This chapter istructuredas follows: Firsta stepby-stepcontroloriented model development
and calibratioomethodologyfor heuristic MPQn the NZEBareproposedBothdatadriven and
physicsbasedbarameter identificatioapproacksareevaluated anderified withthe measured
data.Thisis followed bydevelopingheuristicmodetbasedredictive control strategi¢e
maximize energy efficiency and/or energy flexilyitith the approach of handling uncertainties
in weather forecasfrom the collected dat&he performance of proposed control strategies is

assessednd compared witthe current baselindollowed by the conclusion.

4.1 Modelling approach

For controloriented modls, there is always a traewf between the requirements for adequate
detail of the processes, precision in the modelling and a high time resolution alongside
minimizing the number of inputs and maximizing the ease of use, reliability, and the model's
computdional efficiency. Thermal Resistan@apacitancéRC) network models based on the

heat balance equatiarsually meethosecriteriaandare ofterusedfor controloriented

modelling Due tothe computationatequirement&bove low-order models are oftgeroposed

which parameters are identified through various system identification techniques. This
subchaptediscusses the methodology to devedapey-box RC capacitance model for the
heuristic MPC in th&arennes library. Although wleve in the era of dta analysis and data

driven methodologies, the lack of availability of monitored data in buildings is one of the issues

hindering the full potential of applyingaditional MPCin buildings Insteadthe availability of
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extensiveBAS databasein buildings, such agheVarennes libraryprovides aropportunityto

develop and verify different building modelling approaches

The first step is to identifgone arrangements asttucture of the modé¢hat would capture the
average thermal behawoin the whole buildingFor this purposeneasuredndoor temperature
datais analyzedandvariationin theareaweightedaverage indoor temperature between zones

exposed to the mosifferentconditions:south and north orientations antdand 2 floors are
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Figure 41: The variation of the areaeighted average indoair temperature
between upper and bottom zorfexp); south and north zones (bottom).
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calculated andhown in Figure 4. The datandicates aigher variation in indoor temperature
betweerthetop and bottom zondkanthe south and north zone$his can be explained by the
open space interior desigmnderfloor air distribution system, ceiling fans installed in the library,
andbuoyancy effectsollowing this analysisa 6" order modekonedon thefloor level basisis
initially proposedThe heuristic MPC, which will utilize the developed model, can accept
higherorder modelshanthetraditional MPC since itloesnot requiresolving the optimization
problem inrealtime. Thusijt is decided to start with 6" order modeto avoid excessive
simplification sathatclose to meaningful paramete&an be used, but, at the same tisimple
enough to capture the dynamic behaviof a building to the desired degree in a stiore
resolution The structure ofheinitially proposedase case'6order model is shown in Figure
4-2. It has24 parameters, 6 of whiagkpresent theapaciances of the flooat two levels.Two
capacitances model the part of the floor slab incorporating hydronic radiant tubes and once
capacitance conventional concrete site following are some of theritical assumptions used

to build simplified RC thermal networks:

1 Each surface is isothermal

1 Each zone has an eva distribution,and the air temperature is uniform
(represented by one node)

1 Airis transparent to radiation

1 For the windows, parallel heabfl paths are assumed for the framing and the
glazing

1 The floor absorbs 70 % of incoming solar radiatmal the remaining 30 % by the

other surfaces
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Figure 42: Thermal network of the library. Each zone is represented by noc
indicating wall (6 &15), conventional slab surface (7 & 16), hydronic radiant ¢
surface (2 & 11), interior hydronic radiant slab (3, 4 & 12, 13), bottotheof
conventional slab (8 & 17), bottom thfe hydronic radiant slab (5 & 14).

Two approaches have beendertaken and compared to identify model parameatarserical

approach anghysicsbased approacltlpse to white-box).

4.2 Numerical approach

4.2.1 State-spacerepresentation

The common way to describe systems of linear differential equations is through tetagac
space representation to facilitaienathematical treatment of a problem. One of the drawbacks of

thisform is that it cannotontainalgebraic differential equatignthat is all state variables have
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to be in the form of linear ordinary differéatequations (ODES). Thus, tiescribehe
suggeste®™ ordermodeldiscussedbove in canonical staBpaceshapeall the temperature
nodes must be assigned with samegligiblecapacitance, which increases the intended model
complexity. Another disadvantage of this methothesnability to incorporatenonlinearities. As
will be seen laterthe nonlinearities wilsignificantly affecthe performance of thphysicsbased

model.The statespace representation of this model can be found in App&ndix

System Identification. Theareaweightedaverage zonair and slab surface temperataata

available from the Varennes Libraryereused as a reference output for the moéiet, the

linear greybox model estimation functonigr eyest o in the MATLAB Mod:
Toolbox was used to identify model parametersThe o6f mi ncond search met
solverdidnotevenryc | ai mi ng t he model i s Aunstableo. TI
using another function in the Model Identification Toolbox for estimation of-sfaee model

with structured parametrizationi s s e st 0.

After aseries of errors, it was decideddefinethe optimization problem explicitly. The

difference between the measured reference outputtharmitpufrom the proposed staspace

RC thermal model was quantified by th@@m operator: Y | B "YQ | Q .The

costfunction was quantifie as follows:
00 ¢ TR S TR YR TR YRR
Where subscriaitrsi fdfedndit]efiobrlasa2d floor.

The parameters to be identified #nefollowing: U12, U17, U1011, U1016, C3, C5, C8, C12,

C14 and C17 (the notations could be fouméigure4-2 above). The search space of parameters

43



w
(]

—Simulation

W
o

Measured data

S 25
I
gzo P\
& \/
|_
- 15
(@]
O
©
= 10
5
00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00

Time, h
Figure 43: Simulation of the average indoor temperature withdr@ler (formally & order)
model represnted in a statepace form.

is constrained so that the maximum allowable capacitances are nominal capatitaressd

by afactor of 10 and conductivities by a factor of 3. The minimum allowedgbacitances are
nominaly divided by 10 and for conductivities divided by 3. The other 10 extra capacitances that
were added due to statpace representation were defined with extremely small values to ignore
the effectsHowever, as a result, the intenddtiddder model was simated as 18 orde. Due to
increased model complexity, simulation was taking too,land a fit was extremely poor.

Figure4-3 showsthe simulation result witbalibrated parameter®n the second dathere is a
accumulating effect of extra ten capances; the dynamic behaviasrnot captured. One of the
reasos is that agnfinitely small capacitances have been assignédetadditionalnodes, the

time step of simulation became extremely srda# to decreased critical time consit&ud even

a very small timestep can lead teignificantchange in Tleading toerrorsin the solver
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4.2.2  Explicit representation.

In this case, all algebrattifferential equationslescribing the thermal behauroof the model
werewritten inanexplicit form. It resulted irareasonable response in terms of time constant
andled toafaster solution othecost function. The dynamic behauraof the building was
capturedo a better degreas shownn Figure4-4 below. To minimize the cost functiatefined
above, 0a&localmcliceard@ptimization solver available in MATLAB Optimization
Toolbox was used. The results showed improvemethigifit; however, estimated parameters
were very close ttheinitial guesses. Due to model complexity aruh-smoothnessf the
function the solutions stuck in attractionbasméien using | ocal . ™ol vers |
solvethis complex constrained ndimear optimization problem, the Surrogate Optimization
algorithm from MATLAB Global Optimization Toolix was first used to assistsetting up the
initial guesseswhich werefed tothe Pattern Search algorithm in order to avoid local minima.

Pattern Search is essentially a grid seatgbrithmon the parameterghere arinitial guess is

22
—Simulation
215
Measured data

% 21
§20.5
©
® 20
e
2 19.5
S 19 7
©
£ 185

18

17.5

00:00 03:00 06:00 0900 12:00 15:.00 18:.00 21:00 00:00

Time, h
Figure 44: 6" order modetepresenteih an explicit form with nominal physical parameter
indoor air temperature simulation. January 13, 2018.
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made and points in a grid around the guess are evaluated for a more optimal solution. The
algorithm continues to searaithe grid until no more optimal solutions can be fouardd it

reduces the size of the grid and searches locally around the currenptimoat solution

identified by the larger grid. The identified parameters are showable4-1 below The
performance of calibrated model both for training and test data for the consecutive periods of 2

very cold days (outside Temperature2® °C) is shwn in Figures 46 and 46, respectively.

Table4-1: Parameters identified with hybrid Surrogate Optimization + Pattern Search

algorithms.

Parameter Nominal Calibrated
C3(J/K) 5e+7 2.3e+8
C5 (J/K) 5e+7 3e+7
C8(J/K) 1.25e+7 2e+9
C12(J/K) 2.8et+7 3e+8

C14(J/K) 2.8e+7 3e+7

C17(J/K) 1.7e+8 8.4e+8

UOL (W/K) 670 543

U010 (W/K) 714 7%

U12 (W/K) 5012 8312

U1011 (W/K) 2904 9320
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4.3 Physicsbased approach towards white-box

modelling

While the model remains the main limitation of MPC, subsectiorprovides a solution

through a clos¢o-white-box physicsbased modelAs was mentionedhe heuristic MPC

proposed in the next section doed simulae the incorporateduilding model in reatime to
find optimal control actionThus, the model can be several orders of higher complexity with

parameters derived from the figgtinciples. The arrangement of zones of the west partition of

the library is shown in Figure-dbelow. Th e

m, t he

Thestepby-step pocedure used to select the level of resoluéind to calibrate themodel is as

follows:

U Baseline model (Case 18" order model, a hydronic radiant slab in each floor is

bottom zoneobs

upper

17.

1

zoneos

m by 4

di

m

mens i

by

represented by two capacitances, conventional slab with one, resultiretetahof

threecapacitance in each zone. A key feature of the model is that the conductance
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associateavith radiative and convective heat transfers@mabined and constanthe

baseline model does not integrate the thermal mass present in the walls made of gypsum
boad, assuming that thesffectswould notsignificantly impacthe model's dynamics

and accuracy since the thermal capacity of these walls is much less than the concrete.

Case 2:6" order model, conductance associated with radiative aodvective

coefficients arenonlinear andime-variant as a function of respective temperatubds

the capacitances are increased by ,20% repr
essentially accounting for thermal capacitance in veadts furniture The idea of
Afeffectived capacitance i s lowrlatibnmodes uggest
while still achieving sufficient accuracy predictiofi$is hypothesis is based on the idea

that it is possible to increase the precision of adoder modeby assuming that the

substance has a higher capacitance than the ph¢Batal, 2016)It is important to note

that this does not represent any alternation in the mateigjust a modelling

approximation.

Case 3:8" order model 1. It incorporates the capacitance of the gypsum board present

in walls.

Case 4:8" order model 2 Same as Case 2, lihefeffectived air node capacitance is

included. The capacitance of air was increased by a factor of 20 to account for books,

book stands, funiture and other objects whiaiore heatThe factor of 20 is found

through thenumericalcalibration with the collected data set. The iterat@kbration

approach yielded similar results.
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Figure 48: 10" order thermal networknodelof the library. Each zone is represen

by air node (1 & 10), wall (& 15), conventional slab surface (7 & 16), hydroni

radiant slab surface (2 & 11), interior hydronic radiant slab (3, 4 & 12, 13), bott
conventional slb (8 & 17), bottom of hydronic radiant slab (5 & 14).

i Case 5:10" order model. Combination of Case 3 and Caseé Bothfi e f f earfandv e 0

wall capacitance are included. The detailed thermal network model for this case is shown

in Figure4-8.

The heaaand weathemput from the collected data and the resulimdpor airtemperaturgare

used toanalyze and compare the performance oppsed models. Figude9 shows the
performanceomparisorof all 5 modeln a typical cold dain winter.Case 5 (1 order
model) and Case 4® r der model with fAeffectived air cap
performance in predicting indoor air temperature compared to other considered cases.
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For model validation, the statistical indices CV (RMSE) and NMBE were calculated. ASHRAE
Guideline 14 ASHRAE Guideline 12014 recommends CV (RMSE) and NMBElues to be
below 30% and 10% on an hourly basespectivelyfor a calibrated model to tsatisfactory

To take a more conservative approach, Tdllecompares these indices calculated on-a 15
minute basis for the proposed 5 model cases otypiieal cold sunnylay.It can be observed as

t he model 6s ,tleadralatibn betweenrdaaaasden®del increddes 10 order

24 Measured data
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Case 2 - 6th order_effective
Case 3 - 8th order_1

N
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Figure 49: Performance of models in terms of average zone air temperature «
typical verycold sunny day in Montreal (T_outside ¥0°C). January 26, 2018.

Table 42: Statistical indices showing model validation against-are@hted averac
zoneair temperaturelanuary 236, 2018

Model 27 zone air T 15t zone air T
CV (RMSE) NMBE CV (RMSE) NMBE
Casel 7% 6.2% 3.3% 2.8%
(Baseline)

Case 2 6.7% 5.9% 3.2% 2.6%
Case3 5.1% 4.5% 5.1% 2.5%
Case 4 3.3% 3% 2.3% 1.8%
Case S 2.6% 1.6% 2.1% 1.7%
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Figure 410: Performance of ¥0order model in terms of average zone air temperature ove

typical very cold days. 225 January2018.

mode| which accountdor wall andi n d o o r thermal mass effegtperforns significantly

better than the'®order baseline.

Boththe8"ordermodel accounting for fAanfithed0Fardeveod air n
modek performwell overalong time horizon; thysany of those can be chosen depending on the
application.The largest effect on the model performance accuracy was the incorporation of
6effectived air node cap acdroppedflorm 7% anhé2téo CV ( RM
3.3% and 3%, respectively. Thus,-aéhed 8 order model for institutional buildings like

Varennes library can be effectively used for practical applicatisghe control strategy

proposed in this study can adopt a more glemmode] Case 5 10" order modelwhich

includesair and wall capadince is used for further study. Figudel0 aboveshows its

performance on the three other very cold days.
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4.4 Predictive control strategies

The need for rigorous design and operation of a building as an integrated energy system is a core
requirement of a higperformance buildingAt hi eni t i s gEnergyBfiicerda n, 2015
buildings must beperatedn ananticipated manneleading to a pdictable and reasonalged

impact Predictivecontrol strategies have not been generally implememtedwide scale

partially owing to a lack of collaboration among the A/E team and facility energy magager

the prevalence of theesigrbid-build projectprocurement method. In that respéotorporating

the building model and its associated slow responding systems into optimal control strategies has
a significant influence on the performance of the builglikgirthermore, apart frogost savings

due todynamic energyricing, predictive control strategies may be used to prevent the

oversizingof the HVAC capacityas will be shown in this section on the example of the design

day. As a result, both the |Hgycle operating and initial cost can be effectively minimized if an

integrated approach is taken.

The following sectioaproposehe development dieuristicmodelbasedpredictivecontrol

strategies fothenealo pt i ma l 0 p er atpassive ara factive thermal stotageatrthe 6 s
supervisory level. The strategies are derived froaphysics principles anierative
simulationsPrediction is based ondHorecasted nexday outdoor temperature atite sun

availability; possible expected weather conditiars clusterethto 9 possible scenaripand18

daily heating setpoint profilemre developetbr each scenarid-or each type of day, two sets of
predictive controls are developed with targets to maximize: i) Ergffgyency and ii) Energy
flexibility. The energyefficiency strategy aims to minimize daily energy consumption and

reduce daily maximum power demamchereas the objective of the enefftgxibility case is to

shift the load at two peak demand periods in Quedigen one day ahead of noti¢&eak
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demand events ithewinter periodfor the gridin Quebec occur from émto 9 am and from 4
pmto 8 pm andthe majority of thatccountdor spaceheating. The uniqueness of each

buildingis recognizedso that developed setpoint profiles may not apply to others, but the main
principles can be generalized to other passively designed buildings supplieddrgm@idy

radiant slab.

Peak demand for the grid in Quebec occurs throughout the wimigrvery cold days with the
mean outdoor temperature betwe20°C and10°C areof particular importanceOther days
considered in the winter season include cold and mild days with the dry air temperature in the
range of10°C and 0°C and above 0@spectivelyThese days arfeirtherclustered into three
sulrategories depending on one day ateadavailabity prediction: sunny, semi
cloudy/intermediate and cloudype of daysThus, overall there are 9 types of dayth 2

strategies to be developed for ea®m a local level, heat pumps are controlled thrauBh
feedback controller as an inner localpowvith theassociated deadband acting as an outer
closedloop reset. Ground source heat pwropntinuously modulate between 20% and 100%,
turningon/off based on the reset. The principle of this reset is the following: if the controller was
previously onheating continues until the difference between the reference setpoint and actual
room temperatures reaches zero. Once it is turned off, it remains at an off state until the
controlled temperature drops 1°C below the setp®im. building is thermally mas/e andthe

heat pumps havawide range of modulatigrso short cyclings not expectedasshownin the

next sectionAn important consideration should also be given to salgthie appropriate

minimum proportionalparametefor a Pl controllerAs a rule of thumb, for the predictive
strategies, the coefficient should be chosen such that room temperature tracks the setpoint

increase of ramp slopé@ within a maximum ofL hout
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4.4.1 Prediction uncertaintiesand high-level controls

As noted in the previous section, the optimal setpoint profile is selected basegodibed
outdoor temperature and sawailability. Initially, from 12 am to 9m, the weather forecast

from areliable weather statios usedo selecthe appropriate setpoinfo address the
uncertainties withtheinitial prediction,at 9 am and 12 pywerification of the initialprediction
based on the actual outdoor temperature and the amount of energy produced from installed
building-integrated photovddic systems (BIPV) systemisthe last 3 hours performedThe

correctionsare appliedluring those times if the initial weather forecast happens to be wrong

For example, if iisexpectedo have asery coldsunny daythe setpoint developed for thiery

cold sunny day (shown in the next section) is initially used. At 9 am, the electricity generation
from onsite BIPV and the actual outside temperatarecompared against the forecasted value
For exampleijf the PV poduction 8 much less than projected, the profile developed for the
cloudy day is selected. If i close to the predicted valu@en thanitial weather forecast is
confirmed and the previously selected profile for the sunny day remains unchanged. The
projected P\powergeneration islifferentfor each daynd has to be calculatédily, as there

are many factors to consider, including, but not limitediotation (latitude & longitude),
calendar day (incidence angle) and tilt angle. Various softiwaneailable for that purpose. In

thisstudy, theprojectedV gener ati on i s der i v eldottel, 1966nh Hot t e |

The degree of sun availdiby in the verification stages classifiedthrough kclustering

(Equation 41):
w Fl]EF]Ioo o} (4)

Wher e,
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One of the assumptions included in this strategy is that the type of day identified during the

verification period will stay constant throughout the rest of theadt@y 12 pm This uncertainty
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Figure 411: Highlevel control algorithm for very cold days. Initial cday ahead weather
prediction is verified through Pgowergeneratiordataat 9 am and at noon.
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Table 43: Resultant control scenarios duestm availabilityprediction
uncertainty in the form odiselection matrixOff-diagonal entries represent ¢
error in initial prediction. Very cold days are considered.

Verification outcome at 9 am

Initial weather Sunny Semi-cloudy Cloudy
prediction PV PV PV
produced > 0.7 0.25 < produced <07 produced <02
PVclear sky Pvclear sky Pvciear sky
Sunny Scenario 1 Scenario 2 Scenario 3
Semi-cloudy Scenario 4 Scenario 5 Scenario 6
Cloudy Scenario 7 Scenario 8 Scenario 9

is alleviated by the high thermal masdlwé building and the availability of renewable

production for the latter part of the day unless the cloudy day turns out to be a false negative.

Theflowchart ofthe high-level control algorithmunderthe assumption ofhe continuousvery
cold dayis shown in Figurd-11 above Table4-3 indicates the resultant possible scenafioos

very cold daysThe @ame pertains to warm and mild days

4.4.2 Sunny days

This subsection discusses the principles used to derive the superkisatipgsetpoint strategies
to maximize energy efficiency as a first case and maxiemeegy flexibility as a second while
maintaining theminimumthermal comfortonditions On these days, heat in the form of solar
radiation transmits through the windpand asubstantial portion of it gets absorbed in the
thermal slab. Depending on the temperature profile of the slab and the ambient room
temperature, part of absorbed heat penetrates to the bottom of thenficeasing the interior
temperature of the slab andother paris immediately releaskto the room by convection and
radiation meanghus contributing to thehorttermindoor temperature ris&ajority of reactive
controls which do not anticipate this effect have a high risk of overheating on susnj day
predictive control strategy can utilize the fléos t h e rimeaticipatioa ef solar gains to
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store the energy for future use, thwevidingthe energy flexibilityIn the case of engy
efficiency, the strategy is to fully utilize tlamticipatedsolar radiation to displace heating loads
by keeping the thermalab as cold as possible in the early morning. A rapid setpoint change
from a night setback to a daytime setpaénivell understood to cause a rise imlpeemand.
Several studie@Candanedo et al., 201Bate et al., 20153xplored the impact of using ramps

for transition between setpoinfBhis study thereforepses rampto transitionfrom one setpoint

to another.
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Figure 412: Nearoptimalheatingsetpoint profile on a sunny day to maximize ene
flexibility (top) and energy efficiency (bottom).
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In the energy efficiency caseght after the library is closed, the temperature setpoit very

cold dayis set at a low night setbadk,around 14°Cand it is maintained until 4 am. From 4 am

to 6 amthe setpoint is increased by using a linear ramp until 16°C. Given the veannirim

the previous day, usually, no heating is expected at this time. Starting from 6 am set the setpoint
is linearly raised to 18.5°C by 8 am. At this periddpending on how cold the inside

temperature is, heating may or may not sthittis equalto or higher than 17.5°@ will not

start. Starting from 8 anthe projected room air temperature is betweed8°C, and solar
radiationintensifies By 9 am the setpoint is increased to 19,581 at this timethe projected

zonetemperature is bewen 19°C and 20.5°C.

To mitigate this uncertainty arahsure the library meets the minimum required temperature at
10 am (opening time), the setpoint is increased td*€X¥rbm 9 am to 10 am. From 10 am to 2

pm, reference input is lowered to 21°C. This serves multiple purposes considering all possible
scenarios. In the first scenario, if heating is on before 10 am, it will try to bring the inside to
21°C as soon as possible, likely in less than half an houthandvill go off expecting high

solar gainandavoidng possibleoverheating. In the second case, if heating is off, the building is
already above 21°C (given the setpoindf5’C from 9 am to 10 am as mentioned above)

before 10 am and considering indagsolar radiationno heating will be initiated. In any case,
the heating willcontinueuntil 10:30ammaximum and then the heat pump will turn off. From 2
pm till 5 pm the solar radiation level generally falls and assuming heating is off beforetBgopm,
setpoint is now set at 22°C. Considering the differential deadband discussed above, when the
pump is at off state, it will not initiate unless room temperature drops below PhiXallows to

still effectively usehe incoming solar gains for the reim@er of the day as a means of space

heating. Only when it is not enough to maintain the minimum comfort condititmseating
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will initiate. This typically will occur after 4 pm, but it may vaoy acaseby-casebasis At 8

pm, 1 hour before the builtj becomes unoccupied, the setpoint is decreased to 21.5°C. The
energyflexibility strategy fotheclear sunny days utilizes the same principles with slight
modification.There is nd to low expected electricity demand in the morning pkrad thus3
hours of preheating is recommendedwever, from 10 am to 3 arthe setpoint is set at 24°C
and then decreased to 22°C for the peak evening pgdindunny days thereheatingf 5

hours instead of i& preferredThere are several reasons for tikatstly, there is a risk of
overheatingand due to incoming solar gains, there is already low pdemand in the baseline
scenaridor the second part of the dayhich is difficult tofully displace withoutherisk of
overheating. Alspwhen starting preheating from 9 am, the temperature will reach the setpoint
24°C well before the evening peak demand e\{approximately at2 pm- 1 pm) sothe heating
will turn off, and due tahe deadbangit will stay off until it drops below 23C. As a result, the
displaced load ahepeak demand window will be less if preheating was instead continususly
hours before the everfter 4 pm, keating will start once room temperature drops below 21°C.

Figure4-12 above shows temperature setpoint profitescold and mildsunnydays as well

4.4.3 Cloudy days

These are design days, the days when maximum loads are expected and for which HVAC
capacityis designed forThe following section shows thtte library is strongly underheated on
cloudy very cold daywhile notcontinuallyoperating at maximuroad. This is one of the cases
whereevenself-tuning reactive controllersanfall short in buildings. The airaf energy
efficiencystrategyon these dayss to bring the inside air temperature to 21°C aad@vhile

avoiding high power demandBhe strategyor the energy efficiency case eldorated further.
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From midnightthe heating setpoint is satghtly higher than usual night setback, at 19°C until 3
am(on very cold days)Depending on the thermal mass of the building and airtightness, heating
may or may not start. From 3 am to 8,dhe setpoinis linearly increased up 80°C. The heat
pumpis most likely to start at this time framand by 10am, the setpoint isampedo 22°C.

Heating is not expected to stopavery cold cloudy dayand the setpoint can be kept at 2C.5

till the end of the occupancy. Fanenergyflexibility strategyheating should start much earlier

to minimize the electricity heating consumption for morning peak demand eFemts 11 pm

on the previous dayilt 6 amon the next daythe floor is preheated at a setpoint of 24 °C to

increase the demarad the offpeaktime and consequentlyshift the load from the peak demand
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Figure 413: Nearoptimal heating setpoint profile on a cloudy day to
maximize energy flexibility (top) and energy efficiency (bottom).
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event From 6 am to 9 anthe setpoint is decreased to 20°C and ideally, heating stops during this
time. Right after this period, the setpoinadjustedack to 24°C until 3 pmAfterwards,

heding is turned off at 4 pm for one hour by setting a low setpfingxample 20°C, and then
ramping it back to 23°Go theheatingwould startonly when the inside temperature drops below
21°C.Once tle heating turns onit shouldoperateat a setpoint of 21.5°GeeFigure4-13 for

thesetpoint profile developed for cloudry cold,cold and milddays.

4.4.4 Intermediate days and general algorithm

Intermediate days are the most common daysfangractical purposes, can be subdivided into
two further categories: sernloudy and sermmsunny. However, for simplicityn this thesisonly

one category for this type of day is considdéregtermediatedays.
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Figure 414: Nearoptimalheatingsetpoint profile orasemicloudy day to maximize
energy flexibility (top) and energy efficiency (bottom).
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The proposed neaptimal control strategy for intermediate days is the mixture of principles
described above, and the resultant setpoint profile is approxintia¢esyverage of the clear and

sunny daysThe profilestargeting both energy efficiency and energy flexibifitgshown below

in Figure4-14.

Overall,based on the above discussithre following low-levelimplementatioralgorithm and

processchematidor BAS areproducedas showrnn Figures4-15 and4-16 below.
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4.4.5 Key Performance Indicators

Several performance metrics are assessed and compared to estimate thepetiposet

control stategies:

- Thermal energy load for heating [kWHi.includes the heating load to be supplied by the
geothermal heat pump with a heating capacitg@®kwW and COP of 4 and an auxiliary
electric heater with a capacity of 40 kW and COP of 1. It does not inendeyy
consumption associated with distribution fans and circulation pumps

- Building Thermal Energy Flexibility Index (BEFI) [kW{.quantifies tle average available
power throughout a specified length of time, usually at times of peak demand, compared
to the reference profile. BEFI is calculatedf@tows defined byAthienitis and Dumont;

(2020:

6 0O"akW O - - (4-2)

Where,
BEFI - themeanenergyflexibility Index at time tover periodDt,
PretT average power demand at time t over period Dt under reference stkatégy
Prex T @average power demand at time t over period Dt under energy flexibility control
strategy kKW.
- Building Thermal Energy Flexibility IndéxercentagéBEFIP) [%]. Indicates the average

power reduction relativo thebaselinereference in terms of ¥&quation 43):

6 00O - - (4-3)

- Load shifting [kWh].The amount of thermal energy displaaacer peak demand hours

considering indoor thermal comfort as a constraint
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- Imported electricity power [KW]The amount of power imported from the grid under a
proposedstrategy by calculating the energy balance of the building where the building
footprint is the energy boundary. As described in section 2, the buildingnhiastalled
PV capacity of 110.5 kW, whegenerated energy displaces building loads with the excess
being exported to the grid. The energy balance for new imported power, given the
availability of measured imported power, is calculated as follows:

IMpOortew= IMpPOrieasured (LOa0measured LOAChew) T EXPOrtneasured (4-4)

Where,

Import measured Measured imported power to the library from the grid under current
control strategykW,

Importewi resultant imported power from the library to the grid under proposed control
strategy kW,

Loadneasured €lectrical load of the librarynder current control strategh\WV,

Loadhewi electrical load of the librarynder proposed control stratedyV,

Exportneasured Measured exported power to the grid from the library under current

control strategykW.

4.5 Results and discussion

45.1 Indoor thermal conditions

Monitoring the indoor thermal conditions of the span¢he design days is critical to evaluate the
effectiveness of the control stratemyd sizing of the air conditioning systebata collected over 2
months span (JanuaRebruary 2018 were analyzedandthe indoor temperature mery cold days

wasselectd for furthercomparisorandperformanceanalyss. The air temperature of the zones is
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averaged based on weighted aread presented here as a single variable. Figui#sand4-18
show the measured and resulting inside temperature under proposedst@témies alongside
outdoor thermal conditions. On sunny days (Figul€), theenergyefficiency strategy steadily

brings andmaintainghe space temperatustightly above 21°C throughout the day

In contrasttheenergy flexibility caseeaches a peak of 23°C gbrd, followed by a gradual

decline to the end of the | ibraryds operation
throughout the dagnd all strategies, including the current one, satisfy the thermal comfort
requirements reammmended by ASHRAE 56ASHRAE, 2016) Temperature profiles on cloudy

and semcloudy design days are shown in Figd«28. Collecteddatashows thatthe library is

strongly underheated on both dayslcurrentconventional reactive controls falhort. Both

proposed predictive contretrategies achiewainimumacceptable indodhermal comfort

conditiors since the firsthourdf h e | i b rtienraryd @naintain gt throwghout the day.
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Figure 417: Indoorair temperature on a sunny day under propasedcurrentontrol
strateges.
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Figure 418: Indoorair temperature on cloudy (top) and searaudy dag (bottom)
under proposednd currentontrol strategies.

4.5.2 Thermal load and load shifting

Figure4-19 illustrates the impact gfroposedontrol strategies othethermal energy load over
24 hourson extremely cold day®©n sunny days, the heating loads are decrdas28% under

the energyefficiency strategy, wheredise energy flexible case saves odl§6 of energy. On
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cloudy and sermcloudy daysenergy savingwith the energyefficiency strategy are only 15%

and 8% respectively, but they also satisfy thermal comfort conditiassvas discussed above.

Figures4-20, 4-21, 4-22 show the load shiftingotentialfrom two peak demand periotty all
three strategiesn sunny, semcloudy and cloudy daysespectively. Owery coldsunny days,
the energyflexibility strategy shiftson averag&8% of loadduring peak demand event
compared to the current and enegfficiency strategyHowever,100% of the energy demand is
shifted from both peak periods on cold and mild sutians. Ona very coldsemicloudy day
76 % of the peak energy demand relative to the cubeselinestrategy and 78 % relative tioe
energy efficiency strategy is displac&imilar to sunny dag on cloudy cold and mild days
100% of demand idisplaced The energyflexibility strategy ishighly effective onvery cold
cloudy days as well, reducirige power demanbly almost 81 % in peak demand evehtke

semicloudy and sunny days, 100% of demand is shavetatild and ©ld types of days
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Figure 419: Thermal loads undgroposed and current (measured) control stra
on very cold days.
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Overall, the energflexibility strategy leads to a substantilEdmand decrease in peak hours,
between 70% and 100%, while increasamgrgy use for heating by approximately 30%
compared to thenergyefficiency strategy.
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Figure 420: Thermal load during peak and gféakdemanderiods on sunn

days
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Figure 421: Thermal load during peak and gféakdemandperiods orsemt
cloudydays
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Figure 422: Thermal load during peak and gféakdemandperiods on cloudy
days

4.5.3 Energy Balance and Flexibility Index

Figures4-23 and4-24 show the continuous building energy balance prafil@ very cold sumy

day. The majority of excess energy associated with the energy flexibility strategy is met by on
siterenewableelectricity production. As a result, the enefitpxibility case has 15% less total
energy imporfrom the gridthanthe measureadase Analogous rests forthe other 8 typs of
daysareshown inAppendixD. The reasonvhy currently implemented reactive controls fail to
achieve thermal comfort on cobtbudy dayss now apparentAlthough heating is operating
continuously and eventually consumes marergy than the predictive energ¥ficiency

strategy, it is working below the available heating capacity for a continuous period oftiene
heat loss at an instantaneous point in time outweighs the required energy input from heating.

One of the reasons for this behayigs that the tuning of the control loop is done in one
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condition which is no longer valid under extreme conditions. Eventsaihg techniques doot
always solve the problem as there are challenges associatedsivitbahces that skew the
results whera step tests in progress. Predictive controls overcome this issue by predicting the
load based on anticipated exogenous inputs and disturbances and reacting before the event

occurs as long as the embedded model is accurate enough.
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Figure 423: Energy balancen avery cold sunny day under proposed eneitgyibility strategy
PV production, electrical heating load (top); resultant imported power (bottom); Januar
2018.

72



0n-site PV production 0

40 -2
Measured heating electricity load

Heating electricity load using

30 "Energy Efficiency" strategy
—T_outside

-10

Power, kW
N
o

-12

-14

Outside Temperature, °C

10

: Y \

-16

-18

-20

00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
Time, h
50 Im f
ported_power using
2 "Energy Efficiency"
strategy
40 = =Measured imported
power

35

30 -
3 A
= ~ / \ ] \
D 25 - V \

]
< I’ / \ ' - \ 3
p \ ! \ s
1 \ !
15 \Y4 ! \
~ \ - - ) \ - !
\‘I -/ Ny, N N N \r
10 \ \ ¢ \
(9] 1
5 \ 1
S0 /
0 . I, /
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
Time, h

Figure4-24: Energy balancena very cold sunny day under proposed enefggiency
strategy; PV production, electrical heating load (top); resultant imported power (botto
January 26, 2018.

Figure 425 below compares the averaged BEFIP of all 9 energy flexible stratEgidently,
on cold and mild dayst is possible to achieve nearly 100% of BEFIP if the appropsetfmint
profile is chosen. Thecenario®f thebiggestimportance, very cold dayalso show promising
resuls by reaching the BEFIP on cloudy and saaiudy days 78% and 87%@spectivey. On
ananalogous sunny daBEFIP isonly 65%on averag€83% in the morning and 48% in the

evening peak periodincethere is already a low demand to displace beforehand.
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Figure 425 Resultant BER? % for all 9scenariosinder energy flexibility strategy
Table4-4 below comparethe controlstrategesin terms of thermal energy flexibility index
BEFI, for two peak demand periods@uebec The results show that with predictive heuristic

modelbased control strategies with the objective to maximize energy fléxjliiis possible to

reduce daily average power demand during 3 hours of the morning and 4 hours of peak period by

an average of 90% and 60Q%éspectively if a building is passively designed and optimally
operated.

Table 44: BEFI index in kW electrical loadnderproposed control strategies. % indicates
BEFI relativeto thereference average powdemand.

Strategy Sunny Intermediate Cloudy

Morning  Evening Morning Evening Morning  Evening
peak peak peak peak peak peak

Energy  46kW  -31kW  -17kW  -1.5kW  -6kW  30kW
Efficiency  (64%)  (-77%)  (21%)  (2%) (-7%) (30%)

Energy 59kW  20kW  71kW  50kW  76kW  78kW
Flexibility  (83%) (48%)  (90%)  (66%) (95%) (75%)
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4.5.4 Preheating length analysis

The effect 6varying preheating periods for the eneffggxibility strategy on the example af
cloudy dayis also investigated. The lengths of 4, 5, 6 and 7 hofupseheatingare considered.
Table 45 presents the BEFI and electrical energy consumjatiavery cold cloudy day

Results show that 7 hours of preheating ahead of both peak periods yields significantly higher
BEFI, displacing 95% and 78% average powespectively, at the cost of only 158¢reased
energy consumption. While for the morning peakours of preheating are close to the optimal,

for the second peak demand evé@nthours is recommended.

Table4-5: BEF at different preheating lengtlalongside daily energgonsumptioron a very
cold claudy day January 32018

Strategy BEFI Energy

Morning  Evening

peak peak

Current 80 kW 99 kW 363 kWh

(Reference)

4 hours 55 kW 50 kW 374 kWh

(68%)  (51%)

5 hours 64 kW 52 kW 396 kWh

(83%)  (53%)

6 hours 69 kW 55 kW 420 kWh

(86%) (56 %)

7 hours 76 kW 78 kW 442kWh

(95%)  (78%)
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4.6 Conclusion

This chaptempresented heuristic modeasedoredictivecontrol strategies applied on an
archetype institutionallZEB building incorporating active and passive charging of hydronic
radiant slab. The methodology fdeveloping and calibrating controtoriented model derived
from the first principles was also investigated. Thécal lessons learned from this study

include the following:

1 It was found that incrementally increasing the complexity of the meidelnominal
parametergmprovesthe model accurackhenh c or por ati on of fief fect
capacitance tsa significant effect on the model's shtatm indoor & prediction
performanceThe 1¢' order RC model, which comprigair and wall thermal capacity
and nonlinear heat transfer coefficients, can accurately predict the dynamic thermal
behaviour of the library (CARMSE < 3%). 8 order modelwhich considesd indoor
o b j esuthagfurniture, book stacks and sotbeymal mass effecivas the second
best choice (CMRMSE of 3.3%).

1 It was showrthat abuilding with effective integration aenewable energiechnologies
(BIPVIT, geothermaliand passive design featuresitt achieve nearly 100% of energy
flexibility in the majority of the heating season (cold and mild days) throughout the
whole peak demand period

1 On avery cold sunny day, agpig a low-temperature setlol strategy at night, a smooth
transition in a setpoint closer to the | ib
gains during the day resulted in 25% energy savings. Using the same approach in the
morning but preheating the slab 5.5 hours betfloegpeak demand event displaced

approximately 65% of average power over the two peak periods. Considering the library's
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energy generating capacity, the bulk of displaced energy was replacesity BN
production, resulting in onlg 15% rise in heatingnergy consumption.

1 Simple reactive controls with a fixed night setback result in a strongly underheated
building on a design day. The use of predictive controls allows initiation of the heating at
the right time and powentensityto meethethermal confort conditions of the building.

A predictive control strategy also prevents the potential overheating on sunny days by
anticipating solar gains and taking appropriate actions to reduce the heating loads.

1 It was shown that it is possible desplace approximately 85 % of the peak demand on
cold cloudy days by preheatitige slabb hours before morning peak and 7 hours before
evening peak demand event or reduce the energy consumption by more than 15%
considering the optimal preheating peristhooth morning transition, projected
operation of heating equipment and occupancy.

1 Using onsitePV productiordataat 9am andchoonand comparingt with theprojected
valuecan be an effectivstrategyto alleviatethe uncertainésassociated with the
weather prediction and effectively choa@seredeveloped moddlased predictive control

strategy

Results show that heuristidPC can be a successful alternative to the fully optimized MPC as
a solution to significantly improve engrefficiency, enhance energy flexibility, enhance load
management and thermal comfort while reducing computational neeeigstoposedstrategy
combines the benefits of numerical MPC for udimgbuilding model and RBC for practicality
and costeffectiveress of implementation to minimize the energy consumption and maximeize

energy flexibilityprovidedto the grid
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Chapter 5

BIPV/T moddling, design and optimization
5.1 Archetype systemanalysis

Whenzeroenergy building are considered is referedto buildings that incorporatenergy

saving measures ameénewable energy technologies to meeirteeergy needS.herefore
integrating PV systems into buildings becomes criti€alenhancenergy flexibility and push
energy efficiency even further, upglingthe BIPV system to BIPV/T can be a viable solution,
especially in dneatingdominated climate. Besides acting ageaeration systentheycan store
heat inamanifold, couplevith heat pumps and any active storégehnologysuch as hot water
storaye or ventilated slab. As was discussed in Chaptiefe are not many largeale
applications otheBIPV/T currently in practice. One of such archetype systems is installed in
the Varennes Library as a prototyggproximately1/6" portionof theroof is covered wittihe
BIPV/T, integratedwith the AHU to preheat the ventilation aluringthe heating period. It

serves as an excellent archetype system to analyze the collected data and provide a methodology
for controloriented modking to study alternative design and control options. The arrangement

of the BIPV/T installedon the roofof the Varennes librarig shown inFigure 51.

The air passing through the BIPVEavity entershe Air Handling Unit (AHU) to preheat the
ventilation air f there is a demand fdreating otherwisejt exhaust®utside Whenthe airenters
the AHU, it mixes with the incoming outdoor fresh afbllowed by proceedinthroughthe heat
recovery unit Eigure 52). The reatrecoveryunit installedis the Heat Wheel modulated

between 0% and 100% with nominal efficiency of 40%. It recovers heat from the return air
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Figure 52: Mechanical arrangemeat the BIPV/T andAHU.

stream anderminatesvhen the return temperature is lower thansingplytemperaturer when

the systendemand<ooling.

Sensors in the AHU continuously record the data every 15 mirintdsding BIPV/T, mixture,
supply, exhaust temperaturdise state of BIPMo-outside BIPV/T-to-AHU, outdoa air

dampersthe modulation of all supply and exhaust fans and the modulation of the valve in
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Figure 53: Crosssectional view of the air stream fraimeBIPV/T. Air fr om t
enters the AHU or exhausts outside.

heating /cooling coils. The detailed view of thd®BIT systentonfigurationis shownin Figure
5-3. To analyzetheoperation and performance of thgstemjwo cold (ambient temperature
around-10 °C)sunnydays areselectedFebruary % and March 20 (Figure 54). Solar
irradiation data is obtained frothe CanmetENERGYVarennes PV research measurement
station whereas hourly wind velocity data is acquired fromLtiAesssomptionweather station
The recovery fan (VEO4 fan from Figure2} which ventilates th@V cellsof BIPV/T, has a

flowrate capacity of 1142 L/s.
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Figure5-4: Direct Normallrradiance and wind velocityn February 5t¢p) and March 20
(bottom).

Thespeedf the BIPV/T fan is controlled by the outlet temperature from the air chanties of
BIPV/T only. The overriding control of the fan is based on the energy generation of the
overlying BIPV systemWhen there is nenergy production, the fans are stopeaithe
BIPV/T-to-AHU damper is closedVhen there isnenergy generation andttiere isademand
for heating theBIPV/T-to-AHU damperopensfollowed by thestart of theBIPV/T fan (VE04
fan). The BIPV/T fan operategquentially; once ON, its capacity is discretely modulated
betweer83% or 80% to maintain theutlettemperaturérom BIPV/T under25°C. When the

outlettemperature of thair is below B°C for more thar60 minutesthefan switchests speed
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from 80%to 33% The modulation algorithms of the BIPV/T recovery fan and thermal wheel are

summarized as follows:
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Figure 55: Daily fan operation, BIPV/T outle@ind outside temperatw€C) on February 5tgp)
and March 20Hottom).

o B o ™ 0QY ¢ LoJ <. L e

0 O™ Quw ¢ TR ¢ 0B n Yo @ T Q¢ (5-1)
0Q @M Q a 0'QTY y S nyo o 1 Q¢ (5-2)
where,

ToutietT Outletair temperature fronthe BIPV/T, °C,

Treturni temperature of the return airstredd@,
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Tmix I temperature of the mixture of air fratme BIPV/T and unconditioned outside A€,

&ddeadband bidirectional delay in the controlled VF;the controlled variableareoutside of
setpoint by more thasqeadnand the control action is taken; otherwise, modulation chaés

change

This is wellillustrated in Figure % above Ona clear cold windy day, February 20, the outlet
temperature fronthe BIPV/T fluctuates betweer6°C and 12°C and the recovery faperates at
33% modulation unless there is no energy generation. On March 20, however, when the weather
is more moderate, the temperature of the BIPV/T channel reach@s&e the temperature
exceed25°Cfor more than 60 minuteghe fan modulates frne 33% to 80%. One of the
challenges associated withgintegrated systemwas identifying the actual amount of air
incoming from each sourceutdoor air andecovereBIPV/T air. Havingthe measured data,
the total incoming flow rate and individuéshair and BIPV/T outlet aitemperatures and
temperature of the mixture before passing through the heat miagethis task straightforward.
The total incoming flow ratequalsthe total exhaust air from the building, whichreésordedn
thedataset Then the following equation of theixture's tempetare can be used (Equation 5

3).

2% (5-3)

Figure5-6 belowshows the proportion ahe BIPV/T flowrateout of thetotal volumetricflow
passing througthe AHU on thetwo selected days. It can be observed thafrdion ofthe
BIPV/T flow is consistently above 75%, even when the recovery fan operates at only 8&% of
capacity. This implies that ttgeneralupply fansVA-01.1-VAO0L1.4, significantly contribute to

air suctionfrom the BIPV/T channel once the BIRo-AHU damper is open. One of the possible
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Figure5-6: Total ventilation, BIPV/T flowrate (L/s) and average velocity aherchannel
(m/s)on February 5tpop) and March 20kotton).

reasonss that the outsiddamperis not 100% operand the discreteecordings othesensor at

the gates do not fully represent twmpletepictureof the damper stateThe velocity in the air
channel fluctuatesetween 0.3n/sand 0.8 m/s. The effect of the heat wheel on the supply air
temperature is shown Figure5-7. It can be seen that on MarcH"2€he supply temperature due
to recovered heat frothe BIPV/T approacksthe inside temperature, after which heat recovery
stops its operation. The temperature after the heat wheel is calculated by the following

relationship Equation5-4).
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Figure 57: Temperature of mixed air from BIPV/T outlet and outdoor air before and af
passing througthermal whee(°C) on February 5 (top) and March 20 (bottom).

(5-4)

The hermalperformance of the BIPV/T on two clear days is shawhigure 58 below On a
sunnywindy day (February 5)the heat recovered Itye BIPV/T significantly contributes to
preheating the ventilation air by supplying peak thermal power of 20 kW from 10 am to 2 pm

and outweighing the additional heat provided by the heatingrastof the time. On atill clear
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Figure 58: Heat recover@ by the BIPV/T andthermal wheel (kW), heat added to bring t
ventilation air tandoor airtemperature (kW) and thermal efficiencytbé BIPV/T on
February 5top) and March 20kottom).

day (March 20), heat provided by BIPV/T entirdy displaces the ventilation load from 11:45
am till 5 pm, after which the recovered thermal energy gradually drops till Thenmal
efficiency in the morning and evening pesosiskewedby the day befor@reheated AHWANd
unrealisticallyaims for infinity. Thepracticalthermal efficiency identified at stable conditions

throughout the day fluctuates betweeni ZZb%.Considering the electricity production, the
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combined efficiencyf the installed BIPV/T systenif coupled withanair-source heat pump
(ASHP), is potentiallyabove 80%0Overall, the thermal energy recovered on February 5 and
March 20equalsl27 kWh and 180 kWh. Thellowing section will covera wind-driven
convective transfer correlation study and contnaénted model development. Thigl be

followed up with thealternativedesign and control suggestions and conclusion.

5.2 Control-oriented model development

To evaluatehe thermal behaviw of the BIPV/T, the RCthermal network model issed(Figure
5-9). Thenetwork comprises a BIPV panel, the air in theity belowthe PV layer bottom
insulation and ambient which interaction achieves a steady state itivaehglshort term due to
insignificant thermal capacitance of the PV parfed. air flows through the BIPV/€hanne|

heat is extracted from both the top and bottom surfaces of the.@svity heaedas it flows
through the channghnd its temperature increases along the flow r@idgemodelthis
phenomean, theroof is discretizednto 100one-dimensional control volumes in a streamwise

direction Each control volumes divided into 100 pointso model the subsectionThe autlet

PV layer air channel  back surface
- A A

r v~ ~ )

Text

1/ haxt Rl R2 1/hel 1."1"!(2 R3

?

PV cell

Figure 59: RC thermal network representing the PV later, air channel beneath it an
surface insulation

1/hz
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temperatur®f each control volumis equal tothe inlet temperature for thellowing one In
both vertical and horizontal directions, 1D heat transfer and sttatyare assumedls several
studies showedhe temperaturdifference across the PV layer can be signifi¢aniori & Abd-
AlRaheem, 2014Candanedo, 20)0conduction heat transfer through the modutaus

consideredThe model was developed and simulated in MATLAB.

Air in each control volume extracts a totat@unt of thermal energyiven byEquation5-5:
0 ad Y Y (5-5)
Where,

QairT heat gained by air while passing through the channéedIPV/T, W,

'H - mass flowrate of air through the channel/s

Cp I specifc heat capaagyt J/(K kg)

Texit T Outlet temperature of the dnom the BIPV/T, °C

Tin T inlet temperature of the aftC.

For PV surface, air channel and bottom insulation, the following energy balance equations are

defined Equations-6, 57, 58):

Y —F 00 Y Y oQ Y Y (5-6)

Where,
Seyv 1 total heat gained by the PV surfaié,
AT area of the PV layen?,
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, i StefanBoltzmann constant, 5.67 108 W/m? K*,

Trv, Tins, Tamb, Tairl respectiveaverage PV layesurface insulation surface, ambient air and

channel air temperaturéc,

hamb hop T CcONvective hedransfer coefficients between ambient and PV surfadep surface

of the channel and flowing air in the channel respectjwa#K nm?,
Chv, ins Utotal hemispherical emissivity ¢fie PV and insulation layersespectively

do Y Y 0Q Y Y oQ Y Y (5-7)

6Q Y Y (5-8)

The interior convective heat transfer coefficiem, lis calculated based on the local Nusselt
number. A Nusselt number is a dimensionless number thatiredefs a ratio of convective

heat transfer to conduction within the flow (Equatie®)5

0o — (5-9)
Where,

hi convedive heat transfer coefficientv/K m?,

L i characteristic length of the flowhe diameter of the pipen,

ki thermal conductivity of the givW/K m.

Reynolds and Prandtl numbers aomventionallyused to calculatdhe Nusselt number fathe
forced convectionMany studies in the literature suggdgterent Nu correlations under various

conditionsfor BIPV/T, the DittusBoelterequation (Dittus & Boelter, 198% commonly used
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by researchers. However, in a nuifiet system considered in this thesis, the DiBaelter
equation underpredicts the Nu number due to the additional entrance and turbulence effects

(Rounis, 2020).

Yang & Athienitis(2015b) thus, experimentally developed correlation for the Nusselt number
between the rear surface of the PV layer and the channel direftwo-inlet systers (Equatiors

5-10and5-11):

18tinlet: 6 6 @t p tYOPO 18 1453 < Re < 14322 (5-10)
2%nlet: § & p& LY 01 3600 < Re < 19034 -1(9
Where,

Rei Reynolds numbethe dimensionless number which equatehéoratio of inertial to

viscous forcescharacterizethe flow patterns in the channel of fluid flow

Pri Prandtl number, the dimensionless number which equates to the ratio of momentum

diffusivity to thermal diffusivity

For the original onénlet system, the calculated Reynold number in the chanaglal to 3270
indicatingtheturbulent fully mixed flow. Since the turbulent flow reaches the fully developed
conditions fast enough, the average Nu equation can be used. Thus, the average Nu correlation
for both the top and bottom surface of the air chadeetloped experimentally fyandanedo et

al,, (2011)is used.

The next step is to identify thexterior convective heat transfer coefficient driven by wind. For

that, several correlations available in the literature are {emtddheir effect on the tat
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Figure 510: Comparison of outlet temperature predictions wlifferent exterior convective
heat transfer coefficient correlations with the actual data.

BIPV/T temperature versus collected diatabtained and plotted in Figurel®. The exterior
convective coefficienievelopedy Palywos (2008)yields the most accurapgediction of outlet
BIPV/IT temperaturgfollowed by the Sharples & Charlesworth correlation. However, this result
is specific for this casand it is possible thdhe accuracy of windriven convection strongly
correlated to the Nu number. More detailed research is needed to daveldppendent
variablethatwould formulate this relationship-or this study, the correlation developed by

Palyvoswill be used for the modelling.

To developa simple controloriented modelthecritical inputsidentified based on the virtual
experiment with a more detailed modeé solar irradiace(S), outside temperature (To),
flowrate over the channel (Q) andna velocity (W). Thechallengds to identify whether there
is a needo include variable wind speed and wind direction, givenwliad datais unavailable

from the nearesteather station. The assumption of a sirayleragevind velocityin Quebec

91



——BIPV/T channel temperature rise (°C) ——Wind speed (m/s) —— Direct normal irradiance (W)
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Figure 511: Channel air temperaturese osertwo consecutive days with variable wir
speed but similarradianceintensity. The impact of wind speed on outlet temperature
be observed.-A0 January, 2018.

(arownnd 3.5 m/syieldeda significantsimulationerrorThe wi nd data from t he

weather station, which is 10 km away from Varenmessinspected for correlation witBIPV/T
temperature. The resslare plotted ifrigure 511. Therelationship between temperature rise
across the channel and wind speed is eviddrthe same timethe wind directiordid notshow

a strong correlation and was ignored in this study.

A system identification technique is used after collecting the vectors of input and output data
from a more detailed mode\ black box regressive modelpsoposedwhere the parameters
identified do notold any physical significancéf the measured outp from the developed

model is denoted ag the prediction of the regressive model is defineRasd is represented as

follows:

|0 o p OW 0 w'VY¥d QIO Qwdo 0 (5-12)
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| 0 -isaBIPTV/Toutlettemperature, variable that we are trying to pre@ic),

X(t) T previous exit temperature of BIPV/T chan(fel),

S(t)i solarirradiance(W/m?),

To(t) i outside temperatur@C),

Q(t)i flowrate (n¥/s),

W (t) T wind speed (m/s)

The resulting objective function is then defined as:

0h hoh a8 m | & (5-13)

This optimization problem is solvagingMATLAB Optimization Toolbox and parameters are

identified.

The conditions of applicability of the model were chosen iteratively by varying the training
datasetand the best fit was achieved when the inputs were narrowed down to the following

constrains:

600 Y 1000;
0.7<Q<1.142;
1<W<4

Themodelwastrainedusing acquiredlatabetweenJanuary 13 and January 20, 2048d tested
with the measured data betwe@anuary23 andJanuary 262018.The performance of the
regressivanodel on the test dataset is showirigure5-12 below. As shown in the graph, over
three consecutive days from"2b 26" January, th@redictionof thechannel outlet temperature
accurately matches tmeeasuredlatafrom the BIPV/T system. Howevernahe first day of test
data, 23 January, the model overpredictsotitéet temperature from BIPV/The possible
reasoris non-compliancewith the applicable conditions of the modelecifiedabove both in

terms of solar irradiation and wind spewdhich is one of the limitations of the approach.
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Figure 512: Performance ofegressiveontroloriented model ipredictingof outlet air
temperature from BIPV/T on a testt overfour consecutive days. 237 January, 2018

Overall, it can be concluded that tlegressivenodelwith the static parameteisas dimited
predictive capacity andannot fully describa daily variation; several models must teveloped
for different sets of condition8lore complex modelsyhich can capture nonlinearities, such as

deepneural netwdts, may alsadescribethis behaviar.

5.3 Design and control suggestions

With a new reality set by the COVID19 pandemicstheimportance of enhanced ventilation is
emphasized ore than before. Aoptimally designed and controlled BIPV/T system can
effectively enhanceentilation with little to no disturbande thebuilding energy profileThe
BIPV/T system installed in the Varennes library provides one of the first$aage prototype
examplesiemonstratindgiow this systencould potentiallyoperateand the efficiency it can
achieve Since itis one of the pioneers td@rge scale installatn, it is designed and operatea
from optimalmannemhile providing invaluable data and insights abibatoperation. Due to
being a novice technology and resultant natural concern of involved stakelthidegghe
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Figure 513: Alternative design configuratiein terms of BIPV/T area coverage

Table 51: Alternative desigronfiguration cases of BIPV/T.

Area Design Maximum Fan speed Maximum Flowrate
(m?) (number of inlets) (m/s) (L/s)
110 (1/6 of the 1-inlet 1 1142

roof, original)

360 (half roof) 2-inlet 1 3240
711 (full roof) 2 - inlet
1 3470
3-inlet

design phaseheonly onesixth portion of the roof was covered with a BIPV/T. Onéhef first
designalternatives inspected in this study is to examingttential performance of different
coverage areas &IPV/T, namely half roof anéntire roof with areas of 360%rand 711m?,
respectively, which can potentially increase the energy flexibility available in the building. As a
thermal enhancement option, mtiftlet systems are proposdd.doubleinlet desgn, the size of

the second inlet is assumiedbe1/39 of the original channel gap size (which is 7 mwhereas

in triple-inlet, eachinlet is sized asl/10" to avoid the significant heat loss while still benefiting

from theentrance effect€£nergy andnass balance amnservedFigure5-13 abovaellustrates
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configuratiors of the considered cases. The detailed parametéhng oesigrcases are shown in
Table5-1. Anothemodification suggested is the fan control strategy. Currently, the BIPV/T fan
speed is controlled by the temperature of the BTPdtletonly. As was mentioned at the
beginning of the chapter, if the outlet temperature is abo¥@, 2be fan modulates &0%;
otherwiseit sequences badk 33% unless there is no electricity generation. When considering
BIPV/T for preheating the ventilation air applications, the alternative strategy of the control
sequence of the BIPV/T fan is to link the fan speetthéacurrenbccupancy. Dynamic

occupancy demand definedasexhaust rate(m3/s)ytotal exhaust capacity(m?/s), where both

of the variables are knowrom the collected dataséthen,the proposedan speed control
algorithm isthefollowing:

Strategyl: both occupational nesdnd BIPV/Tsurfacetemperature are considered:

OO E 1) QENE 06 6 DO & (¥OCE & O® (5-14)
wherevmaxi maximum speed of the fan, m/s

| T® GO 60 G QA
TRQQU  YE OO a GaH,
TR YE 6 0 o @A,
QR YE 6 O o @ &
U TQWE GO a0E U

€

o Q&S M € U1 AOF'Q
PP 1T qQ ofi

Strategy 2: Only BIPV/T temperature is considered, same equation as befare But ¢
The results of the performance of all cases are shown in Figl#s5EL5 andTable 52 below.
Overall, it can be concluddgtatwhen occupancy is taken into accquesstotal heatis

recoveregdhowever, the fraction adheuseful heat (when T_outlet > 20) is substantially
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higher, sdt can be directly used for space heating applications or integration withaiirheat

pumps.
2500 ——Q_original Q_2-inlet half_occ Q_2-intlet_full_occ
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Figure514:The resulting flowrate (L/s) of al
BIPV/T portionof t he roof <cover age. -basedcontrd (Stategdy
and occupancy + temperattlvased control (Strategy 1), respectively-1B8January, 2018
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Figure 515:The resulting BIPV/ T outlet tempe
|l egend bar imply the BI PV/ T oOporntdiiocna todfase

control (Strategy 2) and occupancy + temperaba®ed control (Strategy 1) respectively-15
January, 2018
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Table 52: Performance of suggested 8 alternative cases in terms of total recovered heat,
heat and flowrate. Useful heat assumes agiaactecabove 20°C

Cases Recovered heat Average flowrate % of Useful heat
(KWh) (Ls) useful heat (KWh)
Current 2454 413 5.7 141
Current, T controlled 2310 396 8.2 192
Current, T + 1894 280 17 343

occupancy controlled

Half roof, 2-inlet, T 7099 1131 8.7 617
controlled
Half roof, 2-inlet, T + 5743 814 16.1 928

occupancy controlled

Full roof, 2-inlet, T 8512 1223 13.72 1167
controlled
Full roof, 2-inlet, T + 6704 883 20.03 1343

occupancy controlled

Full roof, 3-inlet, T 8829 1237 14.9 1316
controlled
Full roof, 3-inlet, T + 6919 887 21.4 1481

occupancy controlled
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5.4 Conclusion

To increasdhe energy flexibilityin the building aBIPV/T systemthat cargenerate, store, and
enhance HVAC efficiencgan be a viable solutiaghoptimally designed and operatdd.this
chapter, a detailed analysistbé installed largscaleBIPV/T system wasollowed by the
controtoriented datalriven model development, koluding with the study on alternative design
and control options thatn potentially increadauilding energy flexibility Themodelling
approactuseda dataverified detailed thermal netwotthasedyrey-box modelwith physical
parameter$o visualizethereal systemThe relevant input parameters wénenidentified,and
differentwind-driven convective heat transfer correlations were tested. Exterior convective heat
loss in the BIPV/T system has thwst significaheffect on the energy balan@nd its accurate
description is critical for adequate evaluation. Attexatinganaccurate visualization of the
BIPV/T system and identifying criticahput parameters, a bladbkox regressive modelag
proposed wittparameters afio physical significaree Upon verification, the model performed
satisfactorily £ 1.5°C) when thenput constrains were met and underperformedtive other

cases. Overall, the bladdox modding technique is a promising solution in mdadey BIPV/T
andother nore comprehensigmodelsthat can capture nonlinearitiesich as those

incorporating deemeural networkscan be more robust. This chaptewrapped up with the
alternative design and fan contettategyproposal Multi-inlet design and occupandased

control for ventilation air preheat resulted in more than 20% higher useful heat exttlaation

the current baseline cas®hereadaselineyielded the most recovered heat due to a higher flow

rate, 94.3% of it is delered at a temperature less thafiCL8 he integration witlan air source

heat pumganmake tle proposedtrategyfor energy flexibilityevenmore effective.
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Chapter 6

Conclusion

6.1 Summary and future work

This thesispresentedheuristic modebased predictive control techniquisvelopedor an
institutionalNZEB archetyg examplewith anactive and passive hydronic radiant stgtem

A rigorousstepby-stepgenericcontrotorientedmodelling methodologgndcalibrationwas
proposedA heuristicMPC combinel the benefits of numerical MPIy usingthe building

model and RBC for practicality and caxffectiveness of implementation to minimize the energy
consumption andr maximize energy flexibility irthe building. The heuristic MPQirastically
eased the computational requiremeritdhe modelwhile still necessitabg generic methodology

of model developmenAlbeit thegeneralization of the approach wagriority, specific inherent
features of eachuilding remairdunique and requickan indoor temperature analysis to

identify the structure of the mod@&everal modelling approaches were attempadthe RC
thermal networkbasedyrey-box 10" ordermodel withphysicsbasedbarameters showed
promisng results in capturing the basic thermal behavio theinstitutional NZEB archetype
Thencor poration of A ewhitheconsidens theeffects of furnimmpandi t anc e
book stackshad resulted in a significant improvement in model accutdext, the concept of
heuristic MPC was introducednd stegby-step development of neaptimal strategies to
maximize energy efficiency and/or energy flexibility was demonstrated. Anticipgiesiaf

days were classified intaewy cold, cold, mild and sunny, sesioudy, and cloudyglusters For
every 9 combinatios of weather scenaripg sets of heating setpoint profiles were developed

Nearly 100% of BEFIP was achieved on cold and mild daide this valuevasaround 80%
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for very cold daysResults shoedthatheuristicMPC wuld be a successful alternativeao
traditionalMPC as a solution to significantly improve energy efficiency, enhance energy

flexibility, enhance load management ahdrmal comfort while reducing computational needs

The thesis concluded withsmall study focused atheincreasing energy flexibility potential
throughtheenhanced BIPV/T desigrAfter anexhaustive analysis of the collected data from the
installed BIPV/T system in the Varennes library, a simple blawkregressive modetas

derived The parameters weoalibratecthrough optimization techniquegth constrainednput
conditions. Upon verification, the model performed satisfactatily.§°C), concluding thathe
blackbox modellingtechnique is a promising solutiongontroltorientedmodelling ofBIPV/T

and modelgrained by moreophisticated system identification techniqoas potentially be

more robust. Thigsvasfollowed up bythe alernative design and fan control proposal, where
multi-inlet design and occupantyased control fopreheatingsentilation air resulted ia more

than 20% higher useful heat extracttbanthe current baseline.

As future work, the proposegredictive controbtrategyto maximizeenergy flexibilityis
expected to be practically applied to the BAS of the libfaryest purposes in Decemb&o
avoid possible discomfort and visitors' dissatisfactiba,initial plan igo testthe control
algorithmon holidays when the library is unoccupiddter betterunderstandinghe impacs of
proposedcontrol strategiesn the systenfrom the teststhe next stejs to refine the control
algorithmfurther byconsideringnore clustered casesd the cooling seasoRor instance, the
intermediate days can be subdivided into further categoriesemisunnyandsemicloudy
days. Having more predefined cases afithe strategy to be more robsstcethe cost of the

errorin the predictionis minimized
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Moreover the control strategies developed in this statBbased on theveather forecaginly;
however, anothemajordriver of the future demarnid buildingsis occupancy behaviw, which

was not considereid this thesisThe impact of various occupancy behavion energy

flexibility must be quantified; the relation of thecupant®n the selection of control algoritlsm

in the available literaturis significantlyunexploredLastly, the proposed Yoorder model did

not include the air conductance between the zones. Incorporation and calibration of that effect

mustbe further studied

This work is also a part ofresearch incentive ihel nt er nat i on al Energy AgeEe
Energy in Buildings an€ommunities (EBCAn ne x 8dr inDam aSmart Buil din
wherethe Varennes litary has been modied in the Modelicasoftware(AppendixD) andis

expected tdeintroducel to theframework for simulatiorbased testing and comparison of

building advanced control strategiesalled BOPTEST Building Optimization Performance

Test The primary advantage of Modelica over other compebased modéng software such

as Simulink and TRNSYS is that tModelica supports multidomain mdtieg, which mean#

can define and link model components corresponding to objects from a variety of domains,

including electrical, mechanical, thermodynamic, hydraulic, biological, and control applications.

Also, Modelica relies heavily on equations rather than assignstaigmentsSinceequations do

not define garticulardataflow direction, this allows acausal modelliranablinggreater class

reuseand enhancechodellingflexibility compared to SimulinkThe ultimate objective of this

project isto makeVarennes Libraryhefirst Canadian building accepted as a case study in the
BOPTEST emulatomhich will serve as an institutional NZEB archetype so that different

advancedaontroland modelling strategiesn be testedyhich will establishandbenchmark the
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stateof-the-art performance of control for building energy systdigsavoiding the challenges of

individualized studies and cost of developing a building emulator.

6.2 Contributions

The maincontributions of this thesis can summarize as follows:

1) The generic and stdpy-step methodology for contrariented model development with
little to no required data was shown. The
increased accuracy in tebortterm response as buildings usually contain mass objects
inside, which yield an accumulative thermal mass efféoearization of the 8 order
RC mode] especially the convective coefficients, can significantly affect stuaie
temperature predicn.

2) The thesis showed thermulation of auniquerule-basedVIPC techniqueas an
alternative tahenumericalMPC. Results showed it ight significantlyenhancesnergy
flexibility, improve load managemennd energy effiency, andensurghermal comfort
while decreasing computing requiremeaitsraditional MPC and providing predictive
capacity and effectiveness to the RBC

3) Prediction uncertainty and robustnessinnovatively handled througihe verification
with ontsite PV production aa.The appropriate corrections are applied if the
verification test does not pagadthe best matching temperature setpoint profile is
selected

4) Introduction of EBEFIPindexto estimate théexibility in terms ofpercentage that the

buildings can prowde to the gridIt was showrthat building with effective integragd
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5)

6)

technologies and passive design features could achieve nearly 100% of energy flexibility
in the majority of the heating season throughoetgbak demand period.

Detailed data analysand controloriented model development for installed laspale
BIPV/T technology frontheoriginal nonlinear system formulation. The computing cost
of a blackbox model, such as linear regression, is significantly lower than tlaat of
comprehensivevhite-box and can beised for wholebuilding and subsystem MPC
development.

Based orthe study proposed in this thesis, one conference paper has been written and
presented at the international conferenc8ustainable Development of Energy, Water
and Environment Systen2§21(SDEWES 2021)A journal paper based on this work is
also planed and has already received an invitation from the Energies journal.

1 Jalillov, E. and Athienitis, AK. (2021). "Heuristic modebased predictive
control strategies for an institutional fegdro energy building", Abstract
submitted to 16th Conference ons&ainable Development of Energy, Water, and
Environment Systems, Dubrovnik, Croatia, Octobet 18 (Accepted)
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Appendix
1.4 A.

Varennes Library was molled in TRNSYS to providatwin modelof the Library. It was used
to analyze alternative design options such as removheeastwest partition wall, effect of
couplingair-source heat pumpith BIPV/T and its control strategy amehpact ofmotorized

shading

Figure A1: 3D model of the Varennes Library

118
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Figure A2: Effect of removal of internal wall partition between east and west portions of the enve
the heating load in the\lileek winter period

60 Degree High Cop and Low Noise 11kw-250kw Heating
/Hot Water Air Source Heat Pump

Get Latest Price » ) Chat with Supplier

Min. Order / Reference FOB Price

1 Piece US $1,200/ Piece
Port: Huangpu, China @
ion Capacity: Units/Year
Payment Terms L/C, T/T, D/P. Western Union, Paypal
Energy Efficiency One
Grade:
Heat Temperature: 50-70°C
Work Environment: Common Heat Pump
Heat Source: Air-source
Heating Type: Circulating Heat
Application: Villa Family, Sauna and Swimming Pool, Hotels,
E Factary Hospital, Student Apartments, Beauty
Salons

60 degree high cop and low noise 11kw-250kw heating or hot water air source heat pump

Air to water heat pump cycle type

Model No. Unit MG-030KFXRS  MG-050KFXRS ~MG-030KFXRS  MG-050KFXRS = MG-0B0KFXRS  MG-100KFXRS = MG-120KFXRS | MC
Heating Capacity KW 108 18 108 18 288 38 432 @
Power Input KW 27 45 27 45 72 9.6 108 @
Largest Current A 59 59 59 59 9 12 176 36
Rated Water Temp. °c 55

Highest Water Temp. °c 60

Power Supply 220V/1P/60Hz 380V/60Hz

Anti-electric Shack Type 1

Figure A3: Air-source heat pump selection based on heating and cooling loads
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- Ydamper = 0:

Building & weather No outside air blended with return air to HP
conditions Ydamper = 1:

100% outside air sent to HP

Ambient temperature
>
Room temperature

False
(Colder outside)

True )
(Hotter outside)

True
(Colder outside & hot room)

Mode 2
Ydamper = 1

True
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(Hotter outside & cold room) (Colder outside & cold room)

Figure A4: Air damper control strategy of the ASHP

HP PERFORMANCE ON 21 FEBRUARY
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Figure A5: Performance of asource HP on 21February
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Summer Performance (June 15t to August 31st)

Power Consumption [edhr] Temperature [C]
0P Zonel

| Without motorized shading

..................................................... i 00 Total [kWh] 46,666

Heating [KWh] 21,666
Cooling [KWh] 25,000

8

)

Temperature [C]

With motorized shading

Total [kWh] 39,676

JEIARMACRL N M A Heating [kWh] 21,666
Simulation Time =5808.00 [hr] Coollng [kWh] 1 7,638

Figure A6: Power consumption on Summer period withsaiurce HP and the studied effect of
motorized shading
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Figure A7: BIPV/T performance in imter period aftecoupling with Air source HP
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1.58B

Floor slab thickness analysis

The original floor thickness was decreased from 12.5 cm down tqQ 8ncitheresults are
compared belowwWhenthe capacity of the hydronic heatisystemis undersized for the
thicknessit is more efficient to havathinner slab rather than thicker on extremely cold days.
This stems fronthe higher temperaturdifference between slab and interior
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Figure B2: Thermal slab; titkness 8 cm; thermal load 792 kWh; T_ambient5 -20 °
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1.6 C

Proposed control strategyesults

60 s imported_power using "Energy Flexibility" strategy
==} Heating electridty load using "Energy Flexibility" strategy
=1 0n-site PV production

50

== == Measured imported power

= = Measured heating electricity load

e Heating electricity load using "Energy Efficiency” strategy
40

Power, kW
8

20

00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
Time, h

FigureC-1: Energy balance over very cold sectoudy day under proposed controls
strategiesJanuary 132018

70 i Imported_power using "Energy Flexibility” strategy
=3 Heating electricity load using "Energy Flexibility" strategy
60 = On-site PV production
== == Measured imported power
50 = = Measured heating electricity load

= Heating electridty load using "Energy Efficiency” strategy
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Time, h

FigureC-2: Energy balance over very coldoudy day under proposed controls strate
January 32018
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80 4 [ Imported_power using "Energy Flexibility"

strategy

70 | == Heating electridty load using "Energy
Flexibility" strategy
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FigureC-3: Energy balance over cold cloudy day under proposed costrategies, Februs
10, 2018

FigureC-4: Energy balance over cold seoioudy day under proposed controls strategie:
February 12018
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