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ABSTRACT

A methodology for modeling of hydronic radiant slab heating systems for predictive control

and energy flexibility

Ali Saberi Derakhtenjani, Ph.D.

Concordia University, 2020

Radiant slab heating systems are receiving considerable attention due to the multiple
advantages they offer such as improved thermal comfort in buildings and suitability for other
related applications in coldimates, particularly snow melting and-éng of pavements and
infrastructure. Hydronic radiant heating can utilize low temperature renewable energy heat
sources. The operation of these systems can be optimized by applying predictive control and
further the energy costs can be reduced by optimizing their interaction with smart grids by utilizing
the flexibility in their demand profiles. However, compared to conventiaindleatingsystems,
radiant systems have several added complexities such aswheasisient heat conduction within
theslah Efficient design and operation of radiant slabs require several critical decisions on design
and control variables to maintain comfortable thermal conditions in the space and achieve slab

surface temperaturesthin the recommended rga depending on the application

This thesis presents a methodology for modelling of hydronic radiant slab heating systems with
significant thermal mass (a concrete layer with embedded tubes) for predictive control to utilize
the anergy flexibility of the building and/or infrastructure in interaction with smart grids and
dynamic pricing of electricity. The modelling approaches includedater grey box models as



well as frequency domain techniques. Each apprbashs own specift advantages and unique
information can be obtained from each one that complement each other when optimizing system

operation and designing the control strategies

Using the developed frequency domain model of the zone, key transfer functions are dalculate
for a case study. By means of transfer functions, the effect of different levels of thermal mass on
the zone thermal response and quantification of the energy flexibility in response to grslisignal
studied. The model is used to evaluate differenigdesnd operation options on a relative basis.

It is shown how transfer function analysis provides insight into the building thermal dynamics
without the need for simulains. A newtransfer function that relates the radiant floor heat source

at the bottomof the slab to the zone air temperatureirigoduced andits derivation is
demonstrated. By means of the transfer functioa,delay between the heat input of the radiant
slab and zone air temperaturedstermined Experimeng with a full scale test roorm an
environmental chamber are used to validate the key design parameters obtained from the frequency
domain transfer funiin regarding the operational strategies for energy flexibility of the thermal
zone Frequency domain techniquesyalso be utilized to establish the appropriate order for low

order RC model$or different applications

A low-order thermal rnivork RC moel for a case studyvalidated with experimental
measurements, is utilized to study several predictive control strategies in response to changes in
the grid price signal, including short term, more reactive changes of the ordeflbfriihutes

notice. Anindex is utilized to quantify the energy flexibility with the focus on the peak demand
reduction for specific periods of time when the electricity prices are higher than ususthawis

that the developed predictive control strategies can aid greatliynimizing the electricity cost of



the building and up to 100% reduction in peak power demand and energy consumption is achieved

during the high price periods

Low-order thermal models are also utilized to study radiant slab heating systems of intnastruct

that have much higher thermal mass than the radiant slabs in buildings due to structural reasons.
Hydronic heating of roads and pavements surfaces to avoid ice formation has several advantages
compared to traditional surface salting and otherskiti methods which have a lot of limitations.
However, the traditional method of designing such systems does not consider the thermal mass of
the system and its potential for predictive control, energy flexibility and optimized performance.
Finally, predictivecontrol strategies are presented and studied to take advantage of the hydronic
slab thermal mass and minimize the eneagysumptiorand peak power demand aan@validated

in afull scale experiment in aenvironmental chamber
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CHAPTEIRINTRODUCTI ON

The increasing global energy demand, the foreseen reduction of available fossdnielse
increasing evidence ofl@pal warming during the last decades have generated a high interest in
renewable energy sources. However, renewable energy sourcesisswoid and solar power,
have an intrinsic variability that can seriously affect the stability of the energy system if they
account for a high percentage of the total generafldw flexibility of building and other
infrastructureenergy demand profileas commonly suggested as part of the solution to alleviate
some of the upcoming challenges in the future demesiplorseenergy systems (electrical, district
heating and gas grids). Buildings can supply flé&ibservicesto the electric gridn different

ways e.g. utilization of thermal mass, adjustability of HVAC system use (e.qg.
heatingcooling/ventilation), charging of electric vehicles, and shifting of ptagls. However,
there is currently nianuchquantification and prediction of homuchenergyflexibility different
building systemsmay be able to offer to the futusenart grids Therefore, there is a need for
increasing knowledgand demonstraig the energy flexibility buildings can provide temart

grids. At the same time, there is a need for identifying critical aspects and possible solutions to
manage thignergyflexibility while maintaining the comfort of the occupants and minimizing the

use of norrenewable energy.

Energy fexibility can be definedhs At he abil ity to deviate from
or baseline power consumpt i Blexipilityccould beherpresseds i n e s
as power kW or energy kWh, the power/energy that can be shifted, increased or decreased in
reaction to an external signal (price signal for example) without scarifying the indoor comfort over

a certain time span. The penetration of renewable energy sources (RES) is increasing rapidly
worldwide, with a 26% increase of installed photovoltaics)(Bapacity to 177 GW and 16%

1



increase of wind capacity to 370 GW from 2013 to 2014, respectiMely RES integration poses
challenges to the grid in terms of stability with the fluctuating supply needing to be balanced with
the demanédh n d t h at ts meededompake our buildings more energy flexible to match the

supply and demand.

Radiant slab heating systems are receiving considerable attention due to the multiple advantages
they offer such as improved thermal comfort in buildings and suitabilityotber related
applications in cold climates, particularly snow melting andicdg of pavements and
infrastructureHydronic radiant heating can utilize low temperature renewable energy heat sources
and provide significant flexibility to smart grids Isyoring energy and shifting heating demand

The operation of these systems can be optimized by applying predictive control and further the
energy costs can be reduced by optimizing their interaction with smart grids by utilizing the
flexibility in their demand profilesThere are two types of radiant floor heating systems: hydronic
and electric. There has been recent work on control of electriwagdledioor for shifting and/or
shavingthe building peak energydemandby (Thieblemont et al. 2038 The focus here on
hydronic systems is to enable the use of-temperature renewable energy sources with heat

pumps.



Hydronic

Radiant floor heating
types

Electric

FigureO-1. Differenttypes of floor heating systerisefore application of the finalyari typically
concrete for hydronic and ceramic tiles for electric)

Thisthesisis focused ostudyingthe hydronic radiarglabheating systems embedded deep under

a concrete slab with significaamount of thermal mas§hen the application of suctlabheating
systems ipresentd for buildingsandpavemente-icing. The inherent slow thermal response of
such systems makes them suitable for energy flexibility, power shifting and predictive control.
Therefore,majoraspects of the approablerearemodelpredictive control anénergy flexibility
guantificationwhich areapplicable to both buildings with radiant flocedting system as well as

the deicing application of radiarglabs

1 Source: top photo taken at PZTC,
bottomphota http://www.reuk.co.uk/wordpress/heating/electiizderfloor-heating/
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De-icing
(safety)

Hydronic floor heating
&
Energy Flexibility

Buildings
heat demand
(thermal comfort)

Figure0-2. Schematidllustrating two examples of hydronic heating application

An important application ofydronicslabheating systems [gavements and eeing of surfaces

in winter. The use of décing salts and other antiskid measures typically adoptedoby
mainterance services have many limitations such as applicable temperatures, location of storage
facilities, ease of access to road section and, in the case of salts, infrastructure and environmental
damage. An alternative solution that offers several advantagegliementing hydronic heating
systems under theesiredsurfaces. Hydronic diging may eliminate the need to add salts to the

road surfaces which prolongs the lifetime of infrastructur@ pavementsnd significantly reduce
maintenance costh.is preerred to fpacethe pipes as deep as possible in the concrete in order to

reduce the risk of the damage from vehicles. Therefore, the large thermal mass above the pipes

2The images were taken from the following websites: top imiatje//www.road.or.jp/docs/gdansk/no07/index.html
bottom imagehttps://www.warmboard.com/whsadiant
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provides a great opportunity fgredictive control,energy flexibility and demand respse
strategiesind reducing peak powdemandf the deicing systemA part of this research focuses
on a methodologyto developlow-order thermal modelfor analyzingthe heated slab thermal
dynamics for different pipingonfigurations for hydronic decing of transportation infrastructure
in cold climatesThe modding approach ivalidated by means of experimahineasurementa

a controlled environment (Solar Simuldgénvironmental Chamber laboratoryhe magnitude of
time delay to reach theequired surface temperature for-ideng, for different slab piping

configurations and system capacity is evaluated by means of lumped parameter models.

Knowledge of energy flexibility that buildings can provide is important for the design of future
smartenergy systemsmart gridsand buildings. The knowledgs, however, not only important

for utilities such as Hydr&uebe¢ but also for companies when developing business cases for
products and services supporting the roll out of smart energy netwarksermore, it is important

for policy makers and government entities involved in the shaping of future energy systems.

this context, the IEA (International Energy Agency) EBC (Energy in Buildings and Communities
program)An ne x 67 : i Endrdg yn ghsloe xwiaks| (éerisBrueitake 2D L7Asra 2 0 1 5
contributor to theAnnex 67, he aim of tie researctwork presented in this thegisto increas¢he
knowledge and demonstrate the energy flexibility thaldings and infrastructure equippeith

hydronic radiantslab heating systems can provide for the energy grids, to idethtEgritical

aspects and psible solutions to manage this energy flexibility.

Currentlythere is n@omprehensivenethodology talesgn hydronicslabde-icing systemsvhile
taking into account their predictive control and potential flexibility in inteoactiith smart grids
Thegreat majority oflesigners use the existing methodology from{ #&#HRAE 2017 Handbook

in which the ddcing system design is based steadystate calculatin meaningcontinuous



operation of system in a way that surface temperature is always kept above the freezing point. This
leads toexcessiveenergy consumptionThe work described in thihesis supported by Quebec
ministry of transportation (MTQ)s the first step towards the development of thermal models and
control strategies to operate a hydronieideg system in a predictive wayA major objective

here is tesize thesystem in such a way that based on weather predictions and consideration of the
dab thermal dynamics and thermal mass, our slab surface temperatueadambovéreezing

point before the precipitation event starts. This will ensure the safety of the surface for commuters

while savinglargeamouns of energyand peak powetompared to the curreptactice

1.2 Objectives
The main objectives of thibiesisarethe following

1 Development of @omprehensive methodology to design hydronic slaltidg systems
while taking into account their predictive controldapotential flexibility in interaction
with smart gridsthis methodology will be based oerwklopment of loworder models for
thermal zones with hydronic radiant floor heating system that can be used for design and
modetbasedpredictivecontrol

1 Quantification and evaluation of energy flexibility potential of thermal zones with hydronic
radiant floor heating systems by means of the developedider models

1 Design of modebased predictive control strategies in response to changes in the electricity
prices based on energy flexibility potential of thermal zones with hydronic radiant floor
heating systems

1 Analysis of thermal dynamics of hydrorstabheating systems under cold weather to be

utilized for deicing by means of lovorder models



1 Development opredictivecontrol strategies for hydronic deng systems

1.3 Outline of the thesis

Chapter 1 provides an overview and introduction to the overall.topic

In the second chapter, previous literature regardingding hydronic slab heating system
modelling and desigrenergy flexibility and predictive control as well as modellingnpdironic

heatingsystemof pavements for deing is discussed.

Chapter 3 presents the modelaygproachemcluding frequency domain techniques ana-arder

grey box modelsThe unique advantages of each approach in optimized operation of buildings and
infrastructureare presented and it is discussed how these approaches complement eadh other.
unigue new transfer function is presented from which ntgmd information for controlling radiant

slabs can be obtained.

Chapter 4 presents the results frim@modelingapproacheapplied tahecase studies full scale

experimental verificatioras wellasthe predictivecontrol strategies.

Finally, chaptels presents the conclusion and contributions of this thesis as well as the publication

list.



CHAPTERLI TERATURE REVI EW

This chapter discusses the literatureradiant slab heatindpuilding energy flexibility as wil as
infrastructurehydronic deicing systemsin the first sectiona brief reviewof hydronicradiant
heating is presented. In the second sectl@nprevious efforts on characterizing buildings energy
flexibility and utilizing that through different means are presented and then the current research

need arehighlighted In the last section, the literature review on hydronidctieg is presented.

2.1 Radiant heating systems

The application of radiant heating systems has several thousand years of Bestorgt al. 2010b

Bean et al. 2010QaThe credit is often given to ancient Romans for inventing the radiant systems
but research and archeology show Asia to be the earliest known developer of these systems,
preceding the Romans by thousands of years. Considering the evolution of the radéans s

from excavated floor ducts of ancient Korea and moving onto the Greek and Roman hypocausts
and similar systemused inMiddle East and then to subsequent disappearance of European
systems posRoman empire and to the conting evolution in Asia andadiant floor heating

rebirth by the French and British at the end of the 19th century, the history of radiant systems is a

parallel study within anthropology, archeology and architecture.

After the introduction of plastic pipingwvaterbased radiant heay and cooling with pipes
embedded in room surfaces (floor, wall and ceiling), the application has increased significantly
world-wide(Kim and Olesen 201%aEarlier application of radiant heating systems was mostly for
residential buildings. However, due their large potential in peak load reduction and energy
savings as well as their comfort and free use of floor space without any obstructions from

installations, the radiant systems are now being widely applied in commercial and industrial
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buildings as wll as residential building&igure0-1 shows different types of embedded hydronic
radiant systenf&im and Olesen 201%ancluding TABS (thermally activated building sgms)
The embedded systems are usually insulated from the main building structure (floanavall

ceiling).

Floor Cailing Wall TABS

1
(] L) L J ®
Wm
ol .‘ bt b

Figure0O-1. Examples of Hydronic Radiant Syste(Ksm and Olesen 201%a

In terms of heating, a floor assembly can be incorporated with a hydronic floor heating system or
electrically heated floor (EHF) systefhhieblemont etl. 201§. Hydronic heated floor provides

heat by pumping hot water through pipes which are usually laid under the flooring, while the EHF
system works with electric cables or mats incorporated into the floor. The main determining factor

of their peakshifting potential is thermal mass when just sensible storage is considered.

(Le Dreau and Heiselberg 201d@eveloped two building models in EnergyPlus to compare the
peak shifting flexibility béween a baseboard heating system and a hydronic floor heating system.
They found that the hydronic floor heating system showed better peak shifting potential while
maintaining the indoor air temperature within a comfortable range. A similar comparis@ebetw

a fancoil heating system and a hydronic heated floor system has been dga by al. 2006)

It was reported that when the exterior temperature was around 10 °C, turning OFF the heating
system resulted in indoor temperature dropping ra@zif4 T/h and 1.57 °C/h for floor heating

system and fagoil heating system, respective(yin and Zhang 20}knalyzed the peak shifting
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capability of a hydronic heated floor with 10mm wood and 30comcrete on top of the water
pipes. Under specific boundary conditions, during the peak period (B5amm.), the heating

system was turned off and the average generation rate was found to be about $4.6 W/m

EHF heats the building directly by electriables or panels placed under the floor surface.
(Thieblemont et al. 20)3roposed a method to integrate EHFs into TRNSYS and carried out a
parametric study to analyze the effect of floor assembly on the EHF performance. Their simulation
results showedthat the thickness of concrete layer below or above the EHF and thickness of the
insulation layer have significant influence over the peak shifting ability of the EHF system. To
guarantee an acceptable indoor environment thermal cor(forgblemont et al. 20)&tudied

the peak shifting potential of an EHF in a mutiom house by usg a partial nightontrol
strategy. It was reported that the EHF could shift 84% of building loads to Hpeaifperiod.
However, the building model developed in their study was validated using the data collected from
the house with baseboards andwith EHF. The same drawback exists in their recent s{8dn

et al. 2018p where a selfearning predictive control strategy for EHF was proposed to reduce the

energy demand during peak period.

2.11 Occupant Comfort
The key objective in a radiantly heated or cooledspsithe occupant comfort. The requirements

for general overall thermal comfort should be considered to provide an acceptable thermal
environment. The predicted mean vote (PMV) or operative temperature, Top, and local thermal
comfort, for example surfademperature, vertical air temperature differences, radiant temperature

asymmetry, draftetc.are to be considered.

For radiant or convective systems, the comfort requirements are the same when expressed by the
PMV-PPD index {0.5<PMV<0.5) or as an openati temperature range corresponding to 20°C to
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24°C for heating season and 23°C to 26°C for cooling season in spaces with sedentary
activity(ASHRAE 2010. The operative tengrature represents the combined impact of air
temperature and mean radiant temperature. In spaces with low air velocities (<0.2 m/s) or with a
small difference between mean radiant temperature and air temperature, the operative temperature
can be approxintad as the average afomair temperaturd s and mean radiant temperatUig

(essentially the areaeighted average room surface temperature)

Tair + Tmr
Top = T (21)

The occupants camavethe same comfort level with a lower air temperature in a radiantly heated
space and the same comfort levethaa higher air temperature in a radiantly cooled space in
comparison to convective heating and cooling systems. It is interesting to note that the difference
between air and mean radiant temperature is normally smaller in radiantly heated or cooled spaces
This is due to the fact that in winter the windows will have a lanterior surface temperature

than the air temperature, which is compensated by a higher surface temperature of the radiant
system and vicgersa in summer. With convective systems thkler window temperature in

winter will be compensated by a higher air temperature, which will result in an air temperature
higher than the mean radiant temperature. Also, higher mean radiant temperature in radiantly
heated space means that the air tentpexacan be kept lower compared to a convectively heated
space. This is an advantage so that in winter the relative humidity of the space can be a little higher.
Studies show that lower air temperature and lower air humidity have a significant effect on
perceived air qualit{Babiak et al. 200)7 In spaces with sedentary and/or standing occupants, the
maxmum temperature for heating should not exceed 29°C (84°F) and the minimum floor

temperature for cooling should not be lower than 19°C (66°F). For spaces such as bathrooms,
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swimming pools and dressing rooms where occupants are present in bare fodintbefloor

temperature for comfort also depends on the floor covering méteSidRAE 2010.

2.1.2Control of radiant systems
The major goal of the contr@omponent of the heating and cooling systems is to maintain the

indoor temperatures within the comfort range by retaining the balance between the heat gain/loss
of the building and the supplied energy from the auxiliary system under varying internahoads
external climate. Many studies in the literature deal with control of the radiant sy€kssen

2002 Lim et al. 2006Rhee et al. 20)1

The control of radiant heating and cooling system can be classitiedentral control, zone
control and individual room contrgKim and Olesen 2015bThe cetral controler controls the
supplyliquid temperature for the radiant systesftenbased on the outside temperature. The room
controler then controls thdéiquid flowrate or temperature for each room according to the room
setpoint temperature. It is mmmended to control the averdggiid temperature (mean value of
supply and return water temperature) instead of controlling only the supply temperature. During
the heating period, as the internal load increases, the heat output from the radiant system will
decrease and the return temperatuiterise. Therefore, controlling the average temperatuitie
automatically decrease the supply temperature. This will result in a more efficient and faster
control of thermal output to the space and will result in a better energy performance than

contrdling the supply temperature.
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2.2 Energy flexibility and predictive controlP

The worldwide demand for electricity is increasing drastically and it is expected to get doubled

by 203{Bolimann and Staffell 261 Electricity is a vital resource in modern societies as the
backbone of the economy. Buildings are the largest electricity consumers in the grid. Demand
response (DR) control of buildings plays important roles in the interaction between the silgply si
and demand si de. Demand response includes alt
normal consumption by incentive based dynamic pricing techniflgset al. 2015Xue et al.

2015 Huang et al. 2009Due to recent global efforts on reducing the greenhouse gas emissions,
penetration of renewable energgurces (RESF increasing rapidly worldwide. For examplee

total cumulaitve installedcapacity for PV at the end of 2019 reached at least 627 GhvV1ih

GW of PV installed in 2019 onlgndthe total global installed capacity for wind reached 651 GW

with 60.4 GW installed in 201@WEC 20191EAPVPS 2020). The trend is expected to continue

that several cautries are dedicated in increasing theS®Bare in energy system and already have

highly ambitious targets. The Renewable Energy Directive requirdsuttopean Uniorto fulfil

at least 20% of its total energy needs with renewables by, 2@ Germany has a goal to meet

at least 80% of gross electricity consumption through renewable energy byBE@30some

countries have set RHargets as high as 100% of total energy mix, including Denmark who plans

to cover 100% of count r yo6s Havrceinegratehd iatenaittedt wi t h

and stochastic production capacity with a notable RES share into existing power system becomes

3based on journal papers &md #3:

1 Saberi Derakhtenjani, Al i, At hienitis, Andreas K. (2020) .0 A |
Characterization and Design for Energy Flexibility of Zonéstwh Radi ant Systemso. Jourl®4ksl of Renewabl e
1 Saberi Derakhtenjani, Ali, Athienitis, Andreas K. o606RyWamz) . 6 Predi
El ectricity Prices f or bfited® purnalioEnergi€ésanddr@evietv Sy st ems 0. Su
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a large challenge. Simultaneously, these kinds of RES are not only in centralized plants, but also
evolve in a distributed manner, as well adritbsted storage systems (such as thermal storage
systems, battery storage, etc.). This evolution, in combination with advanced ICT sector and its
applications, leads to smart energy system in which highly distributed sugpignd profiles are
involved Under theseiccumstances, more flexibilitigoth from tke supply side and demand side

is needed to keep the supply and demand matching apedod of time

Past Present Future
Distribution Distribution E:* E:
System Transmission _ control centre Transmission control centre = o‘:‘id
‘@upe ator conpral contrel & g y
| cepe centre
"l i‘g | Y Sag \Electric
I hicl
! ] \ Industrial ' . | e I industy .;I
| \ customer W 1] \ i ! customer
—9-% B @ N
d ' —f— '
Substation  Substation | Commercial Substation  Substation al /| FEnergy Substation  Subsfation - ommercial
customer orage jCustomer
Storage _l-l'!
o iy
f ] » L
High- ] .
Residential Residential temperature Reudential

CUStOmes CUSTOmer superconductor CUSTOMer

——— Electrical infrastucture — == Communications

Figure0-2. The smartening of thelectricity system is an evolutionary process, not atone

event

Supply side flexibility in general refers to large power plants (including conventional power plants,
combined heat and power plants, combined gas turbine cycles plants) or large scale storage
systems to makepufor the mismatching between electricity generation and consumption by
ramping up or down in required time and durat{@ochran et al; Aduda et al. 2016 More
flexibility can be accomplished through simply strengthening the power grid, such as improving
the capacity of the grid, adding energy storage syg@omverse 2012 and controlling the grid

by smart strategies with the help of ItHang et al. 2012

On the other hand, the demand giden f or m of buil dingds ther mal

integration of electricity chain infrastructuréss regarded as the potential supplier of flexibility
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in recent studies. The flexibility can be obtained by carefully crafting the load, sugk as

redudng the peakpower demand (peaklipping), shifing demand in time (loadhifting) or

temporaily increagg the load when thacentives are high or electricity prices are low (valley

filling), through demand side management (DSM). DSMefined from a utility perspective as

Athe planning and 1 mplementation of those el ec
uses of electricity in ways that wi || produc
(Gellings 198% which can be divided into twoategoriesasenergy efficiencyfEE) and demand

response (DRJPalensky and Dietrich 20).1Flexibility is much moe closely related to DiRDe

Coninck and Helsen 20L61ence, when talking about the potential of the flexibility of buildings,

most stateof-the-art literature focus on demonstrating hibean reduce the energy cost, shift peak

power, increase the use of local renewable electricity production, or achieve the stability of the
power grids with optimal control strategid-or examplgSalpakari and Lund 20)6onclude that
costoptimal control for buildings with PY employing a heat pump, thermal and electrical storage

and shiftable loads aseftibility sourcesi achieved 13 t@5% savings in the annualectricity

cost and obtairk8 to88% decrease in electricity fed into the gfi@eorges et al. 20)4ndicates

that smargrid model predictie control strategies responding to a tivaeying electricity price

can reduce the procurement costs by 2 to W8fHe keeping the thermal comfort.

The idea of regarding buildings as potential suppliers of flexibility services to power system is
fairly recent. There have been many attempts to define the energy flexibility from the building
point of view, but the definitions are mainly casgpendent as they are used to address defined

aspects in specific cases.

Fl exibility i s ddidngencesditemavs cibhldeée t a b indedotdiggtaso t uat

the dictionary. When the definition is applie
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f r om t bhseenfiohea hy®eterson et al. 2013 -lexibility is a unique, innate, state atimde

dependent quality. SimilarlySix et al. 2011simply definst he f |l exi bi |l ity of h
number of hours the operation canintheLINEARR ay ed
project (largescale implementation of smart grid technologies in distributiorspritexibility is

a key concept which is defined as fAthe maxi mt
additionally called upon at a certam mo me nt d (Cardinags ahdrBerrerdaasy2§14

The definitions express flexibility in units of time within a single system, such as a thermal storage

sydem (tank) or a heat pump, and it is closely related to the characteristics of the system.

I f the flexibility is applied to energy in a
to deviate from the reference electric load profile (@eliae power consumption, dre business

as usual (Oslewertelatrali 200)3e Coninck and Helsen 2006 r At he ef fi ci er
devices inr esponse to real ti me pr i dHomgget ah 2Q@p r educ
Flexibility could be expressed as power kW or energy kWhe power/energy that can be shifted,
increased or decreasédin reaction to an external signal (price signal or activation) without
scarifying the indoor comfort over a certain time span. Hence, the pivotal issues in defining this

kind of flexibility compose of objectives (activations), constraints, the time perioti{ejihour,

month or year) and corresponding optimal control strategies. In general, the potential flexibility is
mostly used to minimize energy cost or procurement cost of purchasing electricity and heat from

the power grids, increase RES share in disteéfd networks, or develop the ability of réahe

matching of consumption and generation to keep the stability of grid. Then, a broad set of measures
affecting the patterns and magnitudes of thes®alenergy consumption are used to accomplish

the objeadtves, which is categorized to reducing (peaking shaving, conservation), or increasing

(valley filling, load growth), or rescheduling energy demand (load shiflng)d et al. 2015 All
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those optimal strategies should be acquired under several constraints: the indoor air comfort levels,
the acceptance of users and the availabfgacity of RES and storage systems within a specific

time span. Therefore, another more detadlefinition of flexibilityisit he abi I ity of d
installations to respond to power systems requirements for ramping up or down usitg on

storage apabilities, increasing or decreasing electricity consumption patterns whilst maintaining

acceptable indoor comfort bandwidth during a specific time péAddda et al. 201)® .

2.2.1 Thermal energy storage in building structures

Much more likea hot water tank, the building can also be treated tagrmal storage systeim

which the thermal energy is stored within the structure floer, walls ceilings and furnishings.

As emphasize by Braun, both energy costs and peak electrical use can be significantly reduced
through optimal strategies while considering the use for intrinsic thermal storage within the
building structurgBraun 199). Some simulatetbased and experimental results also show that
model predictive control (MPC) strategies which take into account both the structural storage
capacity of the building, i.e. the thermal mass embedded in the building structure, and-the non
structural storage capacity, i.e. the storage capacity embedded in the thermal systems, may result
in energy cost saving of 26% 40%, while maintaining or even improving thermal comfort
(Morales et al. 2013aAnd these savings mostly come from the maximum use of solar and internal
gains for passive heating, offsettirmagsngchani

ventilation), or different prices of peak and-pHak period.

(Reynders et al. 20)8lefines and quantifies number operformance indicators to evaluate the
potential flexibility of building structural thermal storage and concludes that the storage efficiency
is strongly related to some building design parameters, i.e. the insulation quality of building,

climatic bounday conditions, comfort requirements, occuplaatbavior etc In fact, the flexibility
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resulting from building thermal mass is sometimes inclusive in the discussion about flexibility
caused by controllable loads, in particutiie optimal control of HVAC sstems. When shifting

the part of load from the peak period to-p&akperiod ormaximizing the energy use when the
reaktime electricity price is low or vice versa, the control of HVYAC system would change, as well

as the indoor temperature. The majorityteermal energy will be stored in the intrinsic structure

and furnishings when the temperature increases. Then the temperature will decrease because of
structurebds ther mal |l oss and the HVAC system

requiremats of comfort.

2.2.2 Building energyloads and their flexibility
Typically, the loads can be classified into two categdrigisiftable loads and neshiftable loads

T according to their capability for being shifted or nbey also can beategorizednto three
classes based on the requirements and priorities to be changed /shifted or not: shiftable loads,

controllable loads, and neshiftable loads.

Shiftable loads are those that can be rescheduled in accordance with-timeredéctricity price,

to periadswhen the energy is cheaper, or when iffspeakdemandhours so that peak demand

is reducedhswell asthe electricity bills for the customefidong et al. 2016 Examples of shiable

loads includedishwashers and washing machimd®se total consumptions can bensumed at

any time but have to be consumed completely for achieving their function once beginning. The

flexibility can be obtaned through recrafting the userve of the machines.

Controlable loads are thogbat can be adjusieby optimal control strategidike lighting and
HVAC units whose consumed energy can be modifiedibhming, thermostatic contraind by

varying the fan speed. Depending on the load, this flexibility can be used to reduce consumption
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in peak periods and decrease procurement cost. However, the comfortso$hedd be the

prerequisite constraint while adjusting the appliances.

Non-shiftable loadsire those thacannotbe stopped and requissm uninterrupted power supply
while operatng regardless of the energy cost and energy volume of the whole energy system. For

example, the alarm systems in the buildings and fridges in homes.

The following load types seem to be the most promising ones and studied widely by researchers

while integrating with DSM strategies.

- Within the shiftable loads, the devices which can be applied to load shifting or interruption
without influencing too much thoccupan® c omf or t and areeéidcumssed our
more often. In particular, they can be integrated in large scale to offer flexibility to energy
market.

- Regarding the controllable loads, those loadsralaed to the thermal inertice. air
conditioning systems, space heatiagd water heating and they provide good potential for
load curtailment and load shifting.

- As an emerging device, electric vehicle is considered a lot while discussing flexibility from
demand loads. It can sometimes be a iteostorage system which can significantly

increase the flexibility potential.

Reynderst al.(Reynders 201Bhas put forward 4 indicatoisavailable storage capacity (),
storage efficiency{ ), power shifting capabilit (0 ), and state of charg&v( Xii for energy
flexibility and applies them to quantify the potential of structural thermal energy storage (STES)
both under simplified (steady state) boundary condi(Regnders et al. 20)5nd dynamic

boundary condition&®eynders et al. 20).6
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The definitbns and quantification approaches for these indicators are on the basis of simulations
of demand response technologies and a comparison of resulting heating/cooling power to a
reference with the building in normal operation. As schematically illustnatéidgure0-3, the set

point temperature for heating is slightly increased and used to activate the thermso thats

part of the heating energy cahe stored within the buildingiVhereasthe reference control is

assuming hat a mini mum temperature all owed by wuse

order to minimize the energy consumption.

—Reference heating power (QRe/')
IADR —ADR heating power (QADR)

—— Reference indoor temperature
—ADR indoor temperature
—-=ADR setpoint

\ 4

................................

i i
Power (W) .i I = -Reference setpoint
/ : ADR indoor temperature !l
< 1 [
TemperaturefC) f-—-—-———ec i - - o oo ’ SN

Reference indoor temperature

ADR heating powefQupr)

N

/ Reference heating powe(,)
| I / Time
t=0 ADR event t=laor = legrective

Figure0-3. Scheme of the simulation experiment used to quantify the available storage capacity

and the storage efficienf@eynders et al. 20)8nodified by(Saberi Derakhtenjani and Athienitis
2020.

The following indicators are described here as present®epyders et ak018.
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The available structural energy storage capadity () is defined as the amount of heat that can
be added to the structural mass of a building of an active demandsesf®DR) without

jeopardizing indoor thermal comfort in a specific tin@me, which can be quantified as:

IADR

CADR = ﬁ(QADR 'QRef) dt (2-2)

The storage efficiency—-( ) represents the fraction of the heat that is stored duringaine
demandresponseADR) event that can be used subsequenthetiuce the heating power needed

to maintain thermal comfort. Otherwise, the thermal loss resulting from transmission, ventilation,
and infiltration would be increased because of the increased indoor temperature. The equation of
- s

effective

ﬁ (QADR' QRef)dt
Ao = 1= (2.3)

IADR

ﬁ(QADR - QRef) dt

The power shifting capacity is the relation between the chanbeating power{{ ) and the
duration 6 ) that this shift can maintained before the normal operation of the system, i.e. thermal
comfort, is jeopardized. The power shift § means the difference between the consumed heating
during the ADR event arttie reference heating power during normal operation within the duration

that the thermal comfort boundaries, eithér or“Y , are reached.

Q= Quor ~Qrer (2.4)

Typically, the power shift at the time point is closely related to the current storage state of the

building. The more energy has been stored within the building thenasd, the longer duration
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to reduce the heating power can be obtained. Hence, the state of cWaripes(used to explain

the fraction of stored energy medium at time t compared to the total storage capacity:

— Em (t) - Eth,min(t)
SoC= (2.5)
E[h,max(t) - Ethmin (t)

Oy andO j represent the maximum and minimum energy content which arsmetta
when the building is consistently heated to the maximum comfort temperature and minimum

comfort temperature, respectively.

The performance indicators are exploited to assessfiactof main building design parameters,
e.g. geometric properties ohd building, hermal properties of componenéad type and
specifications of the heat emission and ventilation system, on the suitability and flexibility of

structural thermal energy storage for ADR.

2.2.3 Research need
As observed from the previous sectionbamacterizing buildings energy flexibility is quite

challenging since it involves various aspects and it is strongly dependent on the boundary
conditions and evaluation meth¢Beynders et al. 20).8Hence, energy flexibility quantification

in buildings is one of the topics gfeatest interest in current scientific resegiRbynders et al.

2018 Arteconi et al. 2019Brunner et al. 2020Hu and Xiao 2020Saberi Derakhtenjani and
Athienitis 202Q. There have been a number of studies on different flexibdérvices that
buildings can provide such as reducing peak loads and shifting peak denwamgth thtilization

of thermal magé.e Dreau and Heiselberg 2Q1®eynders et al. 2016 oteinaki et al. 201,8Neil3

et al. 2019 storage in batteri¢Nliu et al. 2019, charging of electric vehicl€shou and Cao 2039

and adjustability of the HVAC system (gbou and Zheng 2020However, the current building

energy flexibility literature is very limited on studies of predictive control strategies that considers
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the electricity price prediction of the following dé&ysnker et al. 20)8&nd specifically, there is a

lack of such studies for buildings equippedhaiadiantslabheating systems as well as pavement
hydronicde-icing applicationsAlso, no previous study was found on the simmtice changes in

price signal and the strategies to deal with such situations in buildings. This is an important
scenario that occurs wh@ower grid faces unexpected load balances and buildings as the largest
electricity consumers play a sifioant role in those situations. Therefore, utilities are looking for
solutions to deal with such situations dndldingsenergy flexibility researcks highly supported

by Hydro-Quebec

The next section presents literature review on hydronicidg systems.

2.3 Hydronic heating performance under cold climatefor de-icing*

Roadways are the lifeline for business and industry and are vital to tha healtf a countr
economy. Ice and snow accumulation, especially on bridges, tunnels and overpasses, can cause
serious safety as well as economic concerns to a community. Ice and snow cover on the pavement
greatly reduces the friction coefficient of pavetsemhich often result in motor vehicle accidents

and endanger the drivers and passengers. As an example, almost 30% of car accidents in Canada
occur due to snowy or icy rogdlsu et al. 2019. According to recent statistics, the occurrence of

traffic accidents in winter is-8 times more than in other seasons, which may result in annual
economic loss of tens of millions dbllargLai et al. 201%. Therefore, much research has focused

on ensuring pavement skid resistance on roadways, in tunnel portals and over(laidgest al.

2006 Hu 2013, Ren 2013Cao et al. 2014 De-icing salts and other antiskid measures adopted by

4 based on journal paper#3ab er i Derakhtenjani, Ali, Athienitis, Andreas K. (202¢C
icing and its predictive cont r oahdTech®logdy foithe BaltEnvirommehtSuAdRAdiey our nal of Sc
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highway maintenance divisions have many limitations including applicable temperatures, location
of storage facilities, ease of access to road sectioiiBalisay and Esen 201&hampagne and

Drouin 2017. Additionally, surface salting, the prevalent technology used, can cause chronic
structuraldegradation problems to concrete infrastructure, contaminate water and soil and prevent
plant growth(Li et al. 2013 Cristovao et al. 2036 while it cannot even melt snow at ambient
temperatures belov8.9°C(Liu et al. 20073 An environmentally clean and sustainable alternative
solution that offers several advantages is using hydronic heating systems under the surface to avoid
the need to add salts, thus enabling the roads to last longer and reduce maintenance costs
(AdIZarrabi et al. 2016 In 2017, hydronic décing heating system covered a global total of 1.5

million m? of roads(Xu et al. 201Y.

Hydronic heating systems circulate a hot fluid, usually glycol mixture, through pipes embedded in
the slab to prevent formation of ice on the aoef of the slab or to melt the snow and ice already
present. When the hydronic heating system is powerful enough, it can completely melt away the
snow present on the surface, thus eliminating the need for snow removal by chemical or
mechanical means. An garimental bridge deck with embedded hydronic tubes built at Oklahoma
State University showed that this system could successfully maintain the surfackemewen

during severe weather conditiofisu et al. 2003Liu et al. 2007l. If mechanical means are used

to remove the bulk of snow accumulation, such as with the use of snow ploughs, the hydronic
heating system can be used to melt away the remaining snow metltiover and prevent further

ice formation; it is then referred to as aideg system ands the focus of the presergsearch

Freeze protection of the heat carrier fluid is essential in subfreezing weather so a variety of fluids,

including brine, o, and glycoelwater mixtures, are suitable as heat carrier fluids. A number of
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heat sources can be used for such systems, including solar energy, boilers, electrical heaters, as

well as river water, ground water, or ground source heat pumps

Heat exchanger
Heat in Heat in
Ground heat E==——1> <—=around heat

s

(Nishigo, Fukushima Pref.) = "

Figure0-4. Groundsource heat pump road heating concept and application (Kashi Tunnel, Fukushima, Japan)
sourcehttp://www.road.or.jp/docs/gdansk/noQ7/index.html

Geothermal energy can be a gadtbrnative energy resource to support such a hydronic heating
system since it is a renewable heat source, economic and environmentally friendly. In the 1990s,
several pilot plants for geothermal heat pump systems were realized in Japan and central
Switzetand (Eugster 200)¢ A vertical single Ushaped borehole geothermal system was
investigated by Balbaynal Esen showed that a bridge slab can beelt effectivelyBalbay and

Esen 201 As shown inFigure 0-5, solar energy can also be collected during the summer and
stored in seasonal thermal energy storages and then the stored heat is releaseshdoduléng

cold periodswhich increases the energy efficiency of thaaleg system(Chen et al. 2001
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Seasonal Thermal Energy Storage

FigureO-5. Utilization of solar energy for thermal stordlygrzanamadi et al. 20)8

2.3.1 Research need
Designers of hydronic snemelting and decing systems often use t&SHRAE guidelines

(ASHRAE 201) to determine the required surface heat flux using a stetatly heat balance at

the slab surface. The surface heat flux is calculated assuming that the system is constantly in
operation and the slab temperature is kept at above freezing point at allvies leads to
significant energy consumption in cold regions. Also, this approach is limited by the fact that real
systems are almost never operated continuously through the winter, nor do weather conditions
remain constant. The large thermal mass efitifrastructure requires that transient performance

be considered. Therefore, choosing to operate the system predictively, activating it only
during/after snowfalls or during periods of ice formation (e.g. black ice) or running it at a lower
temperature rad boosting the system power in the case of precipitation events, will significantly
reduce the energy consumption. A mebdased control methodology that acts based on the
weather forecast and a physical model of the system can thus save a huge aprangtyofrhile
ensuring road safety is maintained. There is a need for such a methodology to be applied in the

design of the hydronic deing systems. Thigesearclpresents a methodologydoalyzehydronic
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de-icing systems thermal dynamics based on vaéddibow-order thermal models which can be

applied for predictive control.

Model predictive control (MPC) is an advanced method of process control that relies on dynamic
models of the proces$his method has been used in process industries such as chaants

and oil refineries since the 1980s and is especially useful to controfesponding processes.
Since transportation infrastructure (roads, tunnels, bridges, etc.) usually have high thermal
capacity, they respond slowly to a heat source apptietthém. This slowesponding feature
makes the application of model predictive control promising. This is currently being studied and
applied to buildings and their heating systems, including floor he@flagdanedo et al. 2011
Candanedo and Athienitis 20Kim and Braun 2012 However, there have been very few studies

on application of model predictive control to hydronieiciag system of urban infrastructure and
designing the deing system according{yenks 2001Liu and Spitler2004 Xie and Whiteley

2007).

2.3.2 Discussion on real weather data accuracy
Forecasted weather data for the following 12 to 24 hours ahead is typically needed for model

predictive controlstrategies. Because control decisions are proactive, they rely heavily on
forecasted weather conditions. From a-teak operating standpoint, the most challenging aspect
of implementing an MPC controller into infrastructure systems is creating and imiaigtthe
network connections to provide the quality weather data and forecasts réifieradd Whiteley

2007). Actually, one of the reasons that MPC has fallen short of expectations is the lack of tools
for incorporating weather forecast data in automation systemstmightforward manner. With

a few exceptions, such as the efforts carried out by Meteo$8tasch et al. 20)0there is a

scarcity of tools designed for this purpose.
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Meteordogical services around the world make use of numerical weather prediction (NWP)
models. NWPs are simulations of the atmosphere carried out by discretising a large 3D domain
into hundreds of thousands of control volunjBauer et al. 2015 Continuity, momentum and
energy balance equations are solved for each of these domains at discrete time steps. The boundary
conditions are obtained from satellite imagery and measurements from terrestrial stations. The
solution of these systems wiillions of equations is among the most computationally demanding
tasks carried out nowadays. National weather services perform these simulations by using Gridded
Binary (GRIB) files, a compact binary format that facilitates the handling of large megiosdlo
datasets. The Canadian Meteorological Centre runs NWP models periofiizilyanedo et al.
20180. The raw results (in GRIB format) are made freely available to the public. The GRIB file
results are then used by commercial weather forecast companies to perform sepnecessing

to add additional information and make thsulés accessible to the public. These weather services
tend to focus on populated areas, and target specific variables, such as temperature, humidity,
precipitation or wind speed. While these forecasts usually indicate cloud cover conditions (e.g.,
sunny,overcast, etc.), quantitative solar irradiance variables are not available. In order to provide
services that are not readily available in most of the weather tools available, a weather forecast
tool is developed by CanmetENER&Mrennes under the commeaichame of CanMETEO and

was publicly released, free of charge, in August 20CanMETEO 201). According to
measurements from CanMETEO for ambient temperature forecastshitlanéad predictions are

within the range of +B°C and deviations can be larger for therd&head forecast. Therefore, in
terms of load consideration for-itgng system, while imgmenting MPC, the uncertainty in real
weather conditions should be taken into account in order to avoid the unexpected risk. Therefore,

it is necessary to get frequent updates from weather stations and weather forecast tools to modify
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the load and controhlgorithm accordingly. Also, ambient weather uncertainty needs to be

implemented in the controller especially for long prediction horizons (12 hours, 24 hours, etc).

2.4 Summary

This chapter presentediterature reviewof modellingand controbf radiant sl heating system

and typical applications. Then, recent reseajudperson energy flexibility of buildings were
reviewed The challenges to quantify the building energy flexibility were discudsedas
observed thathe current building esrgy flexibility literature islimited on studies of predictive
control strategies that considers the electricity price prediction of the following mkayisularly

for buildings with radiant slab heating systems as well as pavement hydraaicglappications.
Previous research on the hydronieiciag slab waseviewedand it wasoncludedhat the current
design of such systems are based on a st&tatly calculation of the heat flow at the slab surface
while the large thermal mass of such systeaqggiires the transient performance to be considered
for optimal performanceThe rext chapter presents the modelling methodology utilized in this

research.
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CHAPTBESRMETHODOL OGY

In this chapter different modeling approaches that are used for the studies are pesspatedf

an oveall modelling methodology that can be applied to hydronic slab heating with application to
both energy flexibility with the grid and deing, utilizing in both cases predictive contrdhe
approaches include frequency domain techniques andodder lumped parametefinite
difference models. Frequency domain techniques are especially beneficial for thermal
characterization and relative design analysis and obtaining important inforrfa@tidesigning
control strategies while they can be also efficiently applied to establish the required order for the
low-order lumped parameter modé€&aberi Derakhtenjani et al. 2012 new transfer funabn

is introduced which giveimportant informationfor designing controls for radiant slab&s
mentioned earlier the focus of thigesisis on the zones with radiasiab heatingystem that have
significant level of thermal mass and pipes are dedpeislab fypically at the bottonand in some
cases in the middle or loweiTherefore, thédumpedparameter thermal netwodpproach can be
applied Bi<0.1) andthe heat transfer can lapproximated asnedimensionaks validated from

experiments toan this thesis

3.1Background: thermal modeling approaches

Appropriate modeling is the fundamental tool to study a systeproitidesthe capability to
simulate design conditions for a building and to study its thermal response. Building models allow

making the right decisions on thelesign and controstrategiesto optimize building energy

5based on journal paper#Saber i Derakhtenjani, Ali, Athienitis, Andreas K. (2020)
Thermal Characterization and Design for Energy Flexibdity Zones with Radiant Systemso-1043ournal of KR
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performance, while maintaining occupant comfort. Simulation and analysis of thermal dynamics
and energy fluxes in a building by means of a model aids at choogirapapte building materials

and energy systems considering the local climatic features and building functions. Therefore, there
have been significant efforts in the building engineering field on developing models using

experimental and theoretical simudat tools.

The following three types of approximations re commonly introduced in mathematical models to

facilitate representation of the building thermal behag#dhienitis and O'Brien 2015

1. Linearization of heat transferConvective and radiative heat transfer are inherently
nonlinear processes and the respective heat transfer coefficients are usually linearized so that the
system energy balance equations can be solved by direct linear algebra tec@dmdqegsesented

by a linear thermal network. Linearization generallyadtices less error for longave radiant
exchanges between surface than convection between room surface and room air. In some cases
heat flow reversal can occur such as between a cold floor and warm air when the convective heat
transfer coefficient can bef the order of 1 W/iK versus 3 W/rfK for a heated floor and cold

air.

2. Spatial and temporal discretizatiomransient heat conduction is described by a parabolic,
diffusion type partial differential equation. Thus, when using finite difference methods, a
conducting medium with thermal capacity such as concrete or brick must be discretized into a
number of regions, commonly known as control volumes, which may be modelled by lumped
network elements (thermal resistances and capacitances). Also, time dascagtizéition is
required in which an appropriate time step is employed. For frequency domain analysis none of

these approximations are required. However, the number of harmonics employed must be kept
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within reasonable limits. It should be noted that wttermal storage undergoes phase change a
linear approximation may not be possibled specialized modeling is required.

3. Approximations for reduction in model complefastablishing appropriate model
resolution These approximations are employed in otdereduce the number of simultaneous
equations to be solved and the required data input or to enable the derivation of closed form
analytical solution. They are by far the most important approximatiBramples include
combining radiative and convectiveedt transfer coefficients (swmlled film coefficients
commonly employed in building energy analysis), assuming that many surfaces are at the same
temperature, or considering certain heat exchanges as negligible. Such approximations need to be
carefully séected and applied by taking into consideration the expected temperature variations
(spatial and temporal) in a zone. For example, a zone with large windows and floor heating may
exhibit large spatial temperature variations, in which case the use of @ahfthm coefficients

would result in high errors in room operative temperature and floor heating rate calculations.

3.2 Frequency domain techniques

There are currently several approaches for creating building energy models which can be
categorized into twoeneral methods: time domain modeling and frequency domain modeling.
Each one has its own advantages @atcomplement each other when utilized propésisnodel

is created for a specific objective and therefore, the suitable modeling approach stahdddme

based on the objective of the study.

Frequency domain techniques have been shown to be a useful tool for the design analysis on a
relative basigAthienitis and Santamouris 200By means of the frequency domain modelling

techniques important building transfer functions can be obtained aiddstand for this usually
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no simulation is required. Also, it has been shown to be a practical tool for bsilchatation and
deriving simplified greybox building modelgSaberi Derakhtenjani et al. 2013-requency
domain techniques are especially useful for periodic analysis of phenomena inside a building. The
weatherrelated inputs affecting energy consumption inside a building such as solar gains, exterior
temperature and heating/cooling sources acéacphenomena and can be modelled by means of
frequency domain techniques assuming periodic conditions in the calculations. There have been a
number of studies on the application of frequency domain techniqaesiygrebuilding thermal
dynamics and corntl applications including modelling and design of buildingegrated thermal
energy storage (BITESLhen et al. 2013&hen et al. 2013b In the frequency domain approach,

a thermal netark for a zone is considered which represents the heat transfer between room
surfaces, indoor and outdoor temperatuidsor and all the other elements with significant
thermal massare modeled using the twamrt Nortorequivalent representation. This
representation gives an exact solution assumuigteat conduction inside the wéMthienitis et

al. 1990.

A generalform of aslabis shown inFigure 0-1 with two surfaces (exterior and interior) named
surface 1 and.ZThe derivation of the exacnedimensionaltransientsolution for this slab is

presented.
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Figure0O-1. Schematiof a slab and interior & exterior surfaces temperatansl heat flow

For the sake of more details for radiant floors anécogy slabs, the above slab can be shown as:

Ne(Tiioor T Tair) N (Toor T Trne) he(Tstab T To) N(Totan T Toiy)
x=L \ / T2=Thoor x=L \ / o= Taan
Radiantfloor heating slab De-icing slab
x=0 | . i x=0 | . L
insulation 4 insulation 4
qrad qrad

Figure0-2. Schematic of a radiant floor heating andideg slab

The general form of heat diffusion equation can be writtghiashard 2003

pzT(X,t)_I_ fr(y, b +2|T(ZD ;q rE _Txy z) (3.1)

2

kX M H ok tu
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Because the heat equatiorséesond ordein spatial coordinates, two boundary conditions must be
expressed for each coordinate to describe the syBtmthe case of radiant floor, at the pipe level
(bottom of the slab), two boundary conditions are usually of interespetified temperature
source under the slab, mkinfinite slab.Also, at the floor surfac€Troor) the energy balance

equation gives the surface boundary condition which can be expressed as:

- k% :h:(Tﬂoor :I;ir) I?-( _lf—loor -r[r;r_)

whereh. andh; are convective and radiatieat tranter coefficientsyespectively Tair is the room

air temperaturedr outdoor air temperaturéo, for de-icing applications) antim- would be a mean
radiant temperature of the surfaces in a roothe sky temperatuf@sky) for deiicing applications

In some cases whéhy is close tdlair, a combined film coefficient is used and the two terms above

are combine intdo(Trioor-Tair). 1IN the analysis below this is the assumption.

Considering 1D heat transfer for the case when pipes epeidéhe concrete, equati@®l) can

be written as

“T(Z(’t) __M(x9 (32)

KX [

wher e U alidiffusivityh(kjr @).Applying Laplace transform to the equation above
assiming zero initial condition, transforms the partial differential equation to an ordinary

differential equatiorfKimura 1977:

ZT(X 9 -sT(x § (33)

for which the solution is obtained as:
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T(x9=C€ +Ce® =voshg ¥ Msinh(g (3.4)
Whereo = ( $5/Théj, for the heat flux:

q= k% Ya(x 9 =Migsinh( & Nk agsh( x (3.5)

Applying last two equations to each surface gives:

e =T(x 0,9 M

la=a(x 0,9 =Nig
%TzzT(X 4,9 Mcoshgl) N-sinh(§)

fag,=a(x 4,9 Migsinh( ¢ Nk apsh( |
or in matrix form it can be written as:
el, ge cosh@gl ) - sinh(lg)k g‘l’lé; (3.6)

&, 4 8kgsinh(p - cosh(l § W&
TR

In equation(3.6) , the matrix TR is the transmission matrix for the slab. EquéBiéhis the exact
theoretical solution for the ordimensional heat transfer that relates the temperatures and heat
fluxes on the two surfaces of the slateth other.

Now equation(3.6) can be rearranged:as

e, gekg/tanh(lp) -k /ginh(l)gleé
é Té : - 6 (3.7)
&, 0 & kg/sinh(p k /ganh(l) 4T,&

and the respective admittance transfer functions are obtairjéthéenitis 1993

_ i :i = kg =
(self-admittance) Y, T Tanh@l) T =0) (3.8)
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. -kg
Transfer-admittanc S R T = 3.9

If the transmission matrix in equati¢®6) is rewrittenas:

then it can be shown that:
Y1,1: D/ B, \gz ABC -AD/ E (3.10

In the case when there is negligible thermal mass (an insulayier) the TR matrix for the layer
will be equal to:

el 1/u

0 1
whereu is the insulatiorconductanceTherefore, in the case whdheere isan insulation layer on
the exteriotbottomsurface of the slab, the transmission matrix wileleal to the product of the
two transmission matrices

@ cosh@gl ) sinh(lg)k gle 1u

A , NP (3.11)
&gsmh( b cosh(l ¥ ucg 1

Then, he admittance transfer functions will be obtained as:

_u+tkgtanh( b
Ya=
—tanh@ )+ 1
kg

, Self admittance
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v = -1
127 coshgl ), sinh(lg)’
u kg

Transfer admittanceg(

Then using the above transfanctions,the Nortorequivalent thermal netwoffior a multilayered
wall can be found ashown below(Athienitis and O'Brien 2165). The exact solution described
above can also be used to calibrate-toder greybox models. The details can be found at

Appendix 1.

Exterior u [ L "
temperature ins

T, |::>
Q
aq
To Room CI\D Ys
_ ) Thermal Side
insulation mass surface

FigureO-3. Nortonequivalent thermal network of a muléiyeredwall

If there is no thermal mass (zero thermal capacity) then we obtain the simple egaalityAvwo.
A similar result is obtained for windows in eliminating all nodes exterior to the inner glazing. An
important result is obtained for anfinitely thick wall or a wall with no heat loss at the back

(adiabatic surface, or high amount of insulatigrQ); in this casé’sis given by:
Y, = Akgtani{ g (3.12)

Walls with thick massive layers have admittance which is close to that given by the abowmmequat

When the penetration deptyiyven by:
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d =\/2klcpr w=/2 4 (3.13)

is significartly less than the wall thickness then, the wall behaves like aigémie solid. The
magnitude. Phase angle (and time lag/lead) of a transfer function sicinay: is computed by

means of complex variables.

The level of detail in the thermal network depends on how radiation and convection heat transfer
are modeled in the roomterior zone. Combined radiathednvective heat transfer coefficients

are often assumed which can be represented by a star network as shogurer®-4.a. This
networkis used when there are small differences between the surfaces and room air temperature
and when the heating source is mainly convective. However, in zones with high level of solar gains
or in rooms with radiant heating systems, using combined heat traosfificients can produce
significant error in the resultgAthienitis and O'Brien 2015 In those cases, convective and

radiative heat transfer needshi® modeled separatellfigure0-4.b).

Theconvective and radiative coefficients aadculated as:

*

ConvectiveU,; = Ah,; , Radiativd), =AE (4 T.°)

whereAi=area of surfacg hci=convective heat transfer coefficients of surfgce
Fij =radiant heat exchange factoetween surfaceésandj and,

Fi"=m(i,j) W i,wherem=M", the elements of matrix M are given B(i,j)=1(i,j)-} iF(i,j), with

[(i,))=1 if i=}, otherwise,I(i,})=0 (I is the identity matrix)

Tm= estimated mean temperature.
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It should be noted that convectivedaradiative heat transfer are inherently nonlinear process and
the respective heat transfer coefficients are usually linearized so that the system energy balance
equations can be solved by direct linear algebra techniques and possibly representedaby a line
thermal network. Linearization generally introduces less error fordamg radiant exchanges
between surfaces than convection between room surfaces and ro@thignitis and O'Brien

2015. In some cases heat flow reversal can occur such as between a cold floor anat waen a
convective heat transfer coefficient can be of order of 13K/mersus 3W/riK for a heated floor

and cold ai(Athienitis and O'Brien 2015

T(Ceiling) & (Window)

s

& (Ww,

©‘r., II ”
L

REF

Figure0-4. Thermal network for frequency domain considering a) combined heat transfer

coefficients left), b) separate modelling of convective and radiative exchanges.(

In the thermal networks shown Figure 0-4, all the walls and elements with thermal mass are
modelled using the twport Nortorequivalent subnetwork which consists of the wall -self
admittance.Ys, and an equivalent sourd®.=YiXTex;, Which represents the efft of an external
temperature on the surface temperature. This representation eliminates all the middles nodes of the
wall and gives an exact solution for edienensional heat conduction inside the wall without

spatial discretizatian
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Forthe detailed frguency domain modébr which the thermal network is shownRigure0-4.b.,

node (1) represents the air inside the zdien, @ergy balance at node (1) gives:
dt, . _
Caa'l'uo(-rl 'To) a Ul,J£T1 T-Jl QEu (3.14)
J1

In which U1 ;1 are the convective conductances between the air node and other surfaces (J1=2,
3, é ,C8i3 the thermal capacitance of the room @&irs temperature anQaux is the auxiliary

source at the air node (which can be equal to zero). Using Laplace traresfoatipn(3.14) will

be:

sCR(I+UT3@A UfTr -Ts) Rf)» YT) (319

Qeq

Q

wheresis the Laplace variable. Now, considering the floor (node (2)), the energy balance equation

yields:
Ys,2(T2( 9- Tref( 3) 'la U2,J£ T£ 3 '-EQS)) :Qg,Z Qéq,z Qré"( (3.16)
=0 C 32 solar gain radiant

source

Q

wher e J2=1U3ardthedadi8tivexconductances between floor and other surfaces. The

energy balance for all the nodes can be written in the form below
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SGral, Yy -Upp Yia Uia Uig  Ug Uy Ug
E U, Ys,2+;¢5;lU2J Yys U, Uss U s U,; U 2,%T1 2 ng
¢ -Up Ups YatdUy Ugy  Ugg  Uge  Ugs U 3@2 E %
; “Uis Yos Uss  -Uys stals YUse Usz  Us '§C§JI:5 § €5
§ 'U1,6 U2,6 U3,6 U'4,6 U 56 Ys,e+<;3;.UeJ U 6.7 U 6582«'-3 3 %
¢ U Upp  Us o Us, Ugy Ugs %ral, Uogir b &
§ 'ULs Uz,s U3,8 U 218 U B Ueg‘ U 78 aUa,ﬂfj T Q
Y
or:
Yeelg2=Qs s (3.17)

where Y is the admittance atrix, T is the temperature vector and Q is the source vector. Elements
of equation(3.17) are in terms of the Laplace varialdeand can be calculated at different
frequenciesg= &)= &JX), ¥n=2" Ip, p =24 h,n=harmonic number). An important parameter

is the impedance matr&=Y ! which contains building transfer functions at diffarsequencies:

O

The impedance transfer function represents change in temperature of resditing from the
effect of the sourc®j at nodg. Thus, consideringquatior{3.17), temperature of node i for each

frequency will be calculated as:
T = a Z,Q (3.18)

Studying important building transfer function provides much insight into building thermal

dynamics and design alternatives be evaluateoh a relative basis without detailed simulation
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3.2.1Derivation of the New Transfer Function Z1 aud
Previous section presented #astingfrequency domaimodeling techniqguérom the previous

author research work and other wonkditerature This sectiorpresentsa new transfer function
thatis derived from the frequency domain model of a zone with hydronic floor heating system.
This is auseful transfer function thaetermineshe effect of the radiant floor heating on the zone
air temperature@nd itcannotbe automatically calculated from the impedance matrix. Therefore,
derivation of this transfer function for the case wiieafloor-heating pipesreat the bottom of

the slab igpresentedelow.

As mentioned in the previous secti@i,is the transfer funain between the zone air temperature
and the source at node 2 (floor surfa2e)=T1/Q.. The sourc&):represergthe summation of all
the heating sources that are present at node 2 including solar radiation and the effect of the radiant

floor heating wha transferred to the surface of the floQr4). Therefore, it can be written as:

QZ = ng,z -}Qrad (3-19)

whereQsg2represents the floor solar gain aQdqis the equivalent (transferred) heat source due

to floor heating Qaux) at the surfacekigure 0-5 shows the schematic of the floor with the heat

sources.
6 based on journal paper#@ a b er i Derakhtenjani, Ali, Athienitis, Andreas K. (2020).
Thermal Characterization and Designfo Ener gy Fl exi bility of Zones with Radiled6t Systemso.
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Figure0-5. Schematic of floor heating

In the frequency domain modelling methodology explained earlier, by using the fguoalent
representation all the intermediate nodes were eliminated and the effect of the external
temperature, which can be the basement temperature for example, wnwesemsgm by the
equivalent sourc®eq=-YxTp (please see the appendix for more details). Here, since the pipes are
located at the bottom and the auxiliary heating source is at the bottom of the floor slab, using the
energy balance equation, the temperatfrenode Taux can be represented as an equivalent

temperature (similar to salir temperature):

T =T, @auxi‘:, A, Hoor aree (3.20)

Therefore, by means aquationf3.20), Taux can be considereds the external and equivalent
temperature andybusing the transfer admittance of the floor, the equivalent source representing
the effect of the basement temperature and the auxiliary load on the floor surface temperature is

defined as:
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Qrad = Qeq = Yt( Tau) ﬁ(( :IIJ Q\u;% (321)

and it isknown from the definition that:

T

1

A
(3.22)

= ng,2+ Qrad ng,z' Yt,Z(Tb +Q,, Iir:)

1,2

X

T=2,Q.) 2.4 YT 2 Yt,zQaufj\“? (329

Now, in the above equation let us put all the sources to zero eQggpthen:

e-Y,R.
1,aux_Qaux = 1,2eé t;iz (324)

N

Equation(3.24) is used tacalculate transfer functiof: auxat different frequencies with which the
effect of radiant floor heating source on the room air temperature can be studied. A similar
approach can besed for the zone operative temperatimahefollowing sectiors application of

this transfer function for the case study is presented.

3.2.2 Limitations of frequency domain techniques
Generally the main advantage of frequency domain techniques is compdifiergot designs on

a relative basisHowever, since this is a linear approatls not a suitable method to moadtn-
linearity andvariables that change over time That isthe reason that time domain models are
used for building thermal simulations to deal with tioearities and variables that change with
time. Time domain techniques are the most commonly used approaches in building energy
simulation tools, in which theatculations are made from one time step to the Aexan exanple,

in time domain approackgquation(3.14) is discretized in time and is written as:
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DT. .
Caﬁl-l-Uo(Tl _To) a Ul,J£T1 T_Jl qu (325)
J1

WhereadT is thedifferenceof temperaturd; between two time stepaT1=T:"*-T:", with p being
the time stepAlso, other nodes with thermal mass are modeled using the lumped capacitances.
Models with fewer parameters facilitate setting initial conditions which is a key consideration

in controk. In the next section the developmentaf-order models for the case study is discussed.

Radiant floor heating systeniRFH) have been receiving considerable attention recently due to
the multiple advantages they offer such as improved thermal comifdrticaver energy
consumptionRecentesearcthas been done on operation and control of different types of radiant
floors including electrical floor heating syste(ifieblemont et al. 203&s well as hydronid he

use of radiant heating leads to improvement in the efficiency otdawperature heat sources:
condensing oil or gawoilers, heat pumps and solar collectors assuring lower fuel or electric energy
consumptionWerner Juszczuk 20)18Vioreover, radiant systems operate quietly sawk space.
However, compared to conventional systems, radiant systems has several added complexities such
as the delayed transient heat conduction within the system itself, combined surface convection and
radiation from/to the system, and a drasticaliffedent resulting thermal environment, which
make them difficult to model and integrate in a comprehensive simulatemmous modeling
techniquesan be used to study RFKRey et al. 2018 However, here isstill a need forapid
development ofow-order thermal models which facilitate the design and application of control

strategies for hydronic floor heating systems.
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3.3 Low-order thermal model for hydronic system’

Thelow-order LumpedParameteFinite Difference (LPFD) Models, developed and used for this
study, havebeenshown to be suitable for MPC applicatioi@andanedo et al. 2018ole et al.
2014). The order of the model ihoserndependhg on the objectives of the study and trezjiency
domain techniques can be utilized in determining the appropriate order of LPFD 1{Baisdsi
Derakhtenjani et al. 20)3n frequency domain, the magnitude and phase angles of the important
transfe functions of theLPFD modelcan be compared with the ones from the exact solution.
Then, the LPFD model parametersalibrationis done accordinglyo match the magnitude and

phase angle of the transfer functions.

In the LPFD approach, the volume undensideration is discretized into a number of-tayers.

Each of those discretized control volumes is represented by a node and considered to be isothermal.
Each of the nodes, has a lumped thermal capacitance connected to it and thermal conductances
conneding it to adjacent nodes. This type of models are also called resisi@paeitance (RC)

thermal network radels.This approach is valid when the-salled Biot humber is less than 0.1
(Bi<0.1). Values of the Biot number smaller than 0.1 imply that the heat conduction inside the
body is much faster than the heat convection away from its surface, and temperature gradients are
negligible inside of it and typically indicates less than 5% emithibe present when assuming a

lumpedcapacitance model of transient heat tran@feropera et al. 2006

Figure0-6 shows thermal the network representation for the seoohetand fourthorderlumped

capacitance model of a concrete slab with insulation under the bottom of the slab. Considering the

“based on journal paper #2
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time intervalp and time steg, the general form of the explicit finiéifference model for the

nodes with a lumped thermal capacitance can be stat@dhasnitis 1995:

o
Dta T -T
— } A P 1,p
Ti,p+1 - Ti,p C @ a (326)
i C j R,i
To T,
R=(A ho)* -
Thoor T R,=(A.ho)
Rconcrete Ci Rloncrete
w}ﬁ{ ——¢ e
Concrete R2.onerete Concrete w&{}_‘; R;ncme
Cc2 oncrete
‘w—{ ‘”_03{ }_“ .
R3oncrete C4 oncrete
To L FV
R % T }Insulation Rtz Qaux }Insulation
b Tb

Figure0-6. Seconedorder(left) and fourthorder(right) thermal networkmodels

whereTipor epresents the temper at Ggrepreserits tempetheire @i 0 a't
node fij o0 at jisthenhee rsniael p chappda,c i RaNtleedhermdfesistamabe A1 0O
between nodes i andapdQ; is the heat source at node i. In the above thermal netwieidgsré

0-6), Qaux is the heat from the hydronic system of the mad&ab.Qaux is controlled by the slab

surface temperature setpoint or in some cases with by the zone air temperature setpoint, for
examplethrough proportional control afau=Kp(Tsp-Trioor). Kp is the proportionakontrol

constant andsp andTioor are the setpoint and slab surface temperature respectively.

An important part of a model for zones with radiant floor heating system is the radiative and
convective heat transfer which are inherently nonlinear processes. However, the respective heat

transfercoefficients are usually linearized so that the system energy balance equations can be
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solved with linear algebra techniques and represented with a linear thermal network. In the case of
radiant floor heating, this linearization generally introduces &ssr for the for longvave
radiation heat transfehd) than the convection heat exchange between the radiant floor surface and
room air fier) (Athienitis and O'Brien 205). For example, in the case of radiant floor heating where
usually the floor is hotter than @indthe heat flow is upwatdhcs is in the order of 3 W/AK while

it is in the order of 1 W/AK for heat flow downwardéfrom warmair to a cold flooy.

For heat flow upwardbes can be calculated @8SHRAE 2017:
hcf (t) :1'52(|-f|oor (t) _Ta\ir (t))u3 (327)

where,Troor IS the floor surface temperature anglis the zone air temperaturgherefore, usually
a certain amount of calibtian for the convection heat exchange between the radiant floor and

room air is required for a model especially when considering the low order models.

3.4 Hydronic floor and environmental chamber®

The seconabrder thermal network modeFigure0-6) is validated against data from experiments
performed in a test facility: the Solar SimulaEmvironmental Chamber (SSEC laboratory at
Concordia University), shown iRigure0-7, in which temperature can be controlled between

40°C and +50°C with any desired profile.

8based on journal paper#@a b er i Derakhtenjani, Ali, Athienitis, Andrnedexingk. (2020)
and its predictive controlo. Submitted to ASHRAE journal of Science
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FigureO-7. Solar simulator/ environmental chamfacility with schematic

A radiant floor system was installed inside @aar SmulatorEnvironmentalChamber(SSEC)
facility so thatit could be tested under typical winter conditioRgyure 0-8 shows the piping
configuration of the radiant floor before the concrete was poured (leftq &indl photo of the

radiant floor slab (right)figure0-9 shows a schematic cressction of the radiant floor, indicating

more details of the piping layout.

Figure0-8. Radiant floor before (left)rad after (right) pouring the concrete
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Figure0-9. Radiant floor schematic

The pipes of the radiant floor system are made of conventionatlorked polyethylene (PEX
andhave an internqdl2. di aimdt emwi doth iad wal I t hickne
pi pes are installed in a Af oa niitatesekeepingthémiof i ns
place. The pipes have anpproximate separation of &®. A mechanical room in the
environmental chaber provides controlled flow rate of fluid (propylegkycol and water

mixture) for the radiant floor.

The working fluid for the hydronic system is a propylghgcol and water mixture (50%). A test

was performed with this system at cold temperatures representative of winter conditions in the
region. The test was used aoalyzethe thermal performance of the hydromsigstem in cold
temperatures and also to calibrate and validate the lumped capacitance model of the slab. During
the test, the environmental chamber temperature was sef@and after reaching steashate,

the tydronic floor radiant system was started with a supply temperature of 37 °C and a flowrate of

about 0.5 gpm as shown kigure0-10.
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Figure0-10. Measured floor surface temperature

Results from tests show that the surface temperature of the floor is relatively umfibinm
temperature variation af0.5°C,once it has reached steashate after the hydronic system has
been active for about eight housdure0-11).Therefore, at that point the major paf the heat

transfer can be considered to be one dimensional (1D).

The floor surface temperature was measured by taping a type T thermocouple sensor (accuracy:
0.5°) to thecenterof the floor. An ultrasonic flowmeter (accuracy: +2% for 100:1 turndmatio)

was used to measure the flowrate.

53



$FLIR

Figure0-11. Thermographic photo of floor surface temperature at stetadyg

3.4.1 Sensitivity analysis to heat transfer coefficients
One of the main assumptions conseteiin the loworder RC models is using the combined

radiative/convective surface heat transfer coefficigglt (n some cases, if more information is
available and more details are required then separate modeling of the conwectimdradiative

(hr) coefficients can be consider@dr example, the radiation heat transfer between the surface
and skyin the case o& deicing slah). The surface film coefficient() changes over time which

is an important consideration in calibration adwlorder models against experimental
measurementd-igure 0-12 showsa sensitivity analysis antthe result of considering different

values for surface film coefficienvf the secondrder RC model.
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Figure0-12. Comparing models results with considering different values for surface film
coefficient

As observed frontigure 0-12, considering only one value fdx, for the total duration of the
experiment does not give acceptable results and different values should be used for different parts
of the experiment. As shown Figure0-13, while having the chamber cooled down and before
running the hot liquid in the hydronic floor piping, since all the surfaces wereeasatime
temperature, there was not much radiation heat transfer happening and the majority of the heat
transfer was due to convection thus giving the total floor film coefficient of about 3K\Virhen,

when the hot liquid starts to run in the hydronic pipithe radiation heat transteecomesnore

significant and the total surface film coefficient of 9.5\ #nis applicable.

Figure0-13 shows the floor surface temperatoedculated wittthe calibratedsecondorder finite

difference model compared with the experimental measuremi¢rdan be observed that the
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calibratedsecond order finite difference model, for which the thermal netigsskown inFigure

0-6, matches well with measurements.
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I
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1 1

Figure0-13. Comparison of the thermal modgtulation results with experimental results

A sensitivity analysis was conductea verify if significantly more accuracy can be obtained by
considering smaller control volumes using"sodder model (4 capacitances). As showRigure
0-14, there is nosignificantimprovement in terms of accuracy between the secoder the
fourth-order models and the seceoler model gives enough resolution in terms of discretization

for this thickness of concrete.
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Figure0-14.Comparison of secoradrder and fourtforder models with experiment

3.4.2 Comparison with a detailed 3D model
Figure 0-15 compares the experimental data with the resulthefGOMSOL model, and the

results of the RC network with three different heat transfer coefficf@atsdanedo et al. 2018a
It is observed that the wethlibrated 1D loworder RC model performs very well compared to the

3D COMSOL model. More details on this study can be found on Appehdix
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Figure0-15. Comparison of 3D COMSL model, experiment and th&@rder RC model

This study shows that a simplé®2rder finite difference model can be quite adequate for the
purpose of calculating a particular variable of interest (in this case, the temperature of the floor
surface). Tie information obtained by performing parametric runs with a detailed model can aid
with the rapid derivation of loverder models. This being said, a londer model will almost
always need the calibration, especially considering the complexity of hesfetrat the surface

of the floor. A loworder RC model is also useful since it provides significant insight in the physics
of the problem (time constants, delays, #bdesed control, etc.). This RC model could be readily

incorporated into advanced contabjjorithms, either in its finite difference formulation or a state

space equivalent.

Therefore, a observed from the compaois with experiment, théow-order 1D RC model is

suitable for predicting the dynamic thermal response of radiabtheating andde-icing slab
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systemsThus,the same type of 1D RC models which are validated and shown to be suitable for

the purpose of this study are developed ardedi for infrastructure decing system.

3.5 Summary

This chapter presented the modeling methodologies utilized in this thesise first section
utilization of thermal models for different applications was presentedajatassumptions were
discussedln the next sectiofrequency domain techniques were presented and the advantages as
well as limitations of this approach welsscussed. A new transfer function that is practical for
radiant floor heating systems was presented and its derivation was demonstrated and in the
following sections its application to a case study was presented. This transfer function is a major
contributon of this thesis for frequency domain modeling of the zones with radiant floor heating

systems.

In the next section 1D lowrder grey box modeling (time domain) for zones with radiant heating
systems was presented and it was demonstrated that-ealmthted 1D model can be accurate
enough for studying high mass radiant systems. By means of experimental measurements, the 1D
model was compared to a 3D model and it was demonstrated that with appropriate calibration the
1D model can perform as good as Huperdetailed 3Dmodel. It was observed that the main
parameter to calibrate is the heat transfer coefficient between the floor surface and the air in the
zone.Therefore, considering numerous advantages ofdaer models, these types of models can

be efficiently and rapidly used for control studiesthe zone with high mass radiant floor heating

systems.

In the next chapter, results of application of the modeling approaches to case studies are

demonstrated.
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CHAPTHRRNUMERI CAL EXRERI MENRRASULTS

This section presents results &mplication of the methodology tioe case studie$he first section
preserd themodel development for hydronic-ieng slabs Thenpredictivecontrol strategies for
different piping configuration andnportant scenarios are present&tie next sectiorpresent
results for a experimentatase study a perimeter zone test cell, which is a typigadividual
office-sizezonelocated inside an environmental cham{&8EC lab)vith a controlled simulated
outdoor environmeni he energy flexibility quantifiation of the case study through experimental
measurements is presented. Thaedictive control results with consideration of dynamic

electricity pricing are presented

4.1 Analysis ofthermal dynamics of hydronic deicing system designs by means

of control -oriented thermal models

A hydronic road decing system provides an opportunity to take advantage cfiéii@ s t her mal
mass for shofterm thermal storage which is useful for keeping stab surface at a certain
temperature while lowering the egg consumption. Various piping depths can be of interest
depending on the requirements of the infrastructure. For example, if pipes are installed close to the
surface, they can capture the sottiationand he hydr oni c systemfes r eac:
compared to deeper positioned pipes. However, there will be more stress on the pipes from the
cars and trucks and higher risk of pipe damagekthe concrete crackinge tothe passing traffic.

On the other hand, increased pipe depth provides the opportunity to store excess heat to be released

in periodsof high demand to shift and/or reduce the peak load.

9based on journal paper#@a b er i Derakhtenjani, Ali, At hi experimental studpaof iydreniadeng<. (2020)
and its predictive controlo. Submitted to ASHRAE journal of Science
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4.1.1 Assumptions and imitation of the study presented in this thesis
The study that is presented in the following sections for theidg slab, are under the cloudy day

assumption. Therefore, no solar radiation is considered in this study. Also, it was assumed that the
sky temperature is close to ambient temperatdemce, a combined convective/radiative film
coefficient was used between the slab surface and the ambient air temp@tatyrieshould be

noted that the aim of the research presented here is preheating the slab to get to above the freezing
point before therecipitation event to avoid the ice formatidnder these conditionsno ice or

snow meltingwould be needed and amjgnificant snow accumulation would be removed by

snowplows.

The case study is a major transportation infrastructure located in Moriezbeethe Louis
Hippolyte Lafontaine (LHL) Tunnel. This tunnel connects the Montreal borough of Mercier
HochelagaMaisonneuvewith thesouthshore of the river at Longueil, Quebec and carries 120,000

vehicles a day.

TR
T
Ty e TR

FigureO-1. LHL tunnel in different seasotfs
In this study, the thickness of the concrete slab is imposed by the structural requicérygitsl

major freeways with significant traffiédn overall slab thickness of 35 cm was considered. The

10 https://en.wikipedia.org/wiki/Loui$lippolyte_Lafontaine_Bridge%E2%80%93Tunnel
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effect of different piping depthsonthe-dec i ng syst emods wabegsaluatedlby per f o

means of the 1D finite difference model presented in the previous sections. Two different depths
were cosidered for the pipes: 17.5 gmiddle)and 35 cn{bottom)as shown irFigure0-2. The

bottom of the slab waassumedo be insulated with a layer of R10 (RSI 1.78MK) insulation.

17.5em

4 350m —=

FigureO-2. Different piping depth for the road concrete slab

A constant ground temperature of 7 °C was assumed as a boundary condition for the model based
on the assumption that prolongeelating would also keep the ground under it relatively warm.
Simulations with lower bottom boundary condition (down to 2° C) showed that it had no significant

impact on the results. Thermal properties of concrete are sholablaO-1.

TableO-1. Thermal properties of concrete

Properties
Thermal conductivity 1.7 W/mK
Specific heat 800 J/kgK
Density 2010 kg/nd

In the previous section it was shown that a second orderdd@pacitance) RC model was able to
model the dynamics of a 7.3cm thick concrete slab with a very good accuracy. In that model one
thermal capacitance (control volume) was considered for evebgi8.éhickness of the concrete

slab. For the new case of the 35cm thick concrete slab, a 10 capacitance (10C) model would be
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expected to provide similar accuradyigure 0-3 shows the comparison of the concrete slab
thermal response (surface temperature) considering different models for the slab with the design
that considers the hydronic pipes in the middle {@dm depth) and an outdoor temperature of

10°C.A constanheating loadf 615 W/nt is assumed to be delivered by the system.

Slab Surface temperature

2 T T T T T I I
0 - -
S 2 |
= 20C model
; 4 = = = Ambient temperature | —
o 2C model
= 6 4C model |
g_ 10C model
1) MR m m m e o e e e e e o e e
_12 1 | | 1 1 | 1 | 1 | |
0 1 2 3 4 5 6 7 8 9 10 11 12
Time(hours)

Figure0-3. Sensitivity analysis of impact of model order on surface tempgeratedictiorfor
the 35cm concrete slab

As observed ifFigure0-3, there is a significant difference between the 2C model and 10C model
and there is a very little diffence between the 10C and 20C models. However, for better accuracy

in the following hydronic piping configuration studies, the 20C model is used.

The magnitude of the delay in the thermal response of the different piping configurations when
exposed to diffrent ambient temperatur&{C,-10°C and20°C) and when there is no preheating

of the slab is studied. To start, it is assumed that the slab is at the same temperature as the ambient
temperature. Then, it is examined how long it takes for the slalat¢b eesurface temperature of

+2°C considering different parameters. Considering a constant outdoor wind speed of 20 kph, a

slab heat transfer coefficient of 20 Winwas calculated fronfDuffie and Beckman 203)3nd
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used for all the test cases. It walsserved that the overall heat transfer coefficient of the slab
changes less than 0.5 Winfor the temperature range €°C t0-20°C. The model was used to
determine the amount of time it takes for the slab surface temperature to reach +2°C considering
different combinatios of system capacity, initial slab temperature and piping depth. Due to
practical reasons of the infrastructure, the maximum system capacity is preferred to be in the range
of 600630 W/nt. Here, two different system capacities weresidered: 615 W/mand 400

W/m2.

Table0-2 summarizes the results for different test cases and parameters. It can be observed as the
pipe depth is increased, the tinoeréach slab temperature of +2 °C is increased respectively. Also,
Figure0-4 andFigure0-5 show the evolution of the surface temperature for different piping depths

under different ambient temperature conditions.

Table0-2. Time to reach +2°C for different combinations

Time to reach to 2°C
Pipe depth Initial in hours
temperature| 615 W/nf | 400 W/nt
-5°C 5.2 8.8
17.5m
-10°C 10 18.8
-20°C 26 >48
-5°C 9.5 13.2
35cm
‘ '100C 14.8 24.5
-20°C 33.7 >48
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Figure0-4. Surface temperature plots for 17.5 cm pipe depth
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Figure0-5. Surface temperature plots {85 cm pipe depth

As observedrom Table0-2 for 17.5 cm pipe depth at a cold ambient temperatur@®PC, it

takes more than 24 hours to reach +2 °C even withitifeer system capacity. With 400 W/m
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heating power, it is almost impossible to get above 0°C. It is apparent that the timing is much
longer for the 35 cm pipe depth. For the purpose of predictive control, it is advisable to consider a
prediction horizorup to24 hous due to increased unceirity in weather predictiorEven due to
increased uncertainty in weather prediction it is advisable to consider a prediction horizon of 12
hours or shortefThis analysis shows that system capacity, piping depth and mode of operation are
all factors of infuence over system performance and therefore, the operational mode of the de
icing system should bselected before making decision on the piping configuration and system
sizing.

4.1.2 Analysis of the slab thermal dynamics under different weather profiles, ihg
strategies and piping configurations

As it was observed in the previous section, heating up the concrete slab from ambient conditions
above freezing point temperature (+2°C) will often require excessive amounts of time and also
puts a significant amau of thermalstress on the slab. Therefore, it is studied how keeping the
slab surface at a specific minimum temperature (higher than ambient temperature) by idling certain
amount of heat will help in getting the required performance from the slab uiifizerd
conditions and weather profiles. Initially, it is assumed that the outdoor temperature varies in a
sinusoidal form betweetb°C and-15°C during the day. Also, it is assumed that the slab surface

is initially at a temperature efi°C. Then, consiting the aforementioned conditions, it is studied

how the system sizing of 6M/m? performs under different situations.

Two different wind speeds were considered (10 kph and 20 kph) which give the total heat transfer
coefficients of 20//m?K and 14W/m?K. The following formula was used to calculdtedue to

wind (Duffie and Beckman 2033

h, =8.6(

o) (@1)
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where V is the wind speed and L is tleracteristic length.

A wind speed of 20 kph is appropriate for bridges and tunnel entrances whenegds most
crucially needed. However, research using wind tunnels has indicated that installation of sunscreen
structures above tunnel entrances dgnifcantly reduce wind speed at the road surface. Also,
integration of semiransparent photovoltaics into those sunscreen structures has recently been
demonstrated to provide many benefits to energy performance and safety in (Guneét al.

20183.

Figure0-6 showsthermal response of the slab when a heating capacity oMb is used with
different piping conurations.As it is observed, considering the ambient conditions and system
size, it takes about 13 hours to get to +2°C for a 35 cm pipe depth. Thareésenilar weather
conditions, the system needs to supply the\&1%? at least 13 hours in advance to ensure no ice
formation occurs at the road surface. Or, if a safety margin is to be considered, activating the
system 15 hours in advance would be recwended. Ira more moderate weather condition (ie.

wind speed of 18ph), a faster response of about 11.8 h@iexpectedAs it was expected, faster
thermal response is observed when the heat is supplied in the 17.5cm depth. Therefore, if it is
possibleto place the pipes in the middle of the slab, a faster thermal response will be achieved and
shorter prediction horizon will be required. Considering the heated area of 8§80tire case

study, Table0-3 summarizes the results.
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Figure0-6. Comparison of different slabs surface temperatures for wind speed of 20kph
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Table0-3. Time and energy required to reach +2°C

Time and energy requiretd reach to 2°C
Pipedepth
h=20 W/ntK h=14 W/m2K
35¢cm 13.5 hours 11.8 hours
‘ 73.8 mWh energy| 64.5mWh energy
17.5cm 9.2hours 6.5hours
‘ 50.3mWhenergy | 35.53mWh energy

4.1.3 Effect of noinsulation under the slab

Here the case of uninsulatsidbis studiedconsidering different piping positionsSigure0-8 and

Figure0-9 show the results for 35cm and 17.5 cm piping deggpectively
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Figure0-8. Comparison of surface temperature with and without insulatioB5om pipe depth
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Figure0-9. Comparison of surface temperature with andhaut insulation for 17.5cm pipepth

As can be observed from the above figuhesjing noinsulation for 35cm pipe depttesign will

affect the surface temperature significantly since there will be a substantial loss of energy to the
ground. However, in the case of 1¢r8 pipe depth removing the insulation has a very small effect

on the surface temperature since in thaedhsre is already a thick layer of concrete under the
pipes that already hascertain thermal resistance whiehsures that the greatest parthad heat

flow is towards the slab surface. Therefore, removing the insulation can be considered as an option
for the design that considers the pipes in the middle of the slab for the outdoor temperature range
of -10°C to-15°C. However, when pipes are placed at the bottom of thehslaiibg nainsulation

is not recommended.

4.1.4 Important scenarios

There are certaipossible scenarios which are important and the system performance needs to be

studied under these situations:
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Scenariol)noderate to cold ambient temperature Road surface is kept-&°C by idling certain
amount of heat in the pipes. The outdoor tempegaitl getting very cold-20°C) later in the
evening and the precipitation is in the forecast around the same time (at hour of 18). Therefore,

the slab surface temperature needs to be at +2°C during all this periotheseeisprecipitation.

Figure0-10 shows the results for the 35cm pipe depths. It can be observed that by applying 615
W/m? heating, the slab surface temperature reaches +2°C in about 9.5 hours. Hoienethe
ambient temperature reach&9°C, theheating capacity is not capable of holding the surface
temperature above +2°C and the temperature falls even slightly under 0°C. This shows that the
system is undersized for this situatiomcreasing the system size by 100W/gapplying
715W/n7), it is observedhat the surface temperature can be kept above +2°C at all the time hence
ensuring there is no risk for ice formation on the road surface. It should be noted that in both

scenarios And 2 there is no preheating of the slab so the slab surface temperature is-#fiGally
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Figure0-10. Slab (35cm pipe depth) thermal response under a specific ambient temperature
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Scenario 2xold ambient temperature. Floor surface is kept a#4°C by idling certain amount of
heat in the pipes. The ambient temperature {2GC and remains relatively constant during the
day. It is seen in the forecast that in 12 hours akiea@ will bea high clance of precipitation.

The slab surface temperature needs tarband+2°C before the precipitation event starts in order

to avoid the risk of icing.

The results for the slab with 35cm pipe depth are showkigare 0-11. It is observed that by
applying 615 W/ heating in this case it takes more than 17 hours (97.42 mWh energy) for the
slab surface temperae to reach +2°C. However,tlie heating systermapacity is increased by
200W/m? (applying815W/n?) then the +2°C surface temperature is achieved in less than 11 hours
(76.8MWh energy) and this sizing meets the 12 hours requirement. Also, furthertemsithow

that applying 1015 W/A decreases the response time to 8.5 hours KM@/ energy). Therefore,

if faster response is requireaarger heating capacityeeds to be applied. Also, it can be observed

that less energy will be consumed for larggstem sizing of 815 W/fand 1015 W/racompared

to 615 W/ni.
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Figure0-11 Slab thermal response under constant ambient temperatd6e@t
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It can be observed from the above results thatsfdesiral to use a 35cm thick slab and reach the

slab temperature of +2°C under cold weather conditions, it is more practical to keep the surface
temperature around 0°C instead-4ffiC or lowertemperatires. This action will lower the risk to
minimum since the surface temperatcaa get tabove 0°C in couple of houisgure0-12 shows

the results for this casBy keeping the slab temperature at 0°C, with 615 ¥Weatingthe +2°C

can be reacheid less than 10 hours. In terms of required energy to reach +2°C with idling at 0°C
the required energy is 53 mWh (5965.5 kWh/m2) compared to 97.32 mWh (10947 kwWh/m2) when
idling at-4°C. It should be noted that for this scenario the slab was preheated a number of days
before the actual event day assuming that previous days had the same type of weather as the de

icing event day.

—surface temperature (1015Wim" heating)
—surface temperature (615 W fm* hea ting)
- = Ambicnt temperature

Temperature (°C)
) oL

e l | 1 |
01 2 3 4 5 6 7 8 9 1011 1213 14 15 16 17 18 19 20 21 22 23 4
Time (hours)

Figure0-12. Slab thermal response from 0°C idling temperature

Scenario 3)extremely cold weather.Usually during the periods of very cold weather, ambient
temperature of arounéB0°C, there is a very little chance of precipitation #m precipitation
occurs at lowest around outdoor temperatured ofC to-20°C(Davis et al. 1999 Therefore, it

is studied to see how the slab behaveutids type of weather condition. It is assumed that there
is a period in which we have a day of ambient temperatuBO&€C with the rising t620°C in 24
hours in a sinusoidal form (a typical situation that happens during winter). It is assumedethat wh

the outdoor temperature reach€°C there is a chance of precipitation and hence black ice
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formation in the forecast. Therefore, our road surface needs to be at +2°C before the icing event
starts in order to avoid the risk. It is studied how fastlth& cm piping depth design can react in

this situation considering idling a certain amount of heating power to keep slab at temperatures of
-4°C,-8°C and-15°C.Figure0-13 shows the results. Each surface temperature is shown with the
samecolorand number as the heating pow&lso, the total heating power considering the heated

area of 8890 rhis shown on each heating profile.
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Figure0-13. Load and surface temperature profiles for 17.5cm pipe depth

As can be observed froffigure0-13, the time and mergy required to reach +2°C for different

idling temperatures o#4°C,-8°C and-15°C is 14 hours and 191 mWh, 18 hours and 194 mWh, 21
hours and 178 mWh respectively. Therefore, even with keeping slab surface at lower temperatures
than-4°C it will be still possible toreach the +2°C ineks than 24 hours and save a significant
amount of energy, up to 18 mWh in this case, as well. However, it should be considered that as

the prediction horizon increases the uncertainty in weather prediction increassgbk as w
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Now the performance of the system without considering the insulation at the bottom is shown in
Figure0-14. It is observed that at such ambient conditions, the system is not capable of reaching
the desired +2°C surface temperature without having insulation at the bottom. Therefore, if the
system $ to be designed without insulation for such extreme weather conditions, a larger or an

extra power capacity should be considered.
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Figure0-14. Load and surface temperature profiles for 17.5cm pipe degthmaiinsulation

For the case of the slab with pipes at the bottom (35cm), as it is obselvigdri@0-15, it is not
practical to keep the slab at bele#?C consideng the delay in the thermal response. Alsis
requiredto apply close to 95% of the maximupower to keep the slab a4°C at ambient
temperature 0f30°C and then with boost to maximum power of 5.46 ,ntW slab surfacean

reach from-4°C to +2°Cm about 16 hours. Therefore, in this case if it is desired to reach to +2°C
in 12 hours, which is the reasonable prediction horizon, it is required to increase the boosting
power to 6.67 mW (750 W/fhas shown irFigure0-16. Therefore, with this design it is always

recommended to have a higher boosting capacity for extreme weather conditions.
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Figure0-15. Load aml surface temperature profiles for 35cm pipe depth
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Figure0-16. Load and surface temperature profiles for 35cm pipe depth
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The next section discusses experimental results on evaluation of @egiigiity potential of a

thermal zone with radiant floor heating system.

4.1.5 Utilizing the slab thermal mass to shift energy and power consumption
A slab design with pipes in the middle of the slab is considered. As the reference case and business

as usual perating condition, the heat load that provides a slab temperature of +2°C is considered.
Then, another case is introduced as the active demand response (ADR) scenario in which the slab
is preheated by increasing the surface temperature setpoint fromte-2°€C. The ambient
temperature is assumed to be constantlatC. Figure 0-17 shows the heating load for the
reference case and the active demand response (ADR) case. It can be observed that with constant
setpoint of +2°C for surface temperature, the reference heating load is around Z56l9waver,

when the surface temperatuseincreased to +4°C and maintained at +4°C for 8 hours, a change

in the ADR heating load profile is observed.
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Figure0-17. Heating load & surface temperatures for ADR and reference case

This strategy is gpicable for the peak power and energy demand reduction during peak hours. As

it can be observed by preheating the slab starting at 10pm (hour 22) the night before until 6am
(hour 30) of the following day, a significant reduction in the slab heatingdasdg the peak
demand hours which here in Quebec is usually between 6am to 9am (hours 30 to 33 in the graph)
is expected Therefore, this strategy can be categorized as a predictive reaction to the grid

penalty/price signal as shownhkigure0-18.
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Figure0-18. Grid penalty signal

The total change in the energy consumption between the reference and ADR cases during the 8
hours period is calculated and equal to 568 WHomin total 5.05 MWh. This parameter can be
reported as the energy flexibility offered by the slab thermal .n#dse, there is a significant
reduction in the peak power demand during the high penaltylsigriod of up to 250 W/fn

(around hour 31) and on average a reduction of about 106 Wéteen hours 30 to 33.

As can be observed froRigure0-17, when the surfacemperature setpoint is increased suddenly
form +2°C to +4°C, there is a jump in heating load from 250 ¥n650 W/nt which is higher
than our maximum capacity of 615 WANnThis peak can be reduced by using a ramp setpoint

instead of a sudden sharp inzse.
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Figure0-19. Heating load & surface temperatures for ADR#2 and reference case

As shown inFigure0-19, by applying a zhour linear ramp for transition from +2°C to +4°C, the
maximum peak load is now 450 W/instead of 650 W/fmwhich is a considerable reduction of
30% in the peak load he difference in energy consumption between the reference and ADR#2

cases for these 10 hours (hours 20 to 30) is 597 WiviB.312 MWh in total.
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4.2 Experimental results on energy flexibility analysis of a radiant floor heating

systent?

The case studypresented herés the perimeter zone test cell (PZTC) located at Concordia
Universityods solar simul at or / Asnnrdduceqmenvieusiyt, al ¢ h
the temperature of the EC can be controlled within a wide range (betd@éf and+50 °C)

through the air handling unit (AHU), thus allowing a great deal of flexibility in terms of testing
conditions.Figure0-20 shows the schematic of the SSEBGoratory, the perimeter zongest cell

(PZTC) radiant floor system and the mechanical rdonthe PZTC

Environmental Chamber
-40°C to +50°C

Mobile Solar
Simulator

RSI 5.6in%K/W

RS| 5.64 Perimeter Zone RS| 0.88"
Mechanical m2K/W Test Cell KW
Room (PZTC)
_____ || Hydronic piping Concrete slab _
SI7.4)| 1
[ T 1 [ 11 H mAK/W |||
o ! : kGt i

Figure0-20. Schematic of SSEC with PZTC and radiant floor

hased ondurnal paper#1Sa b e r i Derakhtenjani, Ali, Athienitis, Andreas K. (2020)
Thermal Characterization and Design for Energy FIl exi b0331045y of Zones
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The PZTC is a 3mx3mx3m office placed iresithe environmental chamber and it has a radiant
floor heating system. The side and back walls and ceiling consistadie$of insulation having

the Rvalue of R32. The front wall is a BIPV/T fagade with an approximately R5 thermal
resistance. The flaas made of an 8cm thick concrete with insulation at the bottom. The pipes of
the radiant floor system are made of conventional dnoksd polyethylene (PEX), and a have an
external diameter of 1. 75cm. Th eatipgimpterialthatr e i n
also facilitates keeping them in place. The pipes havapproximate separation ofchd between
them. A mechanical room provides controlled flow rate of fluid (propytgypeol and water

mixture) for the radiant floor.

This experimental study isn energy flexibility case study usinghe zone thermostat. The
Thermostat controls the room air and floor temperature for a hydronic heating zone using Pulse
Width Modulation (PWM) technology. A slab sensor is included with the thstathto measure
floor temperature to protect the floor from overheating and enhance comfort. In the experiment the

maximum allowable floor temperature was set to be 29°C based on the ASHRAE standard.

The control of the system was based on an assumedsggicd. Therefore, it was observed how
much flexibility can be achievetly modulating the air temperature setpoint from the baseline
room temperature (22°C) to the comfort limits of the zone (20°C and 24°C). The
increasing/decreasing of the setpoint wasalmanually by entering the room and increasing the
temperature on the thermostat, waiting for the desired period (about 6 hours) and then put the
temperature back tihe baseline again manually. Also, both setpoint increase and decrease from

the baselinevas considered to examine the upward and downward flexibility of the system.
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Figure0-21. Implemented control strategy (zone air setpoint)

Figure0-22 shows the system flowrate before and during the ADR evert§I#urs & 3743

hours), when the zone air temperature is modulated accordingly. As it can be obsenrdudrem

0-22, before hour 12 there is a more steady on/off to the system flowrate thougwialitse
modulation in order to keep the zone temperature at 22°C. Then, between hours of 12 and 18 when
thetemperature was set to be increased to 24°C the controller keeps the flowrate near maximum
and keeps the flow running for a much longer period until it gets really hot around the hour of 14.5
and then the flow is stopped for about 1.5 hours and thenathadlIstarted again for another 1.5

hours (1617.5 hours) and then at hour 18 when the setpoint is reduced to 22°C froom@4°C
heating powers observedn the system for more than 4 hours. Therefitris, observe that this

strategy gives us a 4 hoyrswer shifting capacity compared to the baseline heating power profile

(22°C zone temperature).
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Figure0-22. Radiant floor System flowrate vs room setpoint modulations

Then, the heating power of the radiflabr was calculated by using the flowrate, supply and return
temperatures a2 =M 3C, 3T, Then for the ADR events, hours 12 to 18 and 37 to 43, the

flexibility of the system was calculated. As shown in Figure 9, the upward flexibilggual to

195 Wh/nt and the downward flexibility is 237 Wh/AnAlso, anincrease of 128/ in heating
powercan be observeith the rebound effect of downward flexibility (hour 43) compared to the

one for the upward flexibility (hour 12). This increase in imgapower is due to the fact that at

hour 43 there was no heating in the system for 6 hours before that time and therefore we observe

a higher spike in the heating power compared to hour 12.
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Figure0-23. Heating power of the radiant floor system and the upward/downward flexibility
calculation

This setpoint modulation strategy described above can be defined and applied to a price signal as
shown inFigure0-24. Therefore, when there is a high price signal for a certain period of time in

the forecast, the zone setpoint can be increased by 2°C for a certain period and then get back to the
normal operating condition. It is observed that with this strategy our system offers about 4 hours
of power shifting potentialAlso, with the downward flexibility it will be possible to decrease the
rebound effect by using a ramp profile or other tramsipaths for whiclit is requiredto install a

programmable thermostat.
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Figure0-24. Price signal

Figure0-25 shows the radiant floor surface temperature as well as the zone operative temperature

and the exterior temperature conditioned by the environmental chamber. It is observed that the

operativetemperature is within the comfort limits almost all the time. Also, can see that when the

floor temperature

reaches

t

he

down the heat input by turning offetlowrate of the radiant floor
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Figure0-25. Floor surface and operative temperatures

4.2.1Results from frequency domain modeling and transfer function Zaux
Considering the physical properties of the PZECdetailed frequency domaimodel was

developed for the zone aride magnitude and phase angle of the transfer functign®as
calculated at discrete frequencies using equdBd¥). Figure 0-26 shows the phase angles of

Z1 auxat different harmonics (cycles per day).
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Figure0-26.Phase angles of transfer functiona«
As observed frmm Figure 0-26, the phase angle of the fundamental harmonicg3902° with
negative sign indicating the delay. Therefore, considering the period of one day forsthe fir

harmonic, the magnitude of the delay in units of time was calculated as:
73.02 24h/360 @9 (4.2)

This means that there will be about 4.9 hours of delay between the heat input from the hydronic
system of the concrete slab and the peak effect on PZTC air tempefaiisrealculated delay
between the hydran floor heat input and the zone air temperatceia be observe from the
experimental measurementss shown inFigure 0-27, when the PZTC air temperature setpoint
was suddenly raised at #2.3 hour, the thermostat commanded the controller to immediately
increase the radiant heat input. However, as calculated from the transfer fungtigbetween

room air and heat input) there was a delay of around 4.9 hours betveepeak heating power

and its full effect on the room air temperature p&dde result shows that in a zone that is mainly
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heated by a radiant floor system, when it is desired to reach a specific zone air temperature at a

specific time, the controller dhe heating system needs to be designed in such a way that considers

this delay
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Figure0-27. Delay between the radiant floor heat input and PZTC air temperature

4.3 Low-order thermal modeling of PZTC for predictive control 12

This section presents the results of domder thermal modelling for PZTC for which the
methodology was presented in pervious chaptenodel with fewer parameters facilities setting
up the initial conditions which is a ke@arameter for control studi€Bhe models must be accurate
enough to provide reliable information but also flexible enough for quick and computationally
on to electric

efficient decisiommakinge s peci al ly in react.i

12 pased on journal paper#3a b er i
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Derakhtenjani, Ali,
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the price signals. The radiative and convective heat transfer are inherently nonlinear processes
however, the respective heat transfer coefficients are usually linearized so that the system energy
balance equations can be solved with linear algebra teclsnanet represented with a linear
thermal network. In the case of radiant floor heating, this linearization generally introduces less
error for the for longvave radiation heat transfer than the convection heat exchange between the
radiant floor surface andoom air. Therefore, usually certain amount of calibration for the
convection heat exchange between the radiant floor and room air is required for a model and

especially when considering thev-order models.

Twalls

C1 Rloncrete
Concrete | R
Slab 2concrete
I
R?boncrete

T Qun } Insulation

Figure0-28. Secondorder model thermal network
The floor convective heat can vary significantly depending on the temperature difference between

the floor surface temperature and the air in the zone. Therefore, an objective function is defined to
find the effective values dks so that the floor surfactemperature calculated from the simulations

matches with experiment as accurate as possible. Therefore, the objective function is defined as:
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Min J =|T, (4.3)

loor,simulated _Tﬂoor measureut

The optimization result is shown figure 0-29. As observeda well calibrated secororder
model, for which the themal network shown ifrigure 0-28, cancapturethermal dynamics of a

zone that contains radiant floor heating system with a good accuracy.
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Figure0-29. Seconebrder model versus experimental measuremgops and model error (bottom)

As observed frontrigure0-29, the maximum error between the model and the measurements is
about 0.45°C. However, majority of terthe model error is less than 0.18@d considering the

prediction horizon of 1800 minutes (30 hours), the model is performing very well.

This validated model is used in the following sections to study the reactive and predictive strategies

while dealing with different price signals from the grid.

Theflexibility indicatorspresented in chapterate mostly focused to quantify the energy that is

reduced/increased over certain period of time. Howdgeertain applicationthe focuscan be
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expliatly on power (Watts) consumption reduction and how that can be reported to the electricity

grid. In the next section the indicator utilized here is introduced.

4.3.1 Predictive Control and Building Energy Flexibility Index (BEFI)
Predictive control strategy @e of the key approaches in activating energy flexibility in buildings

to meet smart grid needs. Model predictive control is one way to activate the energy flexibility that
can be offered by the building especially when considering the storage in beleimgnts and
thermal lag. An appropriate index that is customized to the requirement of the local utility and

buil ding occupants is needed to quantify a bu

The BEFI can be considered like a state variable, which quantifidatdggower (reduction or
increase) from a buildin@Athienitis et al. 202 It should be usable real time in a building and

its grid-interaction. It could be used in simulation and model predictive control (MPC) to maximize
its value at a specific time in the future. It could be applied to a system (thermal zone) or a
subsystem (thermal storagahd then aggregated to building level. It could also be aggregated at
grid level by the utility to quantify flexibility potential. It should be defined according to the needed

duration.

A building energy flexibility index (BEFI)s defined by Athienitiset al. (2020)Athienitis et al.
2020 as the amount of power (kW) that can be increased or decrealative to a reference

profil as(utaHe ofpaes ati ono) by the bWwi):l ding durin

t+

L+Dt t Bt
m Qref dt- ¢ nQIex dt
Duration time of flexibility

BEFI(t, Dt) = (4.4)

The BEFI could be predicted continuously with a certain accuracy/uncertainty depending on the

configuration and duration length. Generally, the shorter the duydtierless the uncertainty is
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expected. Another factor to consider is the time of activation. For some grid needs, activation time
must be within seconds and must be totally autonomous. For others, it can be different and may
rely on communication protocg)l but once the signal is received by the building, BAS response
must be automated. Then, for some others, the need may be planned half a day in advance and the
building can be designed and operated to maximize its flexibility during the period of naed wit
potential significant financial benefits in terms of reduced operational costs. In this paper, the BEFI

is calculated with dynamic tariffs and a floor heating system

4.3.2 Peak demand periods in Quebec
In Quebec two peak demand periods are observed in audiayg dhe heating season which are

typically in the morning from 6 to 9 am and in the evening from 4 to 8 pm. Therefore, the price of
the electricity can be different and higher during these periods compared to other times of the day.
The price signals thare introduced and utilized in the following sections are created based on

those typical peak demand periods in Quebec.

4.33 Predictive Strategies with a Short Notice
In this section thermal response of the radiant floor in reaction to a scidalege in the grid price

signal is presented. The control of the radiant floor heating is based on the floor surface

temperature. The heating is controlled through proportional control as:
Qaux =K p(Tsp _Tﬂoor) (4.5)

Where Tsp=floor surface temperature setpoiffioor=floor surface temperature arih is the
proportional constanThe maximum heating output is limited to the size of the system which is

2.7TKW.
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The ambient temperature profile considered is sheyare0-30. The ambient temperatuvaries
between7°C and-18°C withamean of aboutl2°C a relatively cold day in Quebec when high

demand for electric space heating is expected.

Temeprature (°C)

0 2 4 6 8§ 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
Time (hours)

Figure0-30. Ambient temperature profile
Figure 0-31 shows the heating load, floor surface temperature and zone air temperature for

maintaining a constant floor surface temperature setpoint of 24°C which is considered the
reference surface temperatufée results shown iRigure0-31 arefor a day when the eleatity

price remains constant for the whole day at the reference value which is assumed to be 10$ per

kW for power.
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‘—Heating load =—Floor surface temperature === Air temperature = =setpoint for floor surface temperature Reference price ($ per kW)‘
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Figure0-31. Reference profile for surface temperature setpoint of 24°C
As it can be observed froRigure0-31, whenkeeping the floor surface temperature around 24°C,

the zone aitemperature stays between 18°C to 20°C which is within the comfort rangd {C3

for occupant$ASHRAE 2010)and the operative temperature also stays withicahgortrange.

Figure0-32 shows the shomotice predictive (almost reactive) behavior to sudden increase, from
10$/kW to 20$/kW, in the price signal for a period of 3.5 hours (hours between 30 and 33.5) which
is the typical morning peak demand period in Queled:30am). It is assumed that the price of
energy (kWh) is constant and only the power (kW) price is changing. The simplest strategy to deal
with this sudden increase in the price signal is to turn off the heating system. It can be observed
that due tashutdown of the heating system during that the period, the floor surface temperature
(red line) falls to 22.2°C and air temperature (purple line) to 18°C. Considering the typical comfort
boundaries of 1:24°C for the zone air temperature, the air tempegatuat the lower threshold

of the comfort boundary. It can be calculated that the BEFI would be about 400W for 3.5 hours.

For the sake of comparison and accuracy, the floor surface temperature is also shown for the case
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when using the ncehnear equatiorfor the convective heat transfer coefficient between floor

surface and air temperatuiied. As observed, there is no significant difference between the two

curves.
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Figure0-32. Reactive response sudden increase in the price signal

Figure0-33 shows another increase in the price signal during the evening on the same day. This
second increase is during the evenpeak demand hours-8m) in Quebec during winter. As
observed, since the second increase event happens when the zone air temperature was higher
compared to the first event and generdhlig system was at a higher state of charge, the air
temperature dius to 18.5°C athelowest and the building cgrovidethe average BEFI of 400W

for 4 hours during this period.
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‘—Heating load —Floor surface temperature — Air temperature Price signal ($ per kW) - - -floor surface temperature setpoint
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Figure0-33.Reactive responses to sudden increase in the price signal

Theintermittent nature of renewable energy sources increases the need for backup power to deal
with the unpredicted fluctuations of power production. This results in an increasing need for
liquidity in markets whose price closure approachestmeed (Morales et al. 2013bTherefore,

change in th price signal can be more frequent and the price signal from the grid can vary every
hour during the day depending on the availability of electricity from renewable energy sources,
weather conditions, emergency events, etc. For example, the dynamgigmmaldor the following

48 hours can look like the profile shownkigure0-34. As it can be observed froFigure 0-34,

the price signal is changing almost every hour during the day and if the 10$ peckWsidered

as the normal, reference operating price signal, there are some periods with price signals higher

and as well ab®wer than the reference.
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Figure0-34. Dynamic price signatonsidered

It should be noted that a short notice-(Bmins or shorter) of a price change from the gray/
be given The following control strategy is presentéat these situations. First let us categorize the

upcoming hour price signal into two categories

1. Price signal lower than the normal reference operating price signal that is:

P(t) < Preference

In this case since the price s& is lower than reference thére heating conttaccanbejust ke

as usual and operating in the reference dasg((ef)). Therefore:

Qaux(ref) = Kp(Tsp'TﬂQOr)
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2. Price signals higher than the normal reference operating price signal:

P(t) >Preference
In this case the strategy will be to keep the floor surface temperature at 24°C, however, the heating
load will be a fraction of the reference heating and this fraction gets smaller as the price increases.
Therefore, the strategy is defined as:
Qaux(high-price)=(Preference/P (t)) X Kp(TspTtioor)
and the heating load can be named a$lé¢xéle heating load

Figure0-35 shows the application of this strategy to the thermal zone:

‘—Heating load =—Floor surface temperature = Air temperature Price signal (8 per kW) — - -Floor surface temperature setpoint
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Figure0-35.Application of the nearly reactive strategy to deal withahanging price signal
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As can be observefdlom Figure 0-35, during the high price signal periods, whenever necessary,
the heating load was turned on as a fraction of the reference heating load to keep the floor surface

temperature near the setpoint hence reducing the amount of heating power and reducing the cost.

Figure0-36 shows the comparison between the reference heating load and the fieaiiing load
from the strategy above. It can be observed how the above strategasks the heating load
during the high price periodé&s mentioned earlier, BEFI is the amount of powaf) (that the
building can reduce during certain periods of tifieerefore, BEFI during high price signal is the

difference between the two curvesialhis shown by the area covered by the grey arrows.
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Figure0-36.BEFI during high price signal periods

4.3.4Predictive strategies

When the prediction of the following days for weather as well the giteé gignals are available,

the system can be deseghto take predictive measunesorder to minimize the power and/or
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energy consumption during the high price signal period. In this section the predictive strategies for

the price signals that are alregalesented in the previous sections are presented.

Here,theaimis to find a setpoinprofile for the floor surface temperature proportional controller
so that the surface temperature stays within the comfort range. Therefore, the objective function is

defined as:
minimize J=3 Psig 3Q,, - sothat: 23C T, 2€

wherePsig is the value of the price signal at evenydistepConsidering the above range for the
floor surface temperatungith the maximum of 29°C [5]the operative temperaturéof) stays

betweer20°C and 2°C which is the recommend range by ASHRSE

Figure 0-37 shows the results for the first price signal. As observed, the optimized floor surface
temperature setpoint modulates the heating load of the floor in a way to keep the floor surface
temperature very close the minimum of 23°C during the periods with reference price signal but

asit get closer to the high price signal period, it starts preheating the floor slab by increasing the
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setpoint as high as 26°C. Therefore, we can see that the heating loaddaragy the high price

period.
——Heating load =—Floor surface temperature = Air temperature Price signal #1 ($ per kW) ——Optimized floor surface temperature setpoint
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Figure0-37. Predictive strategy for price signal #1
Now if another price signal was in the forecast in which two periods of high price is observed

during the 48 hours, then a new setpoint found from the optimization is applied as slkayumeén

0-38.
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‘—Heating load =—Floor surface temperature = Air temperature Price signal ($ per kW) —— Optimized floor surface temperature setpoim‘
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Figure0-38. Predictive strategy for price signal #2

As it can be observed from bdigure0-37 andFigure0-38, the setpoint is designed in way that
our zone is hated up until just before the periods of high price signal and then the setpoint is
relatively low during that period so that due the thermal mass of the radiant floor concrete slab,

the surface temperature does not drop below that setpoint and thewefbesting is needed.

There can be more complicated price signals in the forecast asFigeiie 0-39 shows the
predictive strategy for the price signal that was intaedl in the reactive section which changes

almost every houfThis price signais already knowrirom the forecasbf the day before
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‘—Heating load =—Floor surface temperature = Air temperature Price signal #3 ($ per kW) ——Optimized floor surface temperature setpoint‘
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Figure0-39. Predicive strategy for price signal #3

As can be observed froRigure0-39, the building is heated up during the lpsice perioduntil

around 6am) and the setpoistincreasedo the maximum upper threddofor floor surface
temperature which is 29°C. Then after hour 6, there is no heating during the peak demand period
(6-9:30am) and the slab thermal mass let the heating be turned off until the hour 13. Then, the
setpoint is again increased to 29°C to padghthe building and in order to minimize the heating
during the afternoon peak demand hour8ij#). A similar trend is observed during the next day

as well.

4.3.5 Emergency and nonpredicted change in the price signal
Contingency reserve is the amount of pott utility may call when needed to face the loss of

a generation unit or other unexpected load bal@aag et al. 2006 This reserve needs to be

available within a teminutenotification time, for a duration of @hour. Therefore, the building
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should be able to quantify the amount of power that it can decrease from its current consumption

profile for the following hour.

Figure0-37to 38 showed the strategy for when prediction of the weather as well as the price signal

is available. Now, when there can be an unexpected situation that due to an emergency, there is a
sudden increase in the price signal whi@swot predicted and expected. Therefore, a short notice
(about 10 minutes before) is sent from the grid asking about the possibility of reduction in the
current power consumption of the building and thereforeERlI Ban be requeste&igure0-40

shows such an event when the original predictive strategy was based on the price skggalte&?2 (

0-39).
‘—Heating load =——Floor surface temperature =—— Air temperature Price signal #2 Optimized floor surface temperature setpoint‘
5000 30
4800 - | (6 am) | L o30am) | Cdpm) | (@pm) 129
| | T &
4400 ‘ 2]
‘ 125
4000 / ! | i 24
| | ! ! 23
) | | | | 19
3600 ! | | | - i%
& O A ! ! =420 —~
3200 —/_\/ E 20 $/kW i Emergencypricesignal |i I =19 O
< : : short notice | ‘ 118
£ 2800/ d y . | 1173
& 1 : ! 11¢ 3
- 2400 q : ! ; 413 &
< < | | B 9]
5} 3 | i 13 &
T 2000 [~ E | [ 112 £
; l l 1118
H | ' 10
1600 1 | | N ;{)
1200 1 | =7
|
800 *ﬂ
400 ; | 2
0 | | ! L | I | | | (l)
24 26 28 32 34 36 38 40 42 44 46 48

Time (hours)

Figure0-40. Unexpected increase in the price signal #2

As observed, there is a sudden unexpected increase in the price signal between hours 33.5 and 35.5

(9:30-11:30an) and therefore, heating load was turned off immediafeyshown inFigure0-40,
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turning off the heating between during that period has a little impact on the didaces and air
temperaturesThe BEFI which is the amount of power that is reduced compared to the reference

case Figure0-38) and is calculated on average as, BEFI= 270 W.

Therefore, the grid can be informed that the zone can possibly reduce the power consumption for

an average of 84W during the following hour.

Thetiming of the unexpected change in the price signal is also particularly important. For example,

if the unexpected change happens in a different hour that is closer to the period with a high price,
then it could be more challenging to deal with this snddenge. As shown fRigure0-41, if the

sudden increase in price signal happens between hours 38.5 and 39.5, then the controller which is
acting based on the predmtis would not have enough time to follow back the optimized setpoint
profile and as the result, some heating is observed during the predicted high price signakperiod
shown inFigure0-41 with black dashed circle. However, as observed frogure0-41, there is

no need for the heating since our floor surface temperature is alteady the lower threshold of

23°C. Therefore, here in this case the setpoint temperature needs to be modified for the period
between40 and 4 hours and put at the lower threshold of 23°C. This modification let us have

zero power consumption during thatiperas show irFigure0-42.
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Figure0-41. Unexpected change in the heating load
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Figure0-42. Modified setpoint to correct the heating load
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4.3.6 Dynamic pricing of energy
There are certain situations in which the dynamic pricing is explicitly mentioned for energy

consumption (kWh) instead of powéi¥). In this case the optimization must be done for energy
and the cost for energy (kWh) is minimized instead of power (kW). The unit of the price signal

will be cents per kWh (c/kWhigure0-43 shows the results.

‘—Heming load Price signal for Energy (cents per Wh) Optimized floor surface temperature setpoint (moving mean) ====Floor surface temperature‘
5000 — T \ \ I T \ \ T \ \ T \ \ \ \ \ ;8
4800 52
4400 137
25
4000 [~ - 24
23
2
3600 22
20 ~
3200 - 419 @
= 18 L
22800 =17 o
&0 }Q E
£ 2400 12 £
5 13 2
= 2000 412 &
11 Y
1600 - =10
1200 | 18
2
800 %
J
400 3
0! | | A \ | | | | \ | \ \ | | | L (1)
2 4 6 88 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48

Time (hours)

Figure0-43. Predictive strategy for dynamic energy price signal

As observed fronrigure0-43, the heating works in a similar way to when it was used to minimize

the power consumption. As you may notice the moving mean value of the setpoint profile obtained
from the optimization is usk since the optimized setpoint contained lots of spikes in the
temperature which consequently causes spikes in the heating loads and lots of on/off which is not
practical. Therefore, it is observed when minimizing the cost of power, we are actually migimiz

the cost of energy at the same time.
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4.4 Summary

This chapter presented major applicatiohthe methodology toadiant slab heating systennsed

in de-icing andpredictive control to optimize interaction with a smart grid.

In the first section,everalanalyses were presented for different design optdde-icing slabof

a major transportation infrastructuaeed the thermal dynamics of the slab was studied under
different ambient conditions assuming cloudy day with sky temperature close to the ambient
temperature. The timequiredto reach +2°C surface temperature was evaluateavimdifferent

piping deptls, ambient temperature and system capacity. Alsaumber of important scenarios
were studied and an idling strategy was presented for eactriecélrfeen, utilization of slab

thermal mass for energy flexibility and power shifting was presented.

In the next sectiomapplication of radiant slab heating for providing building heat demand was
presented. A perimeter zone test cell located inside thieoemental chamber was used as the
case study. 1D lowerder modelling was presented for the zone and the model calibration was
explained. It was observed that the-order model is very sensitive to the convective heat transfer
coefficient between thedbr surface and the air temperatufethee zone and a wetlalibrated

model can perform quite accurately in capturing thermal dynamics of the zone. The model was
used in the following section to study different predictive control strategies in respaiiféeremt

price signals including short notice as well as the-a®gad predictions to minimize the cost of

electricity.
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CHAPTE®RCONCLUSI ON

This thesis presenteal methodologyfor modeling ofhydronic radiantslab heating system of
buildings andslabde-icing of infrastructureas well asstudes of predictive control andenergy

flexibility strategies by means of the developed models.

A frequency domain transfer function methodology to characterize building thermal dynamics and
design for energy flexibility was presented for a zone with a hydronic floor heating/cooling system
that has significant thermal mass. It was observed that since the pipes are buried deep in concrete,
the onedimensional heat transfer models can be used antlacceptable accuracyt was
discussed that managing the quantifieetrgy flexibility in heating demantly means of the
modelsis especially beneficial in interaction with smart grahd facilitating the integration of
intermittent renewable energy wsoes to the grid and reducing the peak power demand

significantly.

It was shown how the analysis of building transfer functions, obtained from a frequency domain
model of the zone, can lpeacticalin evaluating different parameters in the zone thatcatfe

zone thermal dynamics and energy flexibility. It was shown how increasing thermal mass in the
zone affects the dominant harmonics of the zone important transfer functions when considering
different types of heating systems. By studying the trarigfestion Z », between the zone air
temperature (node 1) and the source at node 2 (floor surface), the optimum floor thickness for the
minimum air temperature fluctuation (and maximum flexibility) was found for different types of
concrete. This optimum &n important consideration for the zone occupant comfort and energy

flexibility.
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The transfer function Zauxwhich represents the effect of the floor auxiliary heating source on the

zone air temperature, was derived and the effect of different flooretenthicknesses on the

magni tude of the transfer functionds dominan:
function Z auxthe delay between the heat input of radiant floor at pipes level and the air
temperature was calculated whiclaisrucial piece ofinformation for designing control strategies

for radiant floor systems and utilizing the energy flexibility of the thermal mass. Experimental
measurements ian environmental chamber were used to validate the results. A control strategy
based orthe calculated time delay from the transfer function was applied to the case study. It was
observed that this control strategy reduces the peak power and energy consumption by 100%
during the peak demand hours by means of the quantified energy flexibititythe floor thermal

mass, while maintaining satisfactory comfort conditions.

Predictive control strategies in response to different price signals from the electricity grid with
short and longerm predictions were presented to enhance the energyilftgxir a thermal zone
equipped with a hydronic floor heating system and significant amount of thermal mass. The
flexibility is especially beneficial in interaction with the smart grid to reduce the peak power
demand significantly during the critical pmils. A methodology to create lesvder thermal
network models was presented and utilized to develop the thermal model of the zone. The model
was validated with experimental measurements and subsequently used to study the control
strategies. Then, a methadgy was presented to deal with a short notice price signal that changes
every hour during the day and for which the prices can be either higher or lower than the reference
operating condition. It was observed that this methodologysiamficantly redu@ the cost of
electricity consumptiomwhile ensuring the occupant comfort is not violated. Then, an optimization

methodology was introduced to minimize the cost function defined based on the predicted price
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signal for the following days. The optimized flosurface temperature setpoint was found for
different price signals to minimize the cost of the heating power (kW) as well as the energy (kWh).
It was shown that the strategy can be modified if the price signal prediction would not go as

expected and sudd increase in the price happens especially during the critical periods.

Finally, a methodology to develop thermal models for predictive control of hydronicirmig
systems for urban infrastructure as well as a number of control strategies by means of the
developed modelwere presented. ltvasdemonstrated thadw-order RC models carepresent
thermal dynamics of a hydronic t@ng system accurately and the model can be efficiently

utilized to analyze slab thermal dynamics and perform control studies.

The developed models were used to study the performance of a hydronic systemrlzdran
transportation infrastructure with different piping designs and system capacities under different
ambient conditions. For structural reasonsvis desired to put the hydronic pipes as low as
possible in the concrete slab to minimize the risk of dgnta the pipes due to structural stresses
from passing cars and trucks. The thermal mass of the concert slab causes significant delay in the
system thermal response to heat input. However, it provides an excellent opportunity to apply

predictive control sategies and utilize the energy flexibility offered by the slab thermal mass.

Two different piping designs were considered for a case study, with the pipes placed in the middle
of the slab and at the bottom with total slab thickness of 35cm. It was etdbat if the hydronic
system is turned on only certain hours before the precipitation event starts (no consideration of
previous heat idling) it can take more than a day for the system to reach tuwotleefiaeezing
surface temperature (+2°C) at cold aemb temperature o20°C. Then, it was observed that by
idling certain amount of heating and maintaining the slab surfad@Gtit will take a much less

amount of time for the slab to reach the desired +2°C surface temperature. Also, during a period
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of extremely cold ambient temperature with precipitation in the forecast it was observed that with
the design that considers pipes in the middle it will be possible to keep the surface temperature
much lower than4°C (in order to save more energy) and sefhch the desired +2°C in a
reasonable amount of time (less than a day). It was observed that insulation under the slab plays a
significant role in terms of heating power and energy required to reach the desired surface
temperature specifically during thperiod of cold ambient conditions and it is highly

recommended to consider an insulation layer under the concrete slab.

A predictive control strategy was presented based on a specific piping depth and slaldtdesign.
was observed thalé¢ predictive combl strategy ansignificantly reduce the peak power demand
and energy consumption of the system during the peak demand period while still ensuring the

safety of the surface by keeping it within the required temperature range.

5.1 Contributions of this reseach work

The major contributions resulting from thigesisarethe following

1 Development of a comprehensive methodology to design hydronic siaimgeystems
while taking into account their predictive control and potential flexibility in interaction
with smartgrids; this methodology ibased on development of lesvder models for
thermal zones with hydronic radiant floor heating system that can be used for design and
modetbased predictive control

1 A method based on frequency domain techniques fergdieg control strategies to
enhanceheenergy flexibility of zones with hydronic floor heating systems

1 A method forshort notice predictive control iresponse to the change in the grid price

signal for the zones with hydronic floor heating systems
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1 A method forday-aheadpredictive controin response to the change in the grid price signal
for the zones with hydronic floor heating systems
1 A method for analysis of thermal dynamics of hydrguewement heatingystemsunder

cold weather to be used fde-icing andpredictive contral

5.2 Publications

Thepublished papers from thikesis,as well as the submitted papénat are under revieare listed

below:

Journal articles:

1. Saberi Derakhtenjani, Ali, At hieni ti s, Anktequercy Doika (202
Transfer Function Methodology for Thermal Characterization and Design for Energy
Fl exibility of Zones with Radi 3681033304t e ms 0.

2. Saberi Derakhtenjani, Ali, Athienitis, Andreas K( 2 0 2A0numencal and experimental
study of hydroniade-icing and its predictive control Submitted tcASHRAE journal of
Science and Technology for the Built Environmemtder review

3. Saberi Derakhtenjani, Ali, At hi eni ti s, ARredictveaContrBStrategi@sO0 2 0) . ¢
for Energy Flexibility in Response to Dynamic Electricity Prices for Zones with Radiant
Systemé .Submitted to journal dEnergiesunder review

Refereed onference papers:

1. Saberi Derakhtenjani, Ali, Athienitis, Andreas K. (2020).fEnergy Flexibility
Assessment of a Zone wifRadiant Floor Heating System by Means of Experimental
Measurements Proceedings 012" Nordic symposium on building physics, September
2020, Tallinn, Estonia, online conference.

2. Saberi Derakhtenjani, Ali, At hienitis, Andr eas K., D6 A
A Aalysisof thermal dynamics of hydronic deing system designs by means ohtol-
ori ent ed t hRroceedirig ofmedligeat Transport Systen{sl'S) 2019 World
Congress, Octob&019 Singapore.

3. Saberi Derakhtenjani, Ali, At hienitis, Andreas K., Cand
Kat herine (2019). AA frequency domain mett
floor heatings y s t @mceéding oBuilding Simulation 2019 conferenc&eptember
2019, Rome, ltaly
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4. Saberi Derakhtenjani, Alii, D6 Avi gnon, Kat herine, At hi eni
Development of a Predictive Control Methodology for a Hydrddgeicing System for
Ur ban | nf Praceddings dhtelligerg Transport SystembB'S) World Congress
2018 September 201&openhgen, Denmark.

5. Candanedo, José ASaberi Derakhtenjani, Ali, D6 Avi gnon, Atieaitisher i ne
Andreas K. (2018). #AA Pat-trienteg Madelsifor Radiant De r i
FIl oor Heat i nBrocéedipgs of esent20t®nfiesence, May 2018, Montreal,

Quebec.

6. Saberi Derakhtenjani, Ali, Athienitis, Andreas K. (2017%A A St udy of t he |
Model Resolution in Analysi of Bui | di ng TPioeedmgslof Bligimga mi ¢ s
Simulation 2Q7 conference, August 2013an Fracisco, CA, U.S.A.

7. Saberi Derakhtenjani, Ali, Athienitis, Andreas K. (2016 A St udy of the Eff
Design Parameters on Frequency Domain Transfer Functions for Radiaborwettive
Sy st ePnoseédings of @international higkperformance buildings conference, July
2016, Purdue University, West Lafayette, IN, U.S.A.

Reports:

T Saberi D e r a kChat nednaj naendha, ,h iAo s, ¢l6.( 2D hBJ eas
AExperi ment al assespmeprnt ol enérgyzbhexiwbi
heating systemo. | EA EBC Annex 67, Energy |

5.3 Future research opportunities and needs

This thesis presented a methodology to quantify and utilize the energy flexibility offerad
building or/and a transportation infrastructure. The future researthe on how to expand and
apply this methodology to clusters of buildiragal communitiedt is necessaryo investigate how
to aggregate the energy flexibility from differentisers of buildings which can be in various

multi-carrier energy systemsherefore, the future research objectives can be categorized as:

1 Generating knowledge from simulations as well as case studies aiming at optimally
controlling different clusters ofdildings equipped with various levels of thermal mass,

and other energy storage systamsxploit the flexibility
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Studying frequency characteristics of building clusters through the admittance model of
the clusters

Quantifying and establishing contingerregerves for clusters for different periods of time

and active demand response (ADR) events

Developing MPC strategies at cluster level considering cluster dynamics and those of any

centralized energy storage
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APPENDI QALI BRATI GRRCMDMELS I N FREQUENCY DOM.

The radiant slab can be modeled using a number of lumped thermal capacitances. Here an approach
is presented to obtain the transmission matrix for different lumped parameter models with different

resolutions. Initially, a first order model is consideredtfe slab as shown Figure0O-1:

G4 41 xl gc g2 q2

|
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FigureO-1. 1C2R model for the slab

The transmission matrix for this model can be obtained by writing the energy balance equation for

the noded: andTz in Laplace domain considering all the heat fluxes and the intermediate node:

8, (1) = gy (1)

T (1) - T,(1)

i R

fOc (1) - gu(t) =C(dT(Y/ d)

10,() =

By applying the Laplace transfao to equatiorabove

€q(9) = gq(9
T.(9- T(3
R
fac(9=0,(9 +sCI( x ( JO) ©)

10,4(9=
|
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then

§T.(9=T(9 +R¢ ¥ & @1 R4
[0.(9=SCT($ +dl +CR = SaqYEC 1+sCR § g

TR1

TR1 is the transmission matrix between notleandT; and can be written as:

el R gel 0gdleR
&c 1+sCR U&c 1 &1

Then, writing the energy balance equations for the nddesdT> (interior wall surface) gives:

€0 (1) = (1) T:@C(s) =q( 3

i _ 14, 49plage wandfony, _

gy =20 Te() WRBEEER ) o T09 R(Y
| R, | R

by rearranging the equations we will have:

€T,(9=T(9 *Ra( Xy eTz gel
[ (9= q(9 8&

3

R
1 ‘Séa

R2

where TR2 is the transmission matrix betweeafd T.. Using equationaboveit can be observed

that

TRtot
R, gle 0 lgRe Te
1 qug 1 Oug q8

2 TR

Tz

(D~ (D+

&
@

CCH Q

The matrix TRtot is the total transmission matrix between nddasdT.. It can be observed from
equationthat generally, the transmission matrix for every layer that contains only a thermal

resistanceR, is written as:
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el R

9 1

and for a layer that contains only thermal capacitaGces written as:

el 0
&cC 1

Using this rule, the transmission matrix for higher order RC circuits can be obtained. Now,
considering a secornarder circuit (2C3R) for the slab as showrFigure0-2, the transmission

matrix is formed as:

T, g8l R gl 0 1R 1 & 1 R T,
& o 1 cH 1 081 cbd o F g
T. R1 R2 RZ T2
*—\/\\\ ANA—@

Figure0-2. 2C3R model
In FigureO-2 all the resistances are assumed each to be equal to ttrerdrad the total resistance

(Rot) and the capacitances are assumed each equal to the half of the total slab thermal capacitance.
These assumptions adéscussed in the next section. Also, the procedure to find the equivalent

circuit parameters (resistances and capacitances) by means of optimization techniques is presented.

Results

Figure 0-3 compares the magnitude and phase angle of the transfer fuMctilom the exact

theoretical solution (no discretization) and different RC circuits approximation.
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Figure0-3. Magnitude and phase angle plot for transfer functdns
It is observed that the RC circuit models act like a-pass filters and pass signals up to a certain

frequency (cubff frequency) and attenuates higher frequesignals. This cubff frequency
increases as the model order is increased and after that the magnitude of the transfer function
remains constant. Therefore, significant differences between the magnitude and phase angles of
the exact model response and RGdels response were observed. Hence, an optimization routine

is considered to find the effective RC circuit parameters (resistances and capacitances) that

improve the match between the two models.

An objective function is defined as the second norm efstimmation of the differences between
the magnitudeNl) and the phase angleBh) of the transfer functions with each having their
respective weighting factorYg), is the value of the theoretical selfimittance transfer function
at frequency n andle is the seHadmittance transfer function of the lewder RC circuit

estimation.
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