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ABSTRACT

Ongoing commissioning of heat recovery process in a central heating and cooling

plant

Véronique Tremblay

Ongoing commissioning aims at assessing and maintaining the performance of HVAC
components in operation. Benchmarks describing the reference state are required in order
to compare the incoming data collected by the building automation systenstagain
expected values. One approach is to develop inverse models from measured normal

performance.

The current thesis is based on data collected in a central heating and cooling plant
operated in Montreal. As a measure of energy efficiency, heat rejectéke hylant
chillers is recovered for fkeating needs in the summer. This thesis presents the analysis
of the plant thermal performance over three years of operation with a focus on the heat

recovery process and the key equipment, a plate heat exchanger.

Then, the proposed benchmarking approach is desciibétlis likely the first published
ongoing commissioning methodology targeting ligtodiquid heatrecovery.lt is based

on a collection of metrics targeting the heat exchanger (Type A), and the dgpe

B). Observations on the pertinence of including both perspectives are preSdmed.
impact of the benchmarks training strategy is discussed, and the general formulation into

agraphical usemiterface is described.
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1. Introduction

The secto of commercial and institutional buildings accounts for roughly 15% of total
energy consumption in Canady,[a share comparable to the one of the residesgizbr
(17%). Surveys mention that about 30% thie energyusedin commercial buildings is
actually wasted P]. Maintaining comfort and optimal operation costs is a challenge.
Proper design and installation, careful maintenance as well as retrofit ardniing of
heating, ventilation and air conditioning (HVA@Quipment can lead to a significant
reduction of energyisage These observations underline the interest into the @éld

building systemsommissioningthe focus is put here on the HVAC.

The tem commissioning describes a process in whiehHVAC systens areplanned

and delivered with a special attention on
requirements and the actual performaritds thus a risk reduction approach for the
investa. The process logically extends to the occupation phaseipport operation and
maintenance wheaquipment degradaticemd changes in building functioare likely to

occur.The terns continuous or ongoing commissioniagethenused.

The currentstudy bcuses omortinvasive analgis of HVAC equipment performance
through the measurements made by the building autonmststem (BAS) The goal is to
develop analysis methods and benchmarkstler energy performance of installed

component$n orderto suppot ongoing commissioning

Heat recovery is a key element in energy efficiency stratdggeyy included in new

constructions and existing building retrofitsut very few commissioning directives are

1



available, especially at plant scalBhe current projet is thus acontribution tothe
performance assessment methods of such processes. It tbaslthave impact on

computational tools developmediot automated fault detection and diagnosis (FDD).



2. Literature review

2.1.Building Commissioning

The strongerreguktions on comfortand environment qualitythe necessity touse
resourceefficiently and the development of new technologies make buildysgems
more complex.The interest in commissioning incredswith this complexity. The
American Society for Heatindrefrigeration and A#Conditioning EngineerASHRAE)
released in 189 the initial version ofThe CommissioningProcess a guideline for new
buildings which has been updated twice singe 1996 and 20043]. It descriles
extensivelythe procedurewhich include (but is not restricted to) review of design
documentation, functional testing performed during equipment installation as well as the
production of an operation manual. This initial commissioning idestfiyts from pre
design phaseand is completedat building delivery. Although not yet mandatory,
commissioning is required for high performance building accreditations such asRLEED
Canaddor new constructionfd]. Indications abouthe continuity of the process within

the acupation phase are also given.

The interest for existing building commissioning emerged a little later, through guidelines

such as the 1999 publication by Haasl & Sh&iplliu, Claridgeand Turner §] mention

an average of 20% of utility savings with simple paybacks often under twofgedinss

process It was service marked under the name of ContinuBosimissioning™ by

Texas Engineering Expr i ment al St at i o n[@.sThiskcan&ributeyto Sy st e

some confusion in the terminolodpecausewo types ofcommissioningactivities are



included under this ternBoth areongoing or continuous in the rege that theyccur

during theoccupancy phasd@heyare indeed complementary.

1. General investigation and correctivemeasures implementation A systematic
analysiseventin an optimizatiorperspectivas performed to plan and implement
retrofits. Occupanté c o mment s, utility bills and
manually are analyzed. Solutions are suggested, installed and validated
Guidelines are availablesuch as q]. The processcan apply to a existing
building that wasnever commissioned, in which case it is callegtro
commissioning For buildings that were initially commissioned, the temen
commissioning is preferred

2. Ongoing commissioningand analysis of building behavioFhis type presumes
that initial, retro or recommissioning has been performeahd the gal is to
maintainits benefits Ongoing commissioningncludes performanceacking|[3,

8] by detecing the degadation of equipmendr changes in the functions of the
building. The time basidor ongoing commissioningan be quarterly or shorter,

according to the needs, scope or budgktl{ is thuslikely to outline isues early.

The International Energy Agency (IEAjublished in 2010he Annex 47[9] of the
Energy Conservation in Buildings and Community Systggnsgram (ECBCS). It
mentions the early stage of existing building cassioning in CanadaVhensubmitting
a projectfor accreditatios such as LEED Canada for existing buildirj@§] or BOMA

BESt[11], bothof the aspectsentioned abovenust be addresse@he currat studyis



howeverprimarily aimed at thesecondcategory ongoing commissioningthrough he

development o&nalysis methaglandbenchmarks

2.1.1. Benchmarks

In whole-building energy analysis protocoffor instance Energy Stdd2]), the annual
energy use is compared talues fromsimilar buildings these are called building

benchmark$13].

To keep track of energy savingS] [or to make sureperformanceis maintained the
bencimarksor reference valueare more complexThis higher level of analysigs also
called energy trackinglpl]. Energy tracking can be focused on the building or on certain
systems.To properly comparethe energy use for differentconditions the key factors
must be correctetbr the independent variables such as weatledsor occupancyin
this case, the benchmarks are mathematicalelsusingthe data acquired by the BAS as
inputs The comparison between the model predictiod actual performandeefore and
after a retrofit, for instanceallows for the validation of savingqd15]. By extension,
advancedenchmarkmodels alseenable fault detectionThe Annex 2516] and Annex
34 [17] of the ECBCS referredbtsuchusageof benchmark modeldt is assumed that
due tofaults or degradatiorthe measuredralue will be significantly differentfrom the
modeled one, because the latterrespond to expected performae underreference

state 19].

Extensive analysiand advanced models aexjuiredfor fault diagnosi§14], because of
the complex interactions among HVAC componeAtgiven symptom can have multiple

causesthe effect of individual ocombined faults must be knoh9).

5



Passiveor active testingof the systems against the benchmaskpossible, the latter
involving forcing the BAS intospecific states to verify the reactioaf the various
equipmentsn given conditions This intrusive approaclis usually performedvithin a

short testing timgfor instance during unoccupied ho(itg].

2.1.2. Energy modeling

For a building, HVAC process or equipmentodals describing the interaction between
theinfluential parameterand thesystemsallow, among other thinggnergy trackingAs
described in chapter 19 of the ASHRAE fundamentals 20009 & modellingapproach
can be either forward or reverdghe forward (classicabr whitebox) models arebased
on physical and engineering principld$hey are particularly appropriatéor design In
order to apply them to anexisting system a model calibration must however be

performed Thistime-consumingoperationrequireshigh technical knowledge.

Datadriven(inverse oreversg¢ modelsareby nature more appropriate fttre analysis of
installed, existing systeni20]. For one spetic installation, hey are defined based on
measured datdom actual behavigrby nature allowing self referencind 3. They are
typically simpler andoften more precise thaorward models. The identification of
operationpatterns, as described by Baumd@d] can be a preliminary stejo reverse
modelingdevelopmentBlack-box approachesuch aspurely empirical statisticbased
parametric modeland artificial neural networks (ANN)nodelscan perfom very well

[22]. Gray-box reverse modelnd expert knowledgarealsoused

One more distinction must be done concerning time dimension the transientor
steadystatenature of the modeA steadystate behavior assumes time variation in the
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inputs and outpwt of a system. For varying inputs or properties, models involving
differential equationsre generallynecessary23]. The ASHRAE [20] mentions that in
building systems analysishourly or subhourly measurements will generally display
transient behaviour. &ly to monthly data are more likely to be compatible with steady
statemodels It is thus possible to definghe analysistime-scaleso that a quasteady

state model approximaga transient phenomenon.

Performance indexes (PI), also called performance metrics, are measurable quantities that
provide insight on the performanoéan equipment or syster@ualities ofa Pl include a

clear definition andheability to indicatestate omprogress toward a performance g@&l [

In an ongoing commissioning perspective, the output of an inverse benchmark model can
be a performance indexhe measured valuesharacterizing the operatiororditions
(temperature, flow, power usagetc) are candidatemodel inputs The actual Pl value

can becomparedagainstthe value predictedby the Pl benchmark modeto compardghe
currentstateto the expected, standard behavioDiscrepancies betve@ observedand
predictedPl may indicate the presence of a falilhe training sample and method have
impact on the benchmark model and its accuracy. M¢aftproposednethodology for

the development dfarge primary HVAC componés benchmarksand demonstrated it

on chillers, using the coeffient of performance (COP) as PI.

2.1.3. Automation of ongoing commissioning process

The ongoing commissiamg of HVAC systems consists in collecting continuously
measured data tha& important for he evaluation of energy performance of equipment,

including the degradation of performance, detection of faults and assessment of the need



for maintenance. Data is analyzed, either online or offline, indices of performance are
displayed, and messages quads are sent to the operating team. The selected indices of
performance are compared with benchmarks (reference values) that are either target

values or arenodelsrepresentative for the normal operation of the system

The Annex 25 16] of the ECBCSpresented in 199& collection ofproceduresgoncepts
as well as a fault databafe HVAC equipmentThe UnitedStates AirConditioning and
refrigeration technology institute releasedimilar report in 2003 §]. The generic goal
of these documents ® support the development of advanced functionalfiiesthe
BAS, in orderto allow automatedault detection and diagnogiBDD) in HVAC systems

The Annex 34f the ECBCY17] describedheearlystate of thé-DD field in 2001

The experts consulted for the projects mentioned al®v&6] 17] gave priority toair-
side components such as laandling units (AHU. Interest for the water systems is more
recent; 8 outlined by Denget al [25] there aresignificantopportunities on the central
chilled and hot water planendthe correspondingater networkglocal or district) This
2002 publicatiorgave recommendation®r re-commissioningdr retro-commissioningdf
plantsand suggestdthe use okimulation tooldo assist operations and support decision

making(ongoing commissioning

The Annex 47 of the ECBCS)| releasedin 201Q covers commissioning needs for
existing and low energy buildings. The repdescribedautomatedand semi automated
commissioning tools All tools remaired at prototype level with limited FDD

capabilities and mly onetargeedheating and coolm plants



2.2.0ngoing commissioning of heat recovery processesin HVAC

Heatrecoveryin HVAC systemss one of thepillars of energy efficiency in buildings
Various strategies are available, ranging from relatipelssive (heagxchanger based)

to active (hatpump basedppproachesThe term fAactiveo here
transfer process and not the auxiliary consumption of energy, for instance by circulation
pumps. The most commorexample targets thgentilation specializedunits recover

sensibleand htent heat from the exhaust air.

These ahside equipments werevery briefly discussed ing]. The ANSI/ASHRAE
standard 84008 definedaboratorymethods to measure and test the performance-of air
to-air heat recouy systemg26] in a rating perspectivhe Annex 47 9] referred to a
few softwaretools supporting theongoing commissioningf AHU equipped withheat

recovery functionalities.

Liquid-to-liquid heat transfer can be used to take advantage of the heat rejected by chiller
condenser. In such applicationstandards ansdtomputer aided commissioning tools
appear to be inexistent. h&re are no scientific publications abouthe ongoing
commissioning ofliquid-to-liquid heatrecovery processes in HVAC systems or other
fields. As a matter of fact, the very definition of relev@etrformance indiceseeds to be

achieved.

The discussion herés limited to the liquid-to-liquid, passive caseSuwch a system
involves valves, circulation pumps andl@astone heat exchangeil emperatureliquid

flow ratesand pressure sensors are often also preAsstiming proper sensor calibration
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and the simplest possible pumps and valves (ON/OFF), the keyocemipis the heat

exchanger itselffor which thepossible faults are few; the most comn®fouling.

Fouling generates a gradual decrease of the heat transfer perforcaaseelby the
accumulation of deposits or dirt on the exchange surfddese aresomecases, mostly
with shell and tube exchangers, wharefouling level reaches a plateathe inclusion of

a saféy margin in the heat exchange surface aedesignis sufficient to mitigate the
effect. Things are different with plate heat excharsggme tothe smallest cross section
for the fluid circulation[26]. They might evenreach a critical state involving blocked
flow. Fouling in the heaéxchanger is likely the main problem susceptible of affecting
the hed recovery processut its level cannot be measured direcflhe consequence is
that even under optimal conditions, the performance of the heat recovery praoess
decreaseA complete maitenancestrategyfor a heat exchangenvolves defining the
proper cleaning scheduleand method based on mechanical, economic or energetic

criteria[16] in its specific operation context

The fPllowing sectioms introduce two groups of performance indideended tasupport

the preventive mainteince of heat recovery system in an ongoing commissioning
approach.The main component is the heat exchanger, and as an initial analysis
perspective, this equipment is the center of atter(section2.2.1). Fault detectiorfor

heat exchangers is based on various properties. drieeljstedn a literature revievand

if applicable,the approach according to whitley have beemused forongoing analysis

or monitoringis presented
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Although theheat e&changer is the key comparte it seems pertinent talso define
criteria for the heatrecoveryprocess as a whol&he idea is tdake into account the
integration and interdependence of the processes invoNexlse@nd section(2.2.2

thuslists proeessscale Plikely to complement the analysis.

2.2.1. Performance indices for heat exchangers

Kuhl mann present e[27,ia compautatibal tdolMesigned e support
preventive maintenance of heatchangers used in distr heating. The tool analysed
temperature measuremetasidentify currentfouling level @described through the fouling
resistancd?; (°CTm?3/W)) and predict the moment wheaigre-set fouling limit would be

reachedThe tool was developed and applied$bell and tube heatxchangers.

The 2003 study performed by Cui and Wa§] [on chillersandbased on synthetic data
involved the analysis otheir evaporator and condenser, which are heat exchangers. In
their experiment, the R¥as the measured lageantempeat ur e dipnflfwas enc e
compared against a parametric benchmark model hagrigputsthe cooling loadthe

chilled water supply temperature and the returning condenser water temperature.
Discrepancies betweeaneasured and predicted valuesre olserved in the presence of

faults, allowing fortheir detection

In 2009 Zhou [28] compared outlet fluisl temperature, thermal effectiveness and
conductancarea product (UA(kW/°C)) as candidatefor monitoring the performance
of heat exchangers included in a HVAC systérhe UA value appeared as the most

pertinent Pl. It was mimicked through a second order parametradel Here too,
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simulated faults corresponded measuredvalues of UA diverging from thenodel

prediction

In 2011 Monfet 4] calibrated a model of a heating and cooling plaith TNRSYS
simulation programShe observed th#te UA for a heat exchanger was about 50% lower
than the design valuélowever the changead no impacton the perfamance of thdneat
recovery systemunder analysisA significant change in UA may thus not be detectable.
The 2011 publication of Tataet al [29] mentioned that field data for heat exchangers

are often characterized with verydaruncertaintyup to 900%)n the calculation of UA.

Mohanty Q] introducedin 2011the use of the @actor calculated as the ratio of flow to
pressure drop on one side of the exchanger and illustrated its evolution duri2@ the
dayslong chemical cleaning of a shell and tube device. THac@r shows a certain

correlation to the overall heatatrsfer coefficient (UkW/ °CTm?).

In 2012 Pogiatzi®et al [31] modeled the timeariation of the resistance for the fouling
layer R and used the classid@NTU method to compute the corresponding heat transfer.
Their goal was to optimizehe heat exchager cleaningcycle The 2013 paper by
Markovski et al [32] useda similar approach for a network of heat exchangers. The

authors applied steady state analysis by a combination of averaging and data selection.

The 2012 paperybGeni et al[33 is one ofvery few scientific studies involving plate
heat exchangers operated in district heatiftige authos performed two campaigns of
measurements, the firshortly after installation and the second one year latkeyTused

the classicalNTU methodto evaluatethe actual fouling resistance &1d manufacturer

design software to obtaitihe water shear stresg~or a first goup of heat exchangers
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(radiator3, they observedan average fouling resistance of 0.048m%kW per heat
exchangerside, which is slightly above the design recommendatiofiere was no
significant variationof Rs in time, which appeared to indicat® fouling development.
For the second groupdlpmestic water heatgrshe measured [Rncreased ignificantly.

After one year, ishowed a strong correlation to the shear stress.

It must be mentioned that in all the studies presented above ¢24ef0, 32 and33],
synthetic data was used for analysis. Moreover, the heat exchanger models were all
steadystate models with no timlagged valuesMeasuremest were performedinder

steadystateconditions

Other authors studied the dynamic behavior of-eeahangers. In 2000/eyeretal [34]
generated synthetic data with a lumped disetiete model and then used a whiiex
recursive scheme to compute the overall heat transfer coefficient U stedwisg
analyzel its variation in oder to detect the simulated faults. Eal in 2005 B5] stated
that in HVAC applications, first principle models were insufficient to predict the
behavior of heat exchangers due to stronglirearity in the phenomena. TheANN
showed good accuracy for modelinige heat transfer rate in theeatexchanger for an
AHU. The algorithms were presented as good candidates for control optimization, not
performance monitoring toolsAstorgaZaragosaet al in 208 [36] used an adaptive
algorithmic observertolerantto the expected slow decreasddJ caused by fouling while
being sensitive to abrupthangesdue to settled material breaking off. The ongoing
monitoring was thus not based on comparison between the miasutexpected value

of the performance index, but on the time scale and intensity of the variation it would
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undergo. All these studies used synthetic data whd@&}salso included laboratory
testing.Authors B4, 36] insisted on the necessity of filtering and smoothing input data in
regards of the high impact of noise. In all these studies of dynamic models, the sampling

time was between 1.5 seconds and 1 min.

2.2.1.1. Existing took for heat exhanges ongoing commissioning

The Siemens Maintenance Systeampanyreleasedn 2010a maintenance application
callediit He a t X c[B7M8§] that perbrms the ongoing commissioning of fluid-fluid

tube bundle heat exchangers used in industrial applicafim$or HVAC systemy. It

uses as inputs the inlet and outlet temperatures of both streams and corresponding mass
flow rates. The measurementsdetd the estimation of actual heat transfer flow rate,
which is compared with two reference values that are estimhyechumerical
simulations: the heat transfer flow ratg under clean conditions, and 2) under maximum
tolerable fouling stde. Warnings ad alarms are issued when the heat transfer

performance is below the acceptable limits.

Figure2-1 Plate heat exchanger
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It is worth mentioning that th8iemens application for plate heaxchangers requirdke
simulation model of each manufacturer to estimate the two referencédrederrates

andis not supported in the available version
2.2.2. Performance indices for heat -recovery process

The2012ASHRAE Handbook on Systems and equipme?& devotes an entire chapter
to air-to-air heat and energy recovery exchangkrnscludesmethods for ratingpased on
seven criteriathe sensiblethelatent and total effectivenessése supply and exhaust air
pressure drops, the fractio exhaust air transferred to the supply air and the ratio of
supply inlet to outlet air flowThese sevencriteria are laboratory testefibr two sets of
conditions simulating winter and summéihey allowfor classification and comparison
among technologgand are expected to varsignificantlyin field conditionscompared

to laboratory measurements.

Considering performance assessnfenthe overall processhe handbook introduces the
notion of RecoveryEfficiency Ratio (RER). The caseof a liquidto-liquid applications
simpler becausedakage effects are not considered, the analysis requires no significant
correction forfluid dilatation and no condensation is preserffihe heat transfer rate

occurringacross such a heat exchangeguueely sensible ahis calculatedrom:

0 do Y Y, Equation2-1
whered is the mass flow rate (kg/s), the mean heat capacity (kJ/kg°C) and T
and T; respectively the outlet and inlet temperat for the fluid. In the absence of heat
losses to the environment, theagnitudeof Q for each stream shoube the sameThe
RER for a passivdjquid-to-liquid heatexchanger based process becomes the ratio of
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heat rate¢hrough the exchanger {Qeed), divided by thetotal electricalpower P of the

pumps circulating the cold and warm fluids on each:side

YOY —— Equation2-2
Thi s guantity IS similar t oHortelang39.0Fore ¢ a |
measurerants performed in a cooling and heating plantalse quantified therecovery
rate (RR), defined as the ratio of the heat recovery rate divided by the total rejected heat

at the condensers.

A few definitionsfor the coefficient of performance (COP) of goound cooling and
heatrecovery processesan be foundn literature Durkin [40] used in 2003 a ratio of
heat flow rates to electric power to characterize a dedicated heat recovery chiller.
Kaushik [41] used a similar approach in 2011 to evaluate the performance of a

simulationbased recovery system:

o0V Equation2-3
where Qi (KW) is the evaporator load, &uvered(KW) is the heat recovered andeRical
is the electrical input of the equipment involved in the praeskhis includes the
chill erés compr es s oagoglingdower dan.| Thet System wasunatp s

actually built, but COP was obtained from simulation (synthetic) data.

Gong[42] suggested in 2010 a recovery COP formulation involving exergy analysis of a
system from recovarng heat from an air conditioning device to jpeat domestic hot

water.
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2.3.Summarizing remarks after literature review

Only a few publications aravailable on the topic of heat recovenyHVAC that could

be applied to thengoing commissioningrhe processs likely to be mostly affected by
the degradatiof equipment, here heat exchange Under the hypothesis that thermal
performance degradesue to fouling, ongoing commissioning could be based on a
comparison of measured performancef the heat exchangewith a benchmark
corresponding to a theoretical performance lithialso appears pertinent to quantify the
impact of the degradian on the processes put into interactipnthe heatecovery loop.
Complementary indices thus seem interesting, and abeld also allow insights on the

operation and its evolution.

Most publicationsare based on synthetitatg the application to measured deta
presented in this thesis a new contributionto the field In addition,mostexperiments

involve shell and wbeexchangersthe study of a plate heat exchanger is also distinctive.

2.4.0bjectives of thesis

The general objective is thewklopment oin analysis andenchmarkingnethodology

for the ongoing commissioning dfquid-to-liquid heat recoveryin HVAC systens
Benchmarks are developed for a corpus of measured data generated by the BAS of a
central heating and cooling plaint which heat is recoveregdom condenser wateilhe

study is performed offline, but the data is analyzed in a chronological approalen gm

the incoming of operation data through the season.
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The benchmarks are defined from standard operation data, or at least data assumed to be

free of faultsHere are the two sets of benchmarks against which incoming data is tested:

A. TYPE A: il i mipter ® br ma n c efar thea paurr eqaipmient (heat
exchanger). e incoming data is compared to a limekpressed in terms of
effectiveness andased orthe following criteria

o Power :minimumand limit based 0ASHRAE 90.1[43];
o Cost minimum.

B. TYPE B: with processscaleperformance indiceg-or some of them, benchmark

models are developedfollowing the methodology ofMonfet [24]. The

measurements cdhenbe compared with benchmark predictions.

In a realtime operation of the method, the detection of a discrepancy with respect to the
benchmarks is supposed to trigger an ajarecommending maintenance or further
analysis. Simple fault detection through performance assessment is envisaged, without

diagnosis.

The data collected from the central cooling and heating plavides an opportunity to
analyzethe fouling for a plate heat exchanger opedhin HVAC; the fouling growth

regimeand R aredescribed andiscussed

18



3. Description of the plant

3.1.Concordia Scence building and central plant

The R. J. Renaud buildingso called theConcordiaScience building (CSB)was
inaugurated in 2003 on the Loyola campus of Concordia University, Monirbal.
building containslassrooms, laboratories and offides a btal floor area 082 000 nf.

In 2011 a newving was deliveredthe Genomic pavilion has four floors plus a basement
(total 5350 ) and its heating and cooling water loops are connected to those of the
CSB. Monfet [44] studied the CSB through a calibrated simulation; the building was
observed to be more sensitive to internal loads variation than to wéldibdemperature

changes were stronger in the heating and cooling wates kban in the ventilation air.

Figure3-1 Concordia R.Renaud Buildingright) and Plant(left)

A central plan{the RF) provides theCSBwith two hydraulic loopgor heating water and
chilled water,both intendedo space conditioningSteam isalso produced for various
needs. The dmting watelloop is activeall year long In the cold and shoulder seasons,
two smallchillers locatedwithin the buildingprovide forlow cooling load. The plant

large chillers are activenly when thebuilding chillers are not sufficientgenerally
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between April and the end of Octob&he plant chilled water loop thgmovides for two

buildings AD and CSB but the main share is devoted to [dhiter.

The Figure3-2 illustrates the plann cooling mode. For simplification, the steam boilers

and SOFAME are not illustrated.
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Figure3-2 Plant schematic in cooling mode

Heat recovery is a key element in the desigiegrationof the heating ad cooling

systems During the cold season, energy recuperdtech the flue gas of thesteam
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boilers provides for most of the heatingeds in the CSBrhis operation is accomplished

with the means of a boiler economizer (th@FAME) and a plate heat exahger
identified as HX1on Figure3-2. During thewarmseaon, when chillers arn@ operation,

heat is recovereffom the conderes loop of the firstto-start chillerusing a plateheat
exchanger identified as HXJhere is no simltaneous operation of the plant chillers and
boiler economizer; HX1 and HX3 are never operated togeffileyear long,whenheat
recovery is not sufficient, steam can be used to complete water heating through a shell
and tubeexchanger identified as HX2n 2011, an electrical water boiler was added
downstream the HX24ts operation igestricted bythe total electrical usagend contract

electricpower for the campus

Monitoring data generated by sensors of the plant and CSB are collecagh the
BAS for analysis. Theneasurementsan beused toassesshe performancéevel and its
evolution as well as tdevelop and test benchmark models. The collected data allows the

analysis of two main processes:

1) Heating water production through heat recovery:
a) Forreheat during theusnmer and shoulder seasgmain heat source = HX3)
b) For winter-time heatingmain het source = HX1)

2) Chilled water production (summer and shoulder seasons)

Previous studies on this corpwu$ data have mainly focussed on the chilled wate
production [24, 39, 45, 46, 47]. The current analysis extends the approach to the

equipment involved in thkeat recoverprocesoperated in the warm season
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3.1.1. Chilled water production

When the plant3165 kW (900T)centrifugal chillers are operating, hdled water is
circulated by either one or two of the constspéed pumps P1 and Phe chilled water

temperatures and flom the CSB loop are measuradd recorded

Eachchiller is connectedo a cooling towe(CT). The cooling towers are operated when
required by the chillers load. They are equipped with variable speed fans. The CT outlet
temperature and the fan relativerighle frequency drive (%VFD) are measuraad
recorded The constantspeed pumps P3 and P4 are devoted to the cagrdeops.It was
observed that the association pump/chiller/coetowger is maintainedrom 2009 to

now;, for instancechiller 2 (CH2) is operated with chilled water punR2, coolingtower

CT2 and condensevaterpumpP4.

A single chiller is required during most of the season, the second one being added for
high loads, about 10 to 25% of the tinfde transition from one to two chillers ocsu
around 2500 kW ofotal cooling loadat theplant When operated in tandem, the chillers
were observed to share the tatablingload evenlyOver thewarm season, the roles of

the chillers are inverted a few timespevent them fronageng toodifferently (first-to-

start versudbackup). Temperatures are measuiatt recordedt the inlet and outlet of
chillers evaporators and condensérke electrical power input to each chiller is also

measureand recorded

The notion of cooling group is sometimesed in the text. It refers to chilled water

production involving a chiller, a cooling tower (if necessary), a condenser water pump
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and a chilled water pump all in actiohhe firstto-start cooling group feeds the heat

recovery process involving HX3.

At low cooling loads(winter and parts of the shoulder season) the plant chilled water
loop is not activethe 352 kW (100T) chillers located in the CSB provide chilled water.
They are not operated with cooling towetlse extracted heat is rather transfdrte the

heatingwater loop, yet another example of heat recovery.

The starup ofaplant chiller thus involves effects on both water netwotk3.he chilled
water loopbetween the plant and the buildibgcomesactive.2) The heating water loop
starts eceiving heat fromthe condenser of the plant chillers rather than from the
buildingé. The heat rejection is noecessarilyperformedat the same temperatue the
building and plant chillers. Upon heat recovery stgrtthe heating water loopehavia

does not changagnificantly hydraulically butit might dothermally.

3.1.2. Heat recovery process during the warm season

Figure 3-3 presents a simplified schematic of the equipment involved in heat recovery,
with the location of semss and the identification of the measurement point. Only one
cooling group is illustratedor simplification. Thisis coherent with the fact that only one

group at atime provides for the heat-recovery process.
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Figure3-3 Measurement points location

Heat recovery through HX3 takes place when at least one of the plant chillers is in
operation. The exchanger receives corsge water (CND) from the firdb-start chiller.

The recovery process uses two constant speed pumps: P5 circulates the warm fluid on the
CND side, and P6 circulates the cold fluid on the heating water (HW) side. This recovery

process is always (and onlgpne when chilled water is produced in the plaiie heat
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extracted from the condenser loop through dneetvery reduces the load on the

corresponding coolingpwer, and thus the electricity used by the 29 47).

The inlet and outlet temperatures on both sides of the exchanger change value over time
and are thus the key variables involved in the study oiMéuien seasoieat recovery
process. Three temperatures are actually measured: 1) the"M¥turand 2) the supply

Y temperaturesn the HW side of the exchanger as well as 3) the temperature of the

water leaving each condensejyps on the CND sidémeasured upstream of P5)

The heating watercirculation between th plant andthe CSB is maintained by three
variablefrequencydrive pumps(VFD) P7 to P9or which the VFD a value between 0
and 100,is measuredand recordedThe pumps action is controlled automatically,
adjusting in reatime. There is also a flow matéor this loop.The HWdoes not circulate
through the buildingtself; plate heat exchangers allow theat to be transferrei a
glycol-water loop.Adjustable valves controlled by the BAS modulate the HW flow for
these heat exchangers. No measured datee recorded for the glycelater heat

exchangers.

A specificity of the HW (cold side) of the HX3 exchanger is to be mentiohieel. HW
loop is connected to the heat exchanger loop with a commori{48herhe water flow
ratedriven byPump 6 (107 L/s) is greater than t8&B heating water loop during the
cooling season (around%/s). This generates a-pérculated wateflow ratefrom point
B to point A of Figure 3-3. The temperature of the water entgriHX3 (Y ) is thus
warmer than the temperature of the heating water retfrn § from the CSB due to

mixing with heated watest temperaturéY . Additional heat can be added to the HW
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loop downstream of HX3 tbughHX2 andelectrical boiler(after 2011)to complete the

heating load.

3.2.Plant equipment as -operated

Monfet [47] presented an evaluation of the performance of the plant in Plad9esults
demonstrateddifferences betweenhé design and asstalled properties of the
equipment The asoperated parametemsstimated in 2009vill be used heregdesign
values are presented Appendix A The other characteristics are cited from the plant

operation mamal and equipment specifications produced by the consortium in charge of

the construction49].

Table3-1 Operation equipment propertiesn 2009

Iltem Description Capacity Powerinput
Chiller (each of 2) Trane CenTraVac CVHF 0910 Q max= 3165 kW | 525kW
Chilled water pumps Bell & Gosset series 1510 3BC 86.75+ 0.0L/s | 75 kW
Cooling Towerqeach of 2) Baltimore Aircoil model 3676A Qmax=4750 kW | Fan
Prax = 30kW

Condenser water pups Bell & Gossett VSCS 10X12X11 75 hp 110 L/s+1.2 56 kW
(each of 2) 1800rpm
HX1 Alfa Laval plate heat exchanger, None

single pass, count@urrent
HX2 Shell and tube None
HX3 Alfa Laval M20-MFG plate exchanger None

single pass, counteurrent

133 gasketed plates, 0.5 mm AISI 136

Exchange surface = 111.3Bm

Designedor 1035 kPa, 107°C
Heatingwater pumps Bell & Gosset series 1510 4BC Vmax=53 L/s 56 kW
(each of 3, P7 P8 P9) 3500 RPM
Pump 5 HX3, Bell & Gossett VSCS 6X89%,40hp 1800 rpm | 60+06 L/s 30kwW
condenser water side
Pump 6 HX3, Bell & Gossett VSCS 6X8X%# 40hp 1800 rpm | 107.250.75L/s | 30kW
heating water side
Pump (2) for glycol loop, in | Bell & Gossettseries1510 4E 1800 rpm, 10 hp| 36.6 I/s 14.9 kW
CSB 612
Pumps (2) for glycol loopn | Bell & Gossettseries1510 2E 1800 rpm, 20hp | 14.5 /s 7.5 kW
CSB 470 (10hp)
Electric water heater Cleaver brooks WE243 1020kW Qmax=1020kW | Max 1020kW
(added in 2011) 3 phases /600V /60Hz at 600V
Pump to Electric heater Armstrong 403EBx2.5x61.5 11L/s 1.2kW
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All constant speed pumps and fans are considered to be operated at rafBuerpower
usageby circulation pumps and fans also the rated value; no electrical readings were

performedn the context of thistudy.

3.3.Data collection

Data colection is performed through the BAS. Time series for more than 100 points
recorded every 15 minutes are available. Most measurements correspond to the numerical
value (temperature, pressure, etc.) at the end of each interval or to the current state
(ON/OH-). Some measurements, however, the logger only updates according to a pre
defined sensitivity. The heating water pumps variable drive is an example; the recorded
value (%VFD) is not updated if a change less than 10% away from the previously

recorded vala occurred during the interval.

The Concordia physical plant provides an access to a weekly report for a selection of
points. It takes the form of a spreadsheet with the state data as well as numerical values
for seven consecutive days. The spreadshemit@matically transferred to our research
group by email. The selection of the points was made in the perspective of a previous
ongoing commissioning project by Monf&4]. Most of the data used for the analysis of

the 20082010 period thus corresponds to archiv€le current analysis, including

filtering and averaging, is based on the original spreadsheets.

In the context of the current project, the list of measurements and state data to be
included in the reponivas updated. Several onsite visits as well as verbal and written
communications with the operation employees provided informabomplementssuch

as sensors specifications and details on the operation sequence. Finally, a verification of
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the flow for thestreams driven by constant speed pumps was performed with the

cooperation of Canmet Energy in October 2012.
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4. Methodology

The measurements are presented and briefly analyztdthe plant general thermal
performances as well as the properties of tte¢ Brchanger arealculated These results

are presented in chapter

The general ongoing commission approach for the heat recovery sigstaefollowing

At the end of eaclevaluation period, for instance each ddyoperaion, the ongoing
commissioning functional blockomputesthe daily value for the relevant performance
indices. They are grouped in two categoriggin equipment statéheat exchanger
effectivenessipnd processPls. This information iscompared to the behmarks, which
are the reference values for these quantiaeslwarnings are generatefdinvestigation

seems required

This chapter containshitee main sections. The firsf4.1) presents the benchmarking
approactfor thehed exchangerand thesecondoresentshe procesgerformance indices
(4.2). Finally a discussion on thdenchmarks trainingis presented(4.3). The

demonstration of the approach on the measurensepé&sformed in chaptes:

Dynamic studies of heat exchanger performarsek 35 36] requirea sampling rate of
one minute or less, whereas the data acquisitiarentral plant is performed four times
per hour, which seems insufficient to track the transient phenomena. The current study

will thus be limited to steadgtate.
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4.1.Limit s of performance for main equipment (Type A)

The heat recoveryprocesgdescribed he is characterized bw relatively small electrical
usage from circulation pumpgs hence it is considered as passividhe system is
susceptible ofliminishing efficiency as the equipment degradkee toheatexchanger
fouling. Valve, pumps and meter faikiare not considergthe available measurements

not allowing the assessment of their state

The common practicib(] in heat exchangatesign is to oversizéhe capacitypased ora
constant value of fouling resistanBe The allavanceis based on empirical knowledge
and can be seasto correspond to the effeof fouling over thedesignated service cycle

for the facility. Heat exchanger fouling is complex; the decrease in heat transfer
properties often combined with an increasepressure drops site and processpecific

It is not possible, nor desirable, to modeld predict thefouling here, but rather to

determinehe level that can be tolerated.

A minimum or limit performancecanthusbe establishetieyond whichheat exbanger
cleaning should be undertakehis corresponds to Type A benchmarkiRgrformance

limits aredefined according to energyndfinancial argumentsThe tolerance here is not
based on safety dhe mechanical equipment; it is not possible to knowhat level of

fouling the flow is so impaired that the pumps cannot work the fluid through either side
of the exchanger. The hypothesis must be made that the power and cost limits are such

that they are reached before the mechanical limit.

The limits areformulated here in terms dhe heat exchangeeffectivenessU This

choice issomehowequivalentto working in terms of fouling resistang®;) or UA.
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Effectivenesg(), as will be further discussed.{.4, is an intermediatealue inUA and

Rr assessment and hifisislower uncertainty bands

Whendetaileddesign data is availablé,can be used to determitiee numerical values
for the limit performance benchmarkghis is not the case here and operation data will be
prefered. The 2008 season is the first available and serves here as the refgrematon

state Measurements were performed under conditions assumed to be normal.
4.1.1. Effectiveness of a heat exchanger

The heat exchanger effectivend§s)s an intrinsic property for the equipment that is
typically constant under constant operation conditions, unless fouling occurs. For a heat
exchangetJis defined as the ratio of the actual to thaximal thermodynamitieat
transfer ratgit thus varis between 0 and 1.d\bublications involvingJas a performance
index in the context of ongoing commissioning of heat recovery processes or heat
exchanger were identifiecbut he evaluation ofUis normally used assupport in
scheduling cleaning operati®n30]. Moreover, this quantity is compatible with the
available measurements and allows for the calculatiorallobther heat exchanger
properties(see4.1.4 below). Limited to steadystateapproachJof a heat exchanger is

[5]]:

- , Equation4-1

whereQ is the heat flow ratéEquation2-1) and C is the heat capacityate (in
kJFC), obtained from the product of the mass flow i@atand heat capacity,.cFor the

case ofHX3 the waterflow on the condenser sid¥ \p) is lower than thavater flow
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rate on the heating water sidé/w); henceCnin = Cenp. The effectiveness ishen

calculated as follows

- . Equation4-2
The value used fo4 corresponds to the temperature supplied by the condenser
connected to thheatexchanger4 . The numerator oEquation4-2 is based on cold

side temperatussand properties becaueesemeasurements are availablere

The degradation in heat transfer due to fouling should translate into a decreasing
effectiveness.Type A benchmarkinglimits are expressedhere in terms of U and
comparisons performed using data averaged at daily scale. This is in concordance with
the ASHRAE[20] recommendation restricting the use of steastdye models to daily or

larger scalen order toremove ime-lag effects.
4.1.2. Limit performance based on Power

When the heat recovered through the heat exchanger HX3 cannot satisfy the demand
0 for heating water in the building, additional heat is provided througlstism
exchanger HX2or the electical boiler BR1 (after 2011) Assuning that Q. is the

additionalheat

) ) U Equation4-3

According toASHRAE 90.1 standarf43], reheat inot permitted in a zone except if at
least75% of the energy corsdérom onsiterecovery(including condenser heaf)here is
no specific provision concerning heating and cooling plamis;interpretation of the

standard here is tis the following. The sunof the additional heat and the electric input
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of the two pumps used to operate the heat recovery loop should not exceed 25% of the

buil di ndetnand.r eheat

0 P W0 ) Equation4-4

C

0
whereX = 0.75 and P only includes the heat recovery pumps.
For a given period of operatide.g. day or week)if the mean measured ettiveness is
gr eat efititabsanmed that the condition imposedtiystandard is satisfieénd
therefore the cleaning is not requiréthder this approach, the heatchanger cleaning
should bescheduledwhen Ubecomes equal tby,, the minimum effectivenessvalue

allowing compliance with thetandardvhichis for HX3:

- Equation4-5
The solutios to Equation4-5 are obtained by substituting the operation conditions, the
constant quantities and eventually relations between some variablesation could be
obtained from design information, btihe value of”Y  poses a challenge since
recirculation makes it dependent upon the fldve Equation4-5 can be compared to the
effectiveness corresponding to 1zetro power recoveredr power balancdn thatrather
basiccasethelimit is reached when thedectric inputexceeds the recovered heat transfer

rate:

- Equation4-6

If the hea transfer through HX3 is reduced by fouling, one consequietizeincreaseof
the load on the cooling towerthe nonrecovered heat must be rejectéal the

environment To refine Equation 4-5, the power usage term couttus include the
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additional electrical power usage at the cooling tower fan caused by the current value of
U This would require the calculation of a reference, initial fan power usage in the absence

of fouling, for the initial value of effectiveness.

4.1.3. Limit performance based on cost

The heatrecovery becomes a source of expense (instead of a savingsuopgpwhen

its operation costs more than the usage of an alternative heat source. In this perspective,
the minimal acceptable effectiveness can be exprdsaseld on theost balanceThe
information used in the calculation of the heat and electricgyiscsummarized imable

4-1.

Table4-1 Information for operation cost calculation

Alternative heat | Shell and tube steam/water heat excharagsumedi1

source -
Natural gas steanoliler, rated efficiency]=81.6%
Heating value at sea level G=37.3 M# 10.35kWh/m3 [chap 28 of reR(]
Rate Seectriciy= 4.41¢/kWh (Hydro-QuebedVi-Ratg [52]

$pas= 44.83 ¢/m? (commercial customeusing2010 average rafeom [53])

The cost of producing complementary heat is calculated from the properties of the
furnace, steam exchanger and fuel. Data fi@hle4-1 are combined to obtain the cost

per kWh of heat:

QG0 — — Qw0 a

34



r
] T l.lJ-G" Equation4-7

-
A V8 g

Cost balance corresponds to a condition where the cost of operating heat recovery is
equal to the cost of simply heating the water by using natural gas. This is based on the
assumption that heating might be reqdirand is availableat any time when the needs

are not fulfilled by the recovery. The power demand of the recovery pumps and heating

demand of complementary heat should cost less than the cost of heating provided only by

natural gas. :

0 V] A 0 A v A Equation4-8

After simplification:

ca
>
cA
>

Expressed iterms ofUj

- - AQ: Qb0 1 06100 @ (from Equationd-9)

where$eiecrricity (¢/kKWh) is the price of the electric energy and.$(¢/kwWh) is for

the themal energyThe final formulation in terms of effectiveness and energy costs is:

- 50 B30 8 B Do

Equation4-9
8 q

It might rot be desirable to reach such a trivial limithe power and process industry
introduced[54] the notion of optimal servicing cycle in its practice. It is especially

important in installations where heat eaalger operation is continuous and when various
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cleaning options (chemical versus mechanical) are availablenentioned by Pogiatzis
[31]. The goal is to identify the optimal cycle duration minimizing the toparationcost
while maximizing the throughputhere thereheatenergy The cost of the cleaning
operationandthe detrimentaleffect of effectivenesksses are part of the required input
data.This method howeveattoes not appeaompatible with a HVAC case fearumerous
reasos such as the variation in the inlet temperaduaadthe discontinuous operation.
Moreover, theoptimization is based on increasing costsh&fcomplementary heat, but

as will be discussed below.b.]), the systenactually sees no increase imQ
4.1.4. Other steady state formulations for Type A limits

The limitsintroduced abovevereformulated in terms ofl The conductancarea product
UA and the fouling resistance Rare derived from Uand alternative complementary

formulationsof thelimits are possible
41.4.1. Conductancarea productUA)

The function linkingUand theconductancerea productA depends on geometry and
flow arrangementlt involves an intermediate quantityhet number of transfer units
(NTU). For countesflow arrangementgb1]:
0°YY —b& ¢— Equation4-10
wherethe capacity raticC; = Cyin/Cmax The dimensionless number NTallows
for the calculation of UA as follows:

~

Yo 6 07YY Equation4-11
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The overall value of UA depends on fouling, but also on the properties of the heat
exchanger material as well as theconvection coefficients in each fluid, the latter being

sensitive to the temperature.
4.1.4.2. UA from the lbg mean temperature difference

The temperature difference between both inlet fluids can be seen as the drivingf force

the heat transfer throughe heat exchayer. It is also possible to combine the four fluid
temperatures into one quantityh & l og me an t e mp g,rdafinedr e di |
according to the flow pattern. The heatovery plate heaxchanger HX3 is counter

flow and singlepass, thus:

Equation4-12

YY Y5 Y & YY Y g "Y §  Equationd-13

This quantity provides an alternative way of computing UA.

7\6 - Equation4-14
y
In the case of HX3, only threeut of the four temperatures are measured. An energy
balance between streams is appliedh the hypothesis of no thermal inertia andheat

lossesto generate the missing temperature valug: k).

o Y Y 0 Y Y , Equation4-15

from where:

Y g Y Y — Y Y Equation4-16
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4.1.4.3. Fouling resistancd;

The conductancearea productA is expectd to change as fouling builds up. Knowing
the heat exchange surface (A = 111 m?) and assurhagtie initial heat transfer
coefficientU in clean state is §J the fouling resistance can be obtained fi&6j}:

Y - — Equation4-17
The value of U is obtained from measuremeitsthis study, we used as reference
conditions, that is the clean state, the year of 2008. Hdmee]dsesequivalentvalueto
1/U is the yintercept in a time plot of 1/U for the reference season (200 R is
thenproportional to the tim&arying term if variation in the fouling resistance is present

(not asymptotical)

By nature, the value of {Rat a given time is only property of the fouling material
thermal properties and layer thicknesgslike U and | varying withthe temperature and
flow. Considering that flows are constant and that the temperature span in egsich
streamvariesis relatively small £10°C), it is assumed that the effeat temperatures

negligible.

4.2.Process performance indices

This sectionpresentsa number ofperformance indices (Pfrom their first-principle
definition. They are used as metrics to provale insight to the heat recoveryopess
They have the advantage of spreading the analysis beyond the limits bkedhe

exchangerencompassing the processes linked together by heat recovelipg heating
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and pumpingln the current discussion, the tedgfiype BO i s

derived from tis group of metrics.

4.2.1. Performance ind icesfor the heat recovery process

Four performance indices are calculated in the current project.

Table4-2 Heat recovery procesgerformance indices

u & bahcmbrksr

Equation
Recovery o
Efficiency YOY ———
Ratio v
Compound B O s D s
Recovery 00 v - - - - - - -
coP 0 0 0 0 0 0 0
Relative o U
Load Yo 0
Recoery .0
Ratio Yy 0

The RER is adapted from the rating oftwair heatrecovery systemst was introduced
in section2.2.2 like thecompound recovery CQE. For the calculation of the lattemly
the eletric input topumpsandfans of the group involved in the heat recovempcess
(first-to-start)are considered her&hebackup group if active, is ignoredFor instance,
if chiller 2 is the firstto-start for this period, thenc® = Pp2, Penp = Pea, Pan = Pet2 and
Pcy=Pch2 This index appears interesting since the decreasgyndpe to fouling and its

expected effect (higher cooling tower faower usageaffect the Pby lowering CORE.

The RelativeLoad(RL) and Recoveryratio (RR) are simply thkeat rate through HX3

divided by the réheat needs for the firsand the available heétom the condenseor

the second.
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The powerinput (P) of fans and pumps obtainedfrom specification sheets in the case
of constant speed motorBor variable drivs, it is possible taise monitored relative
frequency drive (%VFDJo obtain a power value in the absence of power measurement

from pump affinity laws $1].:

0 e U Equation4-18
where, RPM is the rated rotational velocity in revolutions per mjfiFdesigniS

the design revolution velocity afthaxanthe fan full capacityk\Ww).
4.3.Inverse benchmark development

The question othe training set for benchmark developmemist be addresseds
inverse benchmarks and modelsgytare defined, or trained, based on operation data. A
complete season theoretically the ideal set, since it is representativalldhe possible
operation conditions.d¥ practical reasons, such a large set may not be avaitaihe
month setis thustestedtoo. The benchmarks obtained from seasonal and mosgisy

are canpared to one another.

For the Type B benchmarks, inverse models are develdped?| value is obtained from
its definition (Table 4-2). It is then mimicked by #inear parametric modeGiven the
inputs x, y, and z, such a modakes the form presented Eguationd-19. The fifth term
takes into account colinearityetweenx and y if present; the sixth is for secenidier

dependence.

00 OO 0w Qd Qoo E Equation4-19
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The goal is to solve for the parameters (a8
cal cul ati on. The sel ectssopportedfby undeestandimgyepfr e s s o
the process and statistical tools (covarianegtagistic, tstatistic).It can thus be seen as a
gray-box inverse modeFor the same selection of regressamd terms, different training

sets will generate slightly diffent parameter values, thus different benchmarks.

The internal performance o model can be analyzed throughe coefficient of
determination; a perfect fit leads to R2=1, whereas the absence of correlation is equivalent

to R2=0[23]. For a linear fit, R2 is:

2 I— Equation4-20
where y is the individual observationyis the mean value of the n observations
and w is the individual value predicted by the modEbr a n points sample, the

normalized version of the coefficient of determinatiof iR used if the numbeof

parameters (K) is higher than two.

Y p p Y — Equation4-21
For a giverPl model, thebenchmarks obtained from the varidtaning sets can thus be
compared based oN . Another interestingecriterion for model evaluationis the root

mean squared errf23], the RMSE measurindhe precision of thenodel

YO'YO —— Equation4-22

The benchmark model leading to the highest RMSE is #ms [@eciseThe RMSE can
also be used to assess the external accuracy of a.modilat casethe remaining

sample is compared agaitise predictionsfrom the benchmarks
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5. Analysis of measurements

This chapterfirst presents thesensors and their pmsion (5.1). The generic description
section (5.2) includesmean seasonal valuesb$2rvatios on the time behaviouare
presented Significant cedependences aralso described.The key aspects oheat
recovery are themtroduced effectivenessUA and R are discussed i6.3, heat transfer

through the heat exchangerartand the sources afdditionalheating in5.5.

The addition of the Genomauilding and new equipmertb the CSB hydronic loops in
2011 involvedmajor modificationsto the plant loadsespecially those related to the
heating waterFor this reason,he data is fractioned into two subsets, 22080 and
20112012 the first is analyzed in this chaptehile the latteris presented irAppendix

B.
5.1.Precision and uncertainty

Accordingto standards such as the IPMVES], ASHRAE standed 14 [B5] or ASHRAE
guideline 22005 p6], a field data (x) must be presented with theorresponding
uncertainty(Uy), a twadigit value bearing the same dimensi@ssxand denoted by the
symbol plusor-minus ). Uncertainty has twaomponents: the bias error,jBwhich is

not affected by the number of readings, and the random componght (Ru

Y 0 YO Equation5-1

Coleman b7] recommends, in the absence of any information on meter precision, to use
one half of the smallest digit of digital displays as bias. It is then assumed to correspond
to the 95% confidence interval recommended in KVf56]. This applies herdor
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instanceto the power usage of the chillera recording of 579 kWfor chiller 1 is

interpreted a®cp; = 579.M +£0.50 KW.

Sensor specifications are available for temperature and flow sensiaitenhin the plant

as well as for the portable flemeter used in 2008 and 20[47]. They are summarized

in Table 5-1. When uncertainty reported by the manufacturer is presented as a global
qguantty, like for the first two sensors, Colemas/] recommendspplyingit entirely as

biascomponent

Table5-1 Precision of temperature and flow meters

Sensor Rated precision Calculation
Endress + Hauser . BT G . e
i o] Tw quation5-
Electromsg\?venc Flow mete 0.5% + 1mm's
romag V is the measured flow (L/s) and,¥, is the
50wzhul0alraOblaa/DM flow corresponding to 1 mm/s velocity
Siemens building . ; .
Temperature sensor 56¥7 0.3 + 0.005T°C
rtd 1000ohm platinum-40- T is the measured temperature (°C)
240F
Bias:

1 0.5% of calibratable
Controlotron Strommeter accuracy

ultrasonic portable flow | §  zero drift <15
metermodel 1010WDP1 mnvsec Yo
Random : 0.15%
repeatability

6 mWInh w Equation5-4

T8t T @ov Equation5-5

Sensorsfrom Table 5-1 havea precision varying with the magnitude of the measured
guantity.The following example illustrates these of the Controlotroan the coldstream
reachingheat exchanger HX3 he diameteof the pipe is 20.3 cr(8 in) and the reading

is 107.2 L/s The minimum fluid velocity in mm/s is calculated from

® 08 GUM ¢ OINDHQOO Q& —— 1810 JO Equations6

0 mhinmupng mdo ¢ T x (fromEquation5-2)
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During the measurement campaign of 2012, the display flickere®.6f L/s during all

readings. This effect is considered here as a random component, and adds up:

Y ™ x T 1 1) u/s(according tdequation5-1)

Finally, w p & 1 T® WFi. The same reasoning was applied to otleues

resulting irto Table5-5:

Table5-2: 2008Measurements and precision oconsant flow pumps

ltem Pump Diameter at Flow (L/s) | Uncertainty (L/s)
Tag | measurement point
CH water pump | P1, P2 25.4 cm (10 in) 86.75 0.9
CND pump P3, P4 30.5cm (12 in) 11000 1.25
HX3 (CND) pump| P5 20.3 cm (8in) 60.00 059
HX3 (HW) pump P6 20.3 cm (&) 107.D 0.75

Unless stated otherwisiine symbokt in the current document refers to the uncertainty on
the value The random component of Ris considered zero for the Binute recordings.
The total uncertaintys calculatedbased on the above or enror propagation. In that
case, the uncertainty on a quantity (y) derived from measuremiatxX4£ X))
combines the error contribution from each inpthie generic formulation suggested by

[15, 23, 56, 57 and5§] is, for the bias component

0 B —0 Equation5-7
This is an approximation assumingncorrelated inputs with independent bias

correlatiors among inputs are usually neglected in engimgeanalysis $8].

5.2.Generic description

The current study focuses on the heat recovery performed on the condensers loop during

chilled water production by the plant. For the recorded period, the combination was
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obseved to be systematic: if a cooling group (chiller, cooling tower and pumps) is

started, the recovery system is activated.

Figure5-1 presents the moment and duration for each chilled water production event on a
common monthly \v8w; each solid bar corresponds to an event. April and May are typical
of discontinuous chilled water production in shoulder seasons. The longest event
corresponds to Chiller 2 (gray) operated from +dushe to the middugust 2008, with

Chiller 2 (black) addd in peaks.

; : ! J :

L.
)

soosl CHILLER 2 |
Rilllm e
Apr May Jun Jul Aug Sep

Figure5-1 Operation pattern for the cooling groups, 2063010

Table5-3 summarizes thduration ofoperation of the heat recovery system and chillers
over the chilled water productionseasons of 20082009 and 2010 The duration
associated with HX3 corresponds to the total numbewopafration hours for the heat
recovery processThis number is inferior to the sum of the hoafsoperation ér CH1
and CH2 because th@peratein tandem gimultaneouslyin a certain proportion of the

season.
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Table5-3 Description of the operation

2008 2009 2010
CH1 | CH2 | HX3 | CHL1 | CH2 | HX3 | CH1 | CH2 | HX3
Total (h) 1457 | 1685 | 2914 | 1600 | 883 | 2136 | 1849 | 1448 | 2656
Total plant (h) 2954 h 2207 h 2702 h
tandem (%) 9.2% 14% 23.7%
Number of events 64 29 63 60 38 77 64 36 78
Shortevents (24h) 53 22 47 53 31 66 51 22 59

5.2.1. Constant speed pumps

Flows of constant speed pumps wérst measured in Seginber 2008, theim October
2012with the same equipment and methodology. Wagplicabé, the sensors were put
in the same location on the piphe N/A values for 2008 flows are the consequence of
maintenance operations ongoing in the plant at the tinmaeasurementsnaking one

group non operable.

Table5-4 Water flow rate for onstant speed pumps

Design 2008 measurement | 2012 measurements
ltem
L/s L/s L/s
Chilled water pumps
P1 796 N/A 72.9 +0.86
P2 ' 86.75+ 0.90 71.9 + 0.86
Cooling tower pumps, value used for condenser flow
P3 1315 N/A 110.3+1.3
P4 ' 110+1.2 117.0+1.3
Heat exchanger 3
P5 (CND) 107.3 60.00 £ 0.59 37.8 +0.53
P6 HW) 107.3 107.25+ 0.75 10500 + 0.74

The heat exchamg HX3 was designed for equal flows on each side, but is operated
differently. As seen inTable5-4, asignificant reductior(~30%)in flow occurredon the
condenser sidef HX3 between 208 and 2012 which corresponds to the flogriven by
pump P5The hypothesis can be made that this flow reduction is caused by fouling. This

stream is exposed to outdoor air which carries various contaminants such as pollen or
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dust. The heating water sidef HX3, circulated by P6, is a closed loapdwas not as
significantly affectedThe cooling tower flowgP3, P4)changd moderately whilghe
chilled water flow(P1, P2)was reducedby ~17% Thisdiminutionis probablylinked to
the major modification in the hydraulics following the additiortteé Genoméduilding

to the CSBoopsin 2011.

The flow values for 208 listed in Table5-4 are used irthe analysidor the 20082010
period and they are considered constasction 5.3.3 discusse the impact of this

decision on the analysis of HX3

5.2.2. Measurements of relevant variables during chilled water production

Table 5-5 presents the average values and standard deviation (S) for relevant variables.
The sanple used fofable5-5 considers only the periods during which heat recovery and
chilled water production was active based on the@H¥F states of the components. The

samples include stadp points.

The chiller power input wasiot available in 2008. The heating water flow rate on

Monday to Thursday morning was not recorded from 2008 to the fall of 2011.
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Table5-5 Meanand standard deviatiorduring chilled water production

Variable | unit 2008 2009 2010
Mean S | Mean S | Mean S
Toa °C | 21.6 48 | 225 45| 23.2 4.8
RH % 42 23 40 22 42 23
W L/s 86 18 91 23 100 26
Y °c | 7.03 0.69] 7.12 0.30]| 7.07 0.41
Y °Cc | 11.0 1.8 | 11.5 151 114 15
® Us | 42.4 8.3 46 7 52 8
Y °C | 32.2 1.8 | 31.8 1.6 | 30.7 1.4
Y °C | 29.6 1.3 | 29.1 1.2 | 28.2 1.1
Y °C | 324 2.0 ] 33.2 19 1] 323 15
Y °C | 28.3 0.52] 28.3 0.5 | 28.36 0.44
Y °C | 6.78 0.52] 6.75 0.41| 6.8 0.5
Y °Cc | 104 19| 11.2 161 111 1.5
0 kW | NaN NaN|] 303 94 288 80
w00"Y| % 41 16 43 14 47 17
Y °C | 33.3 1.7 ] 33.1 16| 324 1.3
Y °C | 28.50 0.45] 28.52 0.45] 28.50 0.35
Y °C | 6.73 0.32] 6.73 0.28] 6.74 0.42
Y °C | 10.9 1.3 ] 11.0 14| 11.3 1.4
0 kw | NaN NaN|] 292 85 297 77
w00"Y| % 42 12 47 15 55 20
Y °Cc | 31.1 1.7 1 30.6 1.7 1 295 1.3
Y °C | 32.0 1.8 ] 315 19| 304 1.4

The measurementgenerally display a normakymmetricaldistribution The exceptions

are the presented below

1. The relative humidityin the outside air isof asymmetricaldistribution (nomn

gaussian)a large proportion aiheasurementare in the rang&5% to 23%.
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Figure5-2 Histogramof relative outdoor air humidityfor 2008
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2. The chilled water flow distribution has two lobésgure5-3), due to the fact that

the flow is maintained by either onetaro constanspeed pumps.

2000 T T T T T T T T T
[ =
S 1500F i
©
3
g 1000 2
Q.
£ 500r .
oo
0 | SRS ] ! 1 p R—— 1
0 20 40 60 80 100 120 140 160 180 200
CSB
Verw (Ls)

Figure5-3 Histogram of CSB chilled water flow rater 2008

The peak value for each lobe is not equal to the measured value for the
corresponding pump established in 2089 [ Various reasons explain this. First,
flow is measured at the CSB level whereas ltog also provides for another
building. Second, two pumps operated in parallel do not generate a total flow
equal totwice the effect obnly one of them26]. Finally, it was observed that the
flow-meter records a small n@ero value when the pumps are OFRis can be
considered here as partbfé 1 nst r u-23m/6)6s bi as (

3. The measurementfor the heding water variable speedpumps (VFD) are
discontinuous, assuming values over defined ranfj@s isdue tothe sensitivity
limit programmed in théogger(not updating measuremeifitthangeis < 10%).

4. The cooling tower fangio not operate in the rangd ¢ FD =1% toVFD =2%%,

but all values from 30% to 100% are possiblee distributionis thusatypical
5.2.3. Heat transfer rates and loads

For each stream, the mean temperatlisg)(is calculated from:

Y s ¢ Equation5-8

49



Table5-6 Meanwater stream temperatureT,q

Seasonall 5,4 Of the water streans (°C)
Season
CHle | CH2ev | CSB CHV| CH1c| CH2c| CSB HW HX3 HW,|
2008 | 8.58 8.79 9.03 30.39| 30.92| 30.92 31.57
2009 8.98 8.87 9.31 30.74 | 3082 | 3047 31.04
2010 | 892 9.00 9.25 3033 | 3044 | 29.46 29.97

Table 5-6 summarizes the seasameraged mean water stream temperatures for the
evaporators, the chilled water |lpothe condensers and heating water loop and the cold
side of the heat exchangdihe propertieg and heat capacity, @re calculated atach

point for the stream mean temperature

The Table5-7 presentghe stream temperatudifferentials (Tqi¢), all in absolute value.
The temperature differential is the difference between the inlet and outlet fluid

temperature for a given stream.

Table5-7 Mean temperature differentials

SeasonnalT 4 for the water streams (°C)
Season d d IEd | d 4 4 1 Fl Jlg <
'I|iﬂll 'I|iﬂll 'I| flrms '||i;—l'lfl '||iﬂl 'I|7|Ff£§%z§ ‘||i 1
2008 3.60 4.13 4.00 4.09 4.84 2.62 0.87
2009 4.45 4.29 4.38 487 461 2.68 0.93
2010 4.31 452 437 3.93 3.89 242 0.94

As Ty IS a derived quantifyEquation5-7 is applied to thealculation ofits uncertainty
The bias uncertainty at the mean stream temperéiaigle 5-6) for 2008 is obtained

from Equation5-3.
5

OREWNMULUT® T8 Q

And applyingEquation5-7:
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It is worth mentioning that the bias uncertainty on temperature measurements is
conservative; although the sensor displays up to the second decimal, the rated precision is
fifty timeswider. The temperature differential measured at HX3 is nevertheless larger
thanits bias uncertainty0.87 + 0.65 °Candthereforestatistically significantThe use of

a temperature bias more coherent with the display (second decimal) woltlidhtesa B

roughlyten times smallefThe rated bias is however used below.

The heat transfer rate aaotherderived quantityl he error takes the following form:

0 — 0 — 0 — 0 — 0 — 0 Equation5-9

6 QY'Y 6 ww 0o 0w 06 LYY 6 oYY 6
Here is an example of uncertainty calculation of heat transfer rate at confientber

mean daily values on 20687-15.

V=110.0+1.2s = 0.110+0.001 2 m3¥/s
T1=29.00 £0.44°C and,I= 32.00+0.46°C (bias evaluated frétquation5-3).

The water propertigs and ¢ are evaluated at the mean stream temperaiw:g= 30.50

+ 0.65°C. Using the upper and lower bounds of the mean temperature to estimate their

variation:
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$=995.59 * 0.28 kg/m3 ang & 4.178 000 +0.000 097 kJ/Kkg.

After numerical substitution iBquation5-9:

0 PHOT YT TP ¢ ¢CROT LI T cPOTLUE @ pdm@ P PPOT LLEO T UL

6 WcgTtOTT T&OMT TP UL TWITP ¢ wWQW  Equation5-10
The two last terms dEquation5-10 should be ignored, which is equivalent to assuming
water properties are absolute values. The first term, caused by bias on flow, is also very
small compared to the contribution of the temperature bias. Finally, the rate is (from
Equation5-1)

0 WY Y poxdUQwn
With the appropriate formulation: @ 1370 + 290 kW.

The evaporator and condenser loads as well as the heat exchanger heat transfer rate were
calculated usindg=quation2-1. The flow measurement performed on the chilled water

loop wasused for Q, calculation(seejustification in5.2.5and Figure 5-14); when two

chillers are in operation, the total asured flow is divided evenly between the

evaporators.

The mean seasonldads andheat rates are summarized Table 5-8 along with the
corresponding calculated uncertainijere too, the reduction of the tempera biasto

the second digivould result into dividing théotal errorby roughlyten.
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Table5-8 Mean heat transfer rates during chilled water production

Seasonal mean heat flow rat¢kW)

item 2008 2009 2010

0 1200 + 160 1530 + 170 | 1460 * 160
0 1400 + 160 1470 + 170 | 1540 + 170
0 1500 + 180 1720 + 190 | 1890 + 210
0 1870 + 310 2220 + 290 | 1800 = 290
0 2200 + 310 [2110 + 1290|1780 + 290
0 440 = 110 490 + 120 | 500 + 140
0 390 + 290 410 + 290 | 420 * 280

TheFigure5-4 presents the averaged value of the cooling and heating loads for the plant
as a function of the outside air temperat@neor bars are not presented, for clarifyhe

plant cooling loadcorresponds tdhe instantaneous sum of the evaporator load of the
chillers. The outdoor air temperatuiie)a definitely has impacbn cooling loadsvhereas

the reheat load appears to be relativebnstant
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Figure5-4 Meandaily loadsvs outside air temperature2010 season

The heat flow rate observed through HX3 is generally inferior to the corresponding
heating load of the CSB; for instance, ttrean 0 T T Rw while the mean
0 o wTwin 2008. 1t is likely that pumping, through friction effects, adds a

certain quantity of heat accounting for a significant proportion of the observed difference.
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The difference betweerhé recovered heat and the HW load is further investigated in

section5.5.
5.2.4. Time behavior of temperature and heat flow rate

On Figure 5-5, one event of chilled water production and heat recovery istidted
through hetemperature of fluidéor May 17" 2008, aday from the shouldeseasonThe

bias uncertainty bandsf roughly0.46°C for all measuretemperaturevere not included
to simplify visualization.Temperatures are not constatite condensewater supplied

temperature is affected lepoling loadvariations
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Figure5-5 Time-variation of water temperatures during chilled water production

N
I

A delay of one to twadl5 minue time-steps isoften noticed before the temperature
fluctuation on the condensguid is propagatedn the HW sid€Figure5-5). The reason
might be a combination of the followinfactors The length of piping between the
condenser outlet and the HXBlet may delay the occurrence iRIX3 of a change

occurred at CNDsSecond, there may be some thermal inertia

Since there is no measurement point at the inlet of HX3 on the condenser side, the

temperature value used for calculations is the one measurdek atohdenser outlet
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('Y ), upstream of pump (Figure 3-3). When operated in tandem, the chillers share
the load evenlyln Figure5-6, CH2 is the firsto-start whenaddingCH1 at high cooling
load, there is rapid drop of fluids temperature of rougHRC within less than one hour
(Figure5-6). As a counterpart, the interruption GH1 involves the temperatures to rise

rapidly. The effect is transferred to the HW side of the heahamger

38 ‘ T T I T T I I T 1 I T T I T T
Start-up CH1 —, - TCH1
= 36} R e . L. CNDs |. _
S (oHe
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% 4L Fa R _—THWS 2
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£
KPP .- ARSI Wtial - W | SR . v

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
00 03 06 09 12 15 18 21 00 03 06 09 12 15 18 21 00
Time (h) after midnight, 2008—08-01
Figure5-6 Effect of chiller operation mode on temperature®r Augustlrst 2008

The time variation in temperatusedoes not systematically man that steadystate
approximationis impossible; the chssical UNTU approach for instancdepend on

temperature differentials, which appear to be relatively stable.

The temperature differentiél 4i), which corresponds tile difference between the inlet

and outlet temperature for a given fluid investgatedbelow. All 2008 heatrecovery
events were aligned on a common tienés from their beginningHigure5-7). The mean

value undergoes a relatively steep increase involving a sign change within the first two
time steg, followed by stabilization Eigure5-7 A). The dispersion of points decreases

significantly within the first hour, as illustrated by the decreasing standard deviation
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(Figure5-7 B). The variations iriY ~ should affect théJ , especially 1in

operation
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Figure5-7 Time variation of(A) Mean Ty and (B) Sy for HX3in 2008

The temperature differential was evaluated fardlaporator and the condensat the
time-resolution available, it is not possible to identify a delay between the evaporator and

condenser temperature variation for a given chifegure5-8 illustrates this for chiller 1
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Figure5-8 Time-variation of (A) mean Ji and (B) g for CH1 in 2008
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A similar analysis was made for the last ten hours before turning OFF the chillers and
interrupting heat recoverynot illustrated) No significant change in the dispersion
(constantS) appears to be linked with stoppitige processfrom chiller as well as from

heatexchanger perspective

A startup effect followed by stabilizationis however observed when considering
temperature differential§he use of quasi steadyate modelsight be possibleafterthe
stabilization; in other words the firéw time-steps of all eventshould be considered
transient Visual inspection ofFigure 5-8 allows for the distinction of the boundary

between transient and quaseady state arourahe hourfor chillers for HX3.

1400
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Figure5-9 Time variation of T and R.y,during a chiled water production event

An additional argument to separate data based on a distinct pattern-ap stases from
the corresponding electrical power input measured at the compréspare(-9). The
shape of the temperaturdfdrentials and electric input are similar for a given chiller. A

peak is present during the two or three first readings.
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For the complete 2008 season, the points consideaaedient according to this criterion
represent?.6% of the total recorded tinfier chilled water production and heat recovery
The data filtered from the staup points will be referred to as quasi steathte

(QuasiSS¥rom now on and no dynamic analysis will be performed.

5.2.5. Relevant co-linearities

The temperature of the water |l@ay the condenser is proportional to theolking load

measured at the evaporatas illustrated ifrigure5-10for the case of chiller.1

[°C]
&

CH1
CNDs

g
w
o

0 500 1000 1500 2000 2500 3000
QS (kw)
Figure5-10 Tenpsas a function ofQ,, for CH1 200915-min QuasiS$lata

The heat recovery process through HiX3ed by only one andenser loo@at a time.An
important change in regime occurs when the plant goes from one to two operating
chillers a condition in which theyshae evenly the high cooling load. Since HX3
receives colder water froma condenseroperated in tandenmode the possible
temperature gain is loweAs a consequence,dlsupplied reheat water temperature for
the building decreases whéewoth chillers are in operatiofrigure 5-11). This transition

occurs around 2600 kW of totabolingloadas measured at evaporators
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Figure5-11 BuildingHW supplytemperature as a function o€ooling load

This observiion suggests that heat recovery analysis in terms of total plant cooling load
is lesspertinent tharsimply focusing onthe chiller providing for the heat recoveay a

given time

The colinearity of al temperatures related to the heating water (H&Wd their
dependency upothe available condenser water temperaigréo be mentionedThe

variation of four temperatuses a function o cnpsis presented ifrigure5-12.
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Figure5-12 Heating watertemperatures as a function ofT¢cyps 2009 15min data
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Figure 5-13 presents thdiltered 2009 15min flow measuremestfor the CSB heating
water with respect toinlet temperatureThis dependencesi observed fomll cooling

seasons

Figure5-13 Heating waterflow rate vssuppliedtemperature at CSB200915-min data

There is a flow measurement redundancy for chilled water. The available continuous
flow measuremernis performed on the CSB loop; it does not include the stiteaming
for the AD (illustrated inFigure 3-2). The CSB building is however by far the main

contributor to total plant load.

5000,_ ................. S amennE s s hamssened S S n-*”-‘----.
. 4000% ................ s ..... g L T o
= CTH0 0] SO : o . e R
S° 20001 - -
. Solo, constant V
1000+ < Tandem, constantV |-
Lo ; SB
o . Relation based on VCHW |
0 1000 2000 3000 4000
CSB
Qo kW)

Figure5-14 Total load at evaporator versu€ SBooling load,2009 QuasiS8ata

When only one chiller is in operation, the correlation between the plant evaporator load

and building loadKigure5-14) is directly proportiona(slope = 1) with an intercept of
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29.4 kW for the 2009 Quasi SS dataset. This represents 2% of the average plant load in

that mode and the value can be interpreted as the mean AD cooling load.

The difference is much larger (~500 kW or 30%) for the cagese chillers are operated
in tandem due to the overestimation of the fl@sulting from calculations based on the
constant rated valud.he measured flow recorded in the buildinghss more precise

(and exactjhantherated constant flow for load @ailationand is thus preferred here

The chiller power input (P) is measured for all seasons except 2008. This value is
required to compute processale performance indices. In order to include the 2008 data
in the analysis, a replacement P value is ugedinear parametric inverse model
(Equation4-19) of the chiller power usage in 2009 was developed to obtain P from data

available in 2008.

The relative amperage (%RLA) measurement for the chillers is available for the whole
threeyears sample. Before 200@ was generated bgn equation system based on
constructor data, %RLA and.Qwas used39, 47]. Here a stepwis®LS was applied to

the following candidate regressolRLA (%), Qe kW), Q.(kW), as well as second order
and interaction terms (total afine regressor candidatesiising the complete 2009
QuasiSS, 18nin data adraining sample. In the stepwise method, a term is added or
removed if it improves the fit2[3]. Despite the cdinearity in the regressors, the
interaction terms did not improve the model significantly. No strong residual pattern was

observed. It resulted into a feparameter fitEquation5-11, valid for both chillers:

V) PA TEWYOOmMipPe TmBrp PX Equation5-11
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For theEquation5-11, 'Y =0.97, which means the fit is significahtere, RMSE =15.22
kw, from which the replacementalue and precisionon the model predictiorare

obtained based o24]:

D © a YO YO Equation5-12

The factor z is dined by the confidence interva2d]. For two-sided normal distribution
considering 95% tolerance, z = 1.96 in large samples (n>30).-Jta¢idtic is used for

smaller samples.

Finally, the chiller power model is:

0 0 o TTQ(A) Equation5-13

5.3.Experimental value of effectiveness (R)

This sectionusesdaily averaged measurements, which are ngcorapatible withsteady

state. In the averaging processly the quasi steadstate points were retained (see

5.2.4. The shoulder seasons involve processes that can be active a few hours each day. It

could happen that the daiyne average includes 24h of recording while the chdlay

operated during six hours. To rigorously combine averaged versions of the measured

guantities, the same sampldere the six hours of chilled water productionust be

used. For this reason, proceseecificdaily averagesvere calculated.

Accordingto the ASHRAE guideline 2.20056], a set of repeated measurements can be

considered a mulsample experiment. In that perspective, the individual readings used to
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compute for instance,the mean daily value allow the detenation of a random

uncertaintycomponent based on statistics:

Yo (XM—_ Equation5-14
In Equation5-14, S is the standard deviation in the sample, n the number of readings
random uncertainty component of zevas asigned tothe 15min time step dataThe
datareduction process generating the mean daily values however results in the
determination of a random component for each-aene sample. The uncertainty
calculation is illustrated here for a day in the peak@eathe daily mean for the water
temperature at the inlet of HX3 is based on 96 individual measurements and corresponds

to 31.26°C with a standard deviation 0f=3.15°C. The temperature sensor determines

the bias component:
6 TBIMUOR Q@ T® T @ (based orEquation5-3)

The random component is calculated from S

Yo P& (pMS: T® O (from Equation5-14)
The total uncertainty on the diamean value is obtained from:

Y ™Mo TG T p (from Equation5-1),
This results in the mean daily measurementYof odc¢ ™ P .

The calculation of the uncertainty on the experimehtahvolves error propagation

analysis The general form for th8of HX3 is:
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R (from Equation4-1)

Values for theJuly 18" 2008 are used The bias presented betweeragenthesis ()is
calculated from information available Trable5-1.
1 V¢=107.25(0.75) L/s, M60 (0.59) L

1 Te&=31.26 (0.46) °C T.=32.21(0.46)°C and §=33.82 (0.47)°C
T k=0 cy)d(} cp)h=1.003(no bias)

The numesgal value ofUfor these conditions is 0.822. The calculation of uncertainty on

is based oiquation5-7:

T_' & L ) L & T_ & T_ &
w w Y 1Y Y

—a
—

After numerical substitution:

6 X T LU O XTTT® W @ x m @ TR x T @ e m 8 X

6 WWmxm ™8y e T T W

A similar analysis is then performed for the random components of temperature values.
(Rurei = 0.23C, RUuro=0.26°C andRur,=0.31°C). The total random uncertainty &his
Rug0.28. Finally, both contributions are summed accordirggoation5-1, resulting in

the daily valuelU= 0.82+0.56, or a relative error of 68%. The kbiasninated error is a

consequence of the high ratednperaturesensor bias.

Despitefiltering, some calculatedlvaluesin 2008are nomphysical (>1) theyare more
commonfor samples includingess than 24 hosr as illustrated ifrigure5-15 A. These

incomplete setare less numerous than true daily meassdescribetly the histogram of
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Figure5-15 B. Although their wider errebars cover the physical rangeseéemgustified

to ignore these values
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Daily mean values actually calculated frdess than 12 houisf operationare rejected as

well asnonphysicalU The resulting averagseasonal values are summarizedable

5-9:
Table5-9 Mean annual effectiveness
YEAR U
2008 0.8 +063
2009 0.76 +051
2010 0.60 +0.38

The mean dalily filtered effectiveness as a function of isnglotted inFigure 5-18 for

the three available yearfhe process is not active between November and April.
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Despite the wide error bar®ot illustrated) a global decrease seems to be present
Seasonal patterns were also investigatedrigure 5-17, the timeaxis is the daten

calendar dayswyithin the chilled water production season.
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For each season, the shoulgmriods (May, Septemberyhow a slightly higher meald

than the remaining datét. is likely due to the fact that the cooling load is then lower,
which results in lower temperature for the condemssger. This makes the denominator
smaller in the definition 0of) Equation4-2). The same applies to weekend versus week
day values, generating oscillations in the daily average visible in the 20080¢ tigeire

5-17. For the peak season (midine to Septembetlis relatively constant in 2008 and
2009. The 2010 season includes a decrease in July. It was not possible to link it to

maintenance or changes in operation (nasayailable).
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The dependace upon the operation conditions througheathseason makes it hard to
assess true valuefor the effectivenessor instance,he Udecrease observed tine first
half of June 200§Figure5-17) could have been incorrectlynked to fouling;but Ugoes
back to high mean values in SeptemBR&08 It appears that for the case study, a
complete season of operation is required to determine the general patttdra eartje of

Ovalues.

The measurements show a significant decrefd¢ o v @hreeyeanperiod, coherent
with fouling buildup. It is interesting to mention that although several months passed
between each season, the measured values show no significant gap at the transition. This

indicates that the property does ohange when the exchanger is not in operation
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The time dependence bfin terms of calendaday Figure5-18), R=0.08, is very poor.

Hence, there is no significant time dependenceUoh terms of calendar days.
Alternatively, since the heat recovery process is discontinuou§lcéue be expressed in
terms of the cumulative sum of operation hours as a-tafezence Figure 5-18), in

other words a timdérame specific to the heat exchanger operation.
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It was possible to obtain a model of tariation ofeffectivenesd)as a function ofhe
cumulative sum obperation hoursFor thethreeyear periogd R?=0.76 which indicates

that the variatiom f U i n t e r msis statisticatlysignificart The fitist i me

- TOT VP pTQ Equation5-15

where h is the total number gberation hours for HX3.

It is worth mentioning that fit parameters (intercept and slope) require numerous points to
reach stabilizationAn ordinary least square regressmwas performed for theataset

using an incremental approackccording to that mébd the sample size was
incremented by adding chronologically all available points and performing OLS upon
each addition. fle parameters (slope and intercept) took roughly 3000h to stabilize

(Figure5-19), which corresponds to methan one season of operation
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Figure5-19 Stabilization of parameters foeffectivenesstime fit

To complement the analysis of the fit Ofs a function obperation timethe R and

normalizedRMSE (Equation4-22) (CVRMSE),areused R3).

0 wYD YO— Equation5-16
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Figure5-20 Statisticalanalysis ofthe effectivenesstime fit

The strong variation in R2 in the 3000 first operation hdé&igure 5-20) confirm the
impossibility to conclude after only one season (2008 Udoesdecrease. Although the
R2 reaches the critical value of 0.75 arour@D® hours of recorded operation, the

increase in error (CVRMSEpntinued.The modekrror increasewith the samplesize
5.3.1. Experimental value of UA

The value of UA as a function ddwas calculated for valuespresentative of HX3
(Figure5-21). Close temperature differentialgi() correspond to high values fdrwhich

means high UA.
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The calalation based on legiean temperature atd@NTU lead to very similar results;
discrepancies arise for limit cases where thE are very close to one another,

challenging the stability dEquation4-12.
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The UNTU methodcombires Equation4-1, Equation4-10 and Equation4-11. Evenfor
the daily averaged QuasiSS ddthiered from low reliability (<12hours of recovery for
the day) and nophysical values of) the UA values arstrongly dispersedespecially in

2008 as illustrated ifrigure5-22.
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Figure5-22 Mean daily UAthrough the 2008season

After rejection of the points moredh one standard deviati@wayfrom the mean, the
corrected mean UA for the 2008 season becdo®esmvearcor— 720kW/°C. The design
UA for the heat exchanger is 882 kW/°C, based the design fluid tempsraiwtdlows
(Appendix A), and with glycol in the HW fluidThe seasons of 2009 and 2010 show a

less dispersed UA, and no correction to the mean was performed.

Uncertainty calculationdased on the partial derivative methfmat error propagation
were madeThetotal error isvery high in Table5-10, thetotal uncertaintyon UA based

on temperature measurement precise to the second decetsd presented

Table5-10 Mean seasonalalues for UA

Year UA (KW/°C) Using corrected bias errg
2008 720 + 1900 720 #8848
2008 490 + 850 490 +383
2010 287 + 340 287 #130

The experimental uncertainty is outside acceptable bounds, even whenausioig
reasonable temperature bias. One reason is the random remhpmherent to the
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measured quantity, which remains significaiithe simplified approach for error
propagation presented Bquation5-7 is apparently insufficient here. Additional terms
taking variables cdinearity into accoat might be required. This advanced uncertainty
approach, only briefly presented iB3] and p7], is beyond the scope here. Even in a
paper discussing the uncertainty for heat exchangers in theanystant industry 49,

the authors dichot use it. They mentioned 900% error was observed in sansgu
experiments involving small temperature difference. The traditional error calculation was

also considered invalid by Mawkski [32].

The dispersion in the calculated values for UAg(re5-22) is howeversmaller than the
calculated errorlt will thusbe assumed here that UA is valid, to alloywaRalysis.A
seasonal w@ation is present. the measured UA in the peak season is lower than in the
shoulder months. This is linked to the condenser water temperature, as previously

observed concerning
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Figure5-23 Evolution ofthe mean daily UA20082010

5.3.2. Experimental value of Rs

A fit of 1/U as a function of the total number of operation hours was performed in order
to identify the dependence and the intercept. The resulstatiatically soundjuadratic
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fit (Y =0.85 RMSE = 0.05§ for which the intercepts 1/U;=0.14°CimzkW. As
mentioned in4.1.4.3 this value is linked to the conductararea product irreference
state. The corresponding WA792 kW/°C is coherent with the mean 2008lue. The

resstanceof the fouling deposit Ris calculated as follows:

Y - — (from Equation4-17)

For the thregrear sample, the experimental growth regime 0§ R

Y - ™Mt & pmnQ Equation5-17
where h is the total number of operation hodrse growth pattern of Ras a

function of operation time is presented for tifiered mean daily data Figure5-24.
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Figure5-24 Foulingresistance as a function of the operatidime

Themeasurementsf 2008 alone do not confirfiouling build up The main reason is the
seasonal variatigrthe varation of the U, term caused by temperature fluctuatismsot
smaller than the effect of foulinghe hypothesis of negligible temperature effect (done

in section4.1.4.3 was thus incorrectNormalizing for T (as Kuhlmann2[/]) would
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reduce oscillations ifrigure5-24, but this is not possible withodetailedmanufacturer

data.

It is likely that the fouling was developedmostly on the condenser sidecause fo
atmosphed particles brought from the cooling tower$his is coherent with the
significantflow loss observedor the corresponding streaaver the 208-2012 period
(Table 5-4). Although the heat exchanger was designed for equal flows,rdie
condenseside flow rate is smaller than théeating waterflow rate Low flow favors

fouling by reducing Isear stress between plaféd].

Geni [33 listed various fouling resistance valuased for the design of plate heat
exchangesuch asR; between0.035and0.045 °Gm3/kW per sidefor treated cooling
tower water The HX3 reachedotal valuesfive times larger by the end of the 2010

season.
5.3.3. Considering flow variation between 2009 and 201 2

On September 25 2008, a flow of 60.00+0.59L/s was observed on the condeitepf
the heat exchanger whereas on Octob8r2012, the value had decreased to G¥0860
L/s. The growth of the fouling layer is assumed to be the cause of this flawti@a

The variation is assumed to have taken placelingarll i ke t he variati on

In section5.3, it was observedhat fouling takes place during the operation of the heat
exchanger.Unfortunately, the total number of operation hours between the two
measurements isnknown becauseof the severallost weeks of recording in 201The

flow decreaseés thus applied linearly in terms of calendar dadysing this corrected flow
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The difference between the-ased and the corrected values is illustrateBigure 5-26
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The use of a linear distribution of the flow decrease is the only posgpl®achhere

although the discontinu@s in Figure 5-26 show it to be moderately appropriaté

however allows for an estimation of the effect of flow variatibmngeneral,it appears

that the hypothesis of constant flow leadsao overestimationby 0.10 of the man
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seasonall i O, leading b an underestimation of 0.05 f&kW for R. This is
roughlyl 5% of t he as,andBeodorRy. Withuhés infmind, he@donstant

value is however used for the remaining of the analysis.
5.4.Heat flow rate through the heat exchan ger

The discussion on uncertainty from sect®f.1also applies herélhe mean daily heat
transfer rate through HX8n the heating water sidessuming constant flow rate from
constant speed pumpsplotted as a function ahe total hours oQuasiSSoperation for
the seasons 206810 inFigure5-27. A seasonal shape is present, with globally lower
recovery rates in shoulder months. This is likely explainedalbgombination of the
following: 1) lower reheat needsand 2) lower cooling loads resulting in lower
temperature for condenser watef\gs A split in two parallel subsets igsible in 2008

an 2009. It corresponds to weekd (lower) and weekdays (uppeperation of HX3.
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Figure5-27 Heat transfer ratethrough HX3as a function of operatiortime

As the total number of operation hours increases, the mearfldwatate through the
heat exchanger was expected to decreaseh#feuling layer growh confirmed by the

analysis of] TheFigure5-27 however indicates the oppositaere isa slow increasef
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Quxs in time. The phenomenon is likely to be caused by a variation of the driving force

the temperature differene inlet for both streams

The Figure 5-28 shows that the maximum possildleermodynamicheat transfer rate
through HX3 (Qax definedin Equation4-1) is not constant from a year to another. On
the contrarythe daily mean increaseAs a consequence of growing,§& the decay in
heat exchanger hettansfer properties (or {Rncrease) did not result intmwer heat

recovery rate.
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Figure5-28 Maximal thermodynanic heat transfer rateat HX3 voperation time

Both inlet temperatures of the fluids entering the exchamged to decrease over the
20082010 seasonsbut the returning heating water does so four times faster than the

condenser wateas seen in the casponding regression modélable5-11).

Table5-11 Linear modelsfor temperature, 20082010daily data

Y O CUYpmQ
Y o® &8 X pmQ

The decreasing tendency in the temperatures on theoetiWrsabovethe set poinof
28°C [49]. The whole loop operates at decreasing mean temperatuteg &suling
buildsup, but the réheat needs are still fulfilled and the minimiamperaturas never
reachedat which additional hedtom HX2 would be required
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This critical limit could have been eventually observed in subsequent seasons, but these
conditionsdid not occur The modifications to the building and plant that took place in

2011 make the determination of this limit irrelevant here, but the use of regression

models combiningY h"Y  andUcould have allowed it.
5.5.Additional heat for the re-heat process

The notion of complementary or additional heat for theat needs was introduced in

section4.1.2 It is obtained fronEquation4-3.
0 O 0 (Equation4-3)

The result is plotted against the supplied temperature at HKRjure 5-29 (only points

averaged over more than 12h per)day
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Figure5-29 Additional heat as a function obutlet water temperature at HX3

A non-zero value for @ appears to bpresent in all the temperature range,rdasing to
a relatively constant value of AW as the water supplied by the heat exchanger HX3

reachesS1°C.
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There ishoweverno evidence as to the use of any additional heat in theaeprocess
between 2008 and 2010. The plant operation sequencel@scho automated action of

the valves to HX2; after verification it appears they are acted upon manually in extreme
cases onlyThe heat input described Figure5-29is more likely an effect of the punps

P6 betveen the outlet of HX3 and the main HW loop and plaeallel variable speed
pumps P78 andP9 circulating the lattefS{gure3-2). The difference betweethe pump

motor power (Pmotop @and shé power corresponds to losseasceptle of heatingthe
driven fluid, an effectusualy neglected 20]. The design information and manufacturer
curves were used to obtain te#ficiency dp (ratio of shaft to motor powgrat 2008

operation conditionfor theconcerned pumps

Table5-12 Pump parameters

Item Design V /P Motor Power dr 2008
(L/s / kpa) kw
Pump 6
HX3, heating water side 107.25/179 30 0.82
P7 P8 P9 0.76 at 100% speed
HW variable drive pumps Max: 536 /657 Max = 56 0.50 at 30% speed
Data for each

The temperature rise fromcentrifugal pump as a function w$ mechanicaéfficiency is

described 59, from whichthe pumprelatedheat transfer rate can be calcuthte

) 0 E— Equation5-18

According to this reasoning, P6 ad8l5 kW to the stream. Eadrctive HW pumpwill
contributebetweenl.5 and 18 kW depending orits operating pointbased orEquation
4-18, Table5-12 andEquation5-18. The value of Y o @0 corresponds roughly to

50L/s inFigure5-13; two HW pumpsare requiredbelow this temperature.
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The detailed analysis of heat input due to pumps as a function of recorded %VFD is
beyond the scope heréut thegeneral explanatioms coherent withthe greater @

obsenedatlower Thw.

The gerral conclusion of this section is that although the building reheat demand at a
given time is usually higher than the heatoveryrate through the heaxchanger, the
difference between the two quantitiesaJ@ not, strictly speaking, additional hekHtis
generated by the operation of the circulation pumps, which are active by default. The

total reheat energy thus corresponds to recovered heat aefidoys at pumps

The methodology introduced a limidl defined according to an interpretation o th
ASHRAE standard 90.1. The definitioBEdquation4-5) was based on the existenceaof
Qa provided byan alternative heat source. Th®@alysis above invalidates the suggested
limit.

5.5.1. System adaptation to degradation

Between 2008 and010, he effect of foulingwas to graduallylower the temperature at
the building inlet(5.4). The BAS could adapt to tls degradation at HX®y increasing

the HW flow rate (sethe temperaturlow correlationin Figure5-30).
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The mean values for the key quantities in the selected filtered set are summarized in
Table5-13. The heating water flow rate increase is the only detrimental effect associated
to fouling actually observed in the system. The corresponding pump power usage was

computed from measured drive data &ulationd-18. The variation is very small.

Table5-13 Mean QuasiSS seasonal valuekef-quantities

YEAR y Ellew) | o ow) | 4710e0) [ pflius) | Paw kW)

2008 | 0.86 +0.63| 453+54 402+153 32 23+0.49| 42.1+1.6 | 28.0+2.0

2009 | 0.76+0.51| 494 +49 443 +148 32.12+0.50 | 44.9+15 29.5+1.2

2010 | 0.61 +0.38] 512+49 437+112 30.67+0.50 | 583.0+1.6 29.6+1.2

Note that since the heat flow rate from the condenser loop to theitiVwbtidecrease,
the fouling of the heat exchanger did not have impact on the cooling towers. If, as was
expected, the fouling had impaired the heat transfer, the load reduction at tower level
would have becomemaller This would have involved a gradualcrease in tower fan

usage for a given condenser load.
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5.6.0bservation on the chillers

It was observed that the chillers behavior changed in the last week of May 2010. It takes
the form of a eduction of the heat transfer at condenser(lQV) for a given loadat
evaporator(Figure 5-31). Because no modification in the,Qand P dependency was

observed, this indicates the condenser water loop is likely the cause.
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Increafmg theflow would have as a consequence a lower mean tempedifierential
in the condenser water strearmfie 2010 mean differentia(§able5-7) are lower than

those of 2008009.

Because thesobservations could not be validated, the flow values used in the analysis
are the ones measured in 2008. It seemed pertinent to mention these facts in the case the

data is used in other projects with a focus on the chillers.
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6. Ongoing Commissioning

The pevious section presented the thermal analysis of the heat recovery process and
equipment. The current section presents the application of the proposed ongoing
commissioning method to the heat recovery systepresupposean access to measured
dataallowing for the calculation of the mean daily value for relevant quantities. The most
important areheat transfer at the exchanger, the inlet emafure of the fluid on both

sides of the exchanger, the building heating demand, the condenser load and the auxiliary

electricalpower usage (pumps, far@mpressqrare required

Type A benchmark focus on the main equipment (heat exchanger) a seleofion
performance limitsdefined in terms of effectivenegs UJype B performancéndices
encompasshe heat recoveryprocessand its interactions with chilled water production
and heatingThis section firspresents thealculatel limits (Type A in 6.1) and the R

(for Type B in6.2).

Then, an illustration of the suggestedgoing commissioningpproachis presentedn

6.3. The benchmarks are inverse models, developed using operation data. They are
trained based on specifsamples, which meatalculatingthe numerical valuesf the Pl

and their modal for the reference statdn regards of the seasonal variation of
effectivenessq.3), the complete 2008 season appears to be the ideal samp&ing the

first set of data\ailable to an energy auditddnemonth training sets are also tested and

compared to the seasonal benchmarks. To encompass the seasonal vatiatiopeak
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season montfJuly 2008) in whicloperation is roughly continusus usedas well as a

moth involving interruptions and variations in the loads (June 2008).

Finally, the remaining data is tested against the benchmarkthe testing process,

attention is given to theimilarity of the training and testing sets.
6.1.Type A heat-recovery benchmark s

Basic limits of performancewere described in sectiod.l The calculation of the
benchmarks limits is illustrated here for the training set based oide¢hEesample: the
complete 2008 seasorfiltered for QuasiSS behavior and valid The eration

characteristicéor the samplarethe following:

1. Pps +Ppg = 60 kW for the constant speed pumps involved in the recovEmg.
value is considereexact here (no uncertainty)

2. Themeancondenser supply tgmerature’Y  at HX3is33.06C + 051°C.

3. @ =6000I/s+ 059. Combined with the mean temperatuttes allows the
determination of the following heat capacity rate: 2493 + 5.7 kW/°C

4. The mean temperature ofetlfluid returning to the exchanger after recirculation is

Y 31.15+0.51°C.

The value ofJcorresponding tpower balance ithus from Equation4-6:

p ¢ o .
) CTWQWE @ ¢ o us & O v

5. The 2008mean maximal thermodynamic heat rate through H¥Bespond to

0 TYT¢ MR
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The effectiveness valder costbalanceapplyingEquationd-9 is:

@ 0
T PR

- Pg TP U T @

6.2.Type B benchmarking: PI for heat recovery process

The valus of the four performance indexes for the proc8sble4-2) arecalculatedor
daily averagedfiltered, quasi steady state measuremetising the available seasons.
ThePI calculation for theeference samplis presented first, usingperationdata and the

plant asoperated constant propertidable3-1).

In the sample, the meany@ = 400+ 290kW. The RecoveryEfficiency Ratio is, from

Equation2-2,

1 mAt7
0p @ W

g7

This ratiois moderately interesting here since the constant power usage of the pumps
make it directly proportional to the heat transfer through HX8 high unceriaty is a

direct consequence of the errorn

For the samplethe meanQ., = 1200+160kW, the meantotal pumping power is
28+2kW, the meancooling tower fan power is 2t0.4 kW and themeanchiller power

280+£10kW.The Compound Recovery COPthen from Equation2-3:

60 v oA 5 5 oA oA




The mean chiller evaporator load is three times larger than the recovered heat. In
addition, the power usage of the devices susceptible of eventually being affected by the
degradation of the heat recovery procgke heating waterympsP7, P8 andP9aswell

as thecooling tower farPs,y) is also small compared to the chiller power usBge This
indicates that the sensitivity of the CgRo degradation of the heat recovempcesss

likely to be low.The main contributor to the relative error of 2@84the precision on

U

In the sample, the mean reheat loadlis 1 v Tt p p R The Relative Loads:

YO — — TRy T X Equation6-1
Finally, usingd ¢ p T o p Rwthe Recovery Ratits:
YY — — T™wTTI Equation6-2

The mean seasonal values for all Pl are summarizédbte6-1 along with he standard
deviationS foreach Pl andeasonto give an idea of sample qualifijhe discrepancies
between the results dlable6-1 anddemonstratiorcalculationsabovearise from thdact
that thereportedseasonal averages ar@culated fromall the availabledaily values not

filtered.

Table6-1 Mean seasonal recovery process Pl values

2008 2009 2010
Mean| S |Mean| S | Mean| S
RER 6.70 | 0.72| 7.38 | 0.98| 7.28 | 0.56
COPgre | 3.16 | 0.55| 3.47 | 0.53| 3.51 | 0.50
RL 0.85 | 0.05| 0.87 | 0.07| 0.85 | 0.07
RR 0.21 | 0.07| 0.20 | 0.01| 0.25 | 0.05

The results inTable 6-1 indicate that the decreasing effectiveness and growing fouling

level donot translate into lower performanicelicesat process scale.
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While the RER and R are roughly constant throughout a seasba, CORe and RR
assume distinct values according to the operation conditions. The benchmark for the first

two will correspond tdixed values whereas benchmamodelscan be developed for the

others.
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Figure6-1 Performance indices as a function of,Qn 2008 A) RR and B) CP

Since the heatecovery process is passive and depemdsthe heat rejected by the
chillers, the cooling load appears to be a relevant operation condition for analysis. The
observations on the impact of solo versus tandem chiller ntoderé5-6, Figure5-11)
suggest that the notion of cooling load applies here to the chiller providing HX3 with
condenser water rather than to the total building or plant cooling Faidhe season of

2008, the dependence og, @ illustrated inFigure6-1.

For the purpose of thistudy, inverseparametridbenchmark models are developétey
were introduced irfEquation4-19. The benchmark development is performed in section
6.3 for the selectedraining setsA visual analysis ofigure6-1 suggestsa predict the
RR for instance as a function @e,. For the CORg, a quadratiacdependence on £
appears appropriate.
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6.2.1. Time -variation of performance metrics

It is worth mentbning that unlike the heat exchangéthe performance indices selected
here are not limited to steadyate analysis. The daily values were preferred here because
the ongoing commissioning approach combines process anéxXwwnger benchmarks

and is thus likely to require a daily calcudet for the latter. Assessing the current state
through a daily calculation appears sufficient and brings cohesion between the two
benchmarking types. A brief investigation as to thelsodxly variation of some of these

Pl was performed. As could be expet; they are strongly affected by transient effects at

process stafip.

It is interesting to describe the evolution of the PI values as a function of the total number
of operation hours for the heat recovery process, the same time frame that was used for

the analysis of HX3.
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Figure6-2 RER as a function of operation time

The time variation of the RecoveBfficiency Ratio is presented ifigure 6-2. It is

affected by seasonal paths with higher dispersion at the beginning and end of seasons
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and the split into two parallel clusters observed in 22089 can be linked to occupancy

patternsA global increase in time seems to be present.

The CORke is also affected by a seasonaltpat (Figure6-3) and global increase
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Figure6-3 CORgas a function of operation time

The relative loadmeasuring the ratio of the recovery heat transfer rate on the building re
heat load, is relatively constaript significantly lowerat the beginning and end of

seasons, as seenhigure6-4. Unlike the two previous PIs, this one appears to decrease

in time.
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Figure6-4 Relative load as a function of operation tome

And the relative load, comparing the recovery heat transfeitodtee available heat at

the condenser isigher in shoulder seasons, and gradually increasing in time.
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To complement the observations made above, the evolution of the selected driving
variable, the load ahe evaporatomproviding for the heat recovery proces, is also
presented as function of operation time for the proce&hlike the other significant

guantity, the effectiveness, the global value of the condenser load is increasing.
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Figure6-6 Load at evaporator as a function @peration time

It seems pertinent to outline one fact: the performance indices used in Type B
benchmarkingare mostly sensitive oQe,. The increasing tendency of most indices is in
contradiction with thegrowing fouling level.This is due tahe system aaption(5.5.1),

the Ucould decrease while loads and thhe process performancadices increased
throughout the years

89



6.3.lllustration of proposed ongoing commissioning method

First, the benchmarks for the reference conditiares developedwhich means that the
numerical value of the constant benchmarks and the parameters of the benchmark models
are calculated for the three trainisgts for comparison purposes) June2008 daily

data,B) July daily data andC) all 2008 dailyvalues Benchmarksare divided here into

Type A and Type B.

Type A benchmarks focus on the heat exchanger and correspond to limit valiles for
The calculated limit values fddconsidering the three training sets are summarized in
Table 6-2. The number of points indicates how many of the sampled days involved a
physical value fot) ( b e t we eThe valid days @ thitsp for which all inputs were
actually recorded; the missing flow data on the building HW loop prevents the
calculation ofo  and thus the sample. The number of valid points affects the tolerance;

for samples below 30 points, thetatigic [23] is used instead of z iBquation5-14.

Table6-2 Suggested limits for Type A benchmarking

Sample | 2008 season| June 2008 July 2008
Number of pints (valid points) 106 (63) 23 (16) 31 (16)
(, for the period 0.85 +0.63 0.89 +0.66 0.84 +0.59
t-statistic 1.96 2.13 2.13
Limit Definition
Power Balance 5 P ~ 0 y 0.13+0.04 0.13+0.04 0.12+0.04
Cost Balance GU ': 0.15+0.06 0.15+0.06 0.15+0.06

The mean value dllis smaller for the peak season sample (July 2008), but considering

the large uncertainty, the impact of sample is moderate. The random uncertainty
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comporent is small compared to the bias; the use of t instead of z has no significant

impact. The numerical value of a

sample size either.

nd -

Is not significantly affected by the

TheType B benchmarks target the process. Twaanstant ad two are functions of the

operating conditionsiFor CORe and RR, benchmark model predicting the expected Pl

value based on the load at evaporator is suggested along with a tolerance.

Table6-3 Benchmark formulation for the Type B Performance indices

Benchmark
RER Constant RER: tTger
COPre| 600 A A A
RL Constant R + tToz,
RR YY A A

The goal here is to illustrate the methodology, not to obtain high quality parametric

models. Some elements such as the weekend/deegkatterns have be neglectedlhe

benchmarkmodels ar@resented iTable6-4. The parameters (a to e) referTiable6-3.

Table6-4 Benchmarks for the performance indices

Numerical Training results
PI values A B C
2008 Season June 2008 July 2008
RER RER 6.71 6.77 6.76
SRer 0.72 0.68 0.63
a -5.79E07 -6.15E-07 -9.56E-07
b 2.72E-03 2.81-03 3.91E03
COPge c 0.80 0.78 -0.11
Yo 0.94 0.87 0.83
RMSE 0.14 0.19 0.10
RL RL 0.86 0.87 0.89
Sk 0.05 0.04 0.03
d 0.34 0.34 0.25
RR e -1.24E-04 -1.11E-04 -0.6E-04
R2 0.50 0.53 0.58
RMSE 0.05 0.04 001

91




In general, the greater cohesion in the July 2008 set favors small standard dearation
low RMSE. The fit quality for the CQ{ is acceptable in all training scenarios, but the
whole season islightly more reliable (high R?) and precisadderateRMSE). The fit for
RR is poor, no matter the training s&he value of the constant Pls varigde and
considering a benchmaf&rmulatedas CenterValue S, the band considered as valid is

very similar for RER in all training setthe same applies ®R.

In order to explore the validity of the Pl benchmadkseloped from 2008 argtesented
in Table6-4, testing sets are usethis external testingomplements the interntdsting
provided by Rz and RMSE within the trainingt§24]. Each Pldevelopedor the three
2008 training setsis tested against the data from 20Q¢here hree testing sets are
defined They areequivalent to thesetsused for benchmarkaining D) the complete
2009seasonE) June 2009 andrF) July 2009.For each of the twelv2008 benchmarks,
three comparisons are thus performé@&tie comparison critesh here is the RMSE.

Results are presentedTable6-5.

Table6-5 RMSE for 2008 benchmarks in 2009 testing sets

Test setD Test setkE Test setF

Benchmark | g son 2009 June 2009 July 2009
RER, 1.18 0.88 1.23
Training set A COPR, 0.22 0.18 0.18
Season 2008 RLA 0.08 0.11 0.05
RRa 0.72 0.62 0.74
RER; 1.15 0.88 1.20
Training setB COR; 0.22 0.19 0.16
June 2008 RLg 0.08 0.12 0.05
RRs 0.70 0.60 0.72
RER- 1.16 0.88 1.2
Training setC COR: 0.23 0.15 0.19
July 2008 RLc 0.08 0.14 0.04
RRc 0.72 0.62 0.73
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All benchmarks developed from 2008 perform equivalently in theradl 2009 sason
(Test setD), with slightly lower RMSE for the June 20@@&nchmarksConsidering the
June 200%et (Test seE) the global performance for all benchmarks is similar. The June
2008 benchmarks are a little more coherent with the July &3@i&g se(Test sef). In

general, harmonizing the testing and training sets does not favor cohesion.

Based on these observations as well as on the discussion on the limit vallleg for
appears there is no significant improvement in using the W18 season as opposed to
a shoulderseasormonth (June) for benchmatkaining The four benchmarks for June
2008 are illustrated in combination with the ZDGeason datan Figure 6-7. The
tolerance bandwere defined based oBquation5-12, where the z=1.96 value is replaced
by the appropriatevalue= 2.13 The standard deviation was corrected similéolythe

constant value benchmarks

8 Ty
6 .;_,. OO 2
am
w o
O
oc 4 S
2
0 ' : : . 0 : . ' '
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Q (kW) Q (kW)
ev ev
0.6
1.0
ke -
© 0.4 o) at ™ .
[an T .
> o e
S 0.2 = 0.8 i
= @
Q e}
o —
2 00
0.6
0.2 : — : :
0 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Q,, (kW) Q_, (kW)

Figure6-7 Conparison of the 2009 season data with June 2008 benchmarks
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The PI benchmarks as well as the limit effectiveness valaelse combined and used as
follows. At the end of each day of operation, the ongaingimissioning functional
block computes thelerivedmeasured value dfjand thePl from definition. Upon the
detection of offbandsvalues for aPl or when reaching a pset limit for the heat
exchanger effectivenessa fault is suspected. A warning message is sent and the
operation personal can vietle current system ate in an interfacdlt is illustrated in

Figure6-8 on paged5.

On the left is the heat exchanger historical data, presented as the previous values for
effectiveness as a function of total operatione. The current value for 204IB-17 is

presented with a distinct marker. The linear fitofthe decr ease is super.i
daily values. The Type A limits (power andcbsa | ance U) are traced
In terms ofthe heat exchangestate no critical limit is reachedThe operation could

continue for thousands of hours before reaglthe limit effectiveness values requiring

heatexchanger cleaning.

From the process point of viewpnsidering current operation conditiotis&e RRvalue is
nearthe limit of the reference statéut not in transgression;onwarning would be

displayed.
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7. Conclusions and future work

This is likely the firstproposedongoing commissioningnethodologyfor a liquid-to-
liquid HVAC heatrecovery processThe approach is based on comparing incoming
operation data against two types of benchmafkge A ba&chmarking applies to the
main equipment, hera plate heaexchangerDue to the nature of the equipmetite
benchmarks aréixed performancdimits expressed here in terms of the effectivengss
The Imits were defined according to power and finanaiaiteria. The Type B
benchmarking applies to theeat recoveryprocess and interactions with other systems.
The benchmarks are a collection of performance indices, some of which undergoing
variation according to the conditions of operation. ThBé& werecast into simple
inverse parametric benchmark modélgpe B benchmarkallow for selfreferencing of
incoming data against expected behavidhe Pls and limits calculation require
knowledge on the agperated system and a training datasbe methodolog requires

data assumed to be exempt of faults.

The ongoing commissioningould take the form of a functional bloeknbeddedn the
building automation systenThe suggested testing frequency here is daily, based on the

steadystate requirements for heatohanger analysis.

The case studysed to demonstrate the methodolagpased on operation data collected
in a heating and chilled water plant located in Montr@alssive ifuid-to-liquid heat
recovery from condensevater was performedany time the plat chillers were active

betweenApril and October. Three years of operation were selected and analyzed
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processwas continuous in the peak season, discontinuous in the shoulder season and

inactive between November and March

At the timestep availablethe high dispersion affecting the data associated with process
startup made it unusabléor dynamic modeling. Quasi steadtate hypothesis appedre

valid for the remaining data.

Heatexchanger fouling as targeted athe main faultikely to affed the heatrecovery

The variations in operation conditions caused by seasonal and occupancy patterns
affected Usufficiently to mask the generic effect of foulimyring the first seasonin

terms of training set, this confirms the validity tbie entire2008 seasomas reference.
Fouling washoweverconfirmed andheregimeassesseftom the 200&010 datalt was
dependent upon the cumulative hours of operation of the exchanger rather than calendar
date andobeyed a quadratic patterrDne main issue here wése large amount of data
required in order taletect a potentialault. Having access to manufacturer data and
models for the hesgxchanger would have allowed the compensation of the seasonal and
daily variations in operation conditiorfeemperature)leading to a quicker confirmation

of fouling growth.

Following the suggested ethodology, le calculation ofUlimits and processP| was
performed fromvarious sets fronthe referenceseasonthe benchmarks based on June

2008 performed well in training andsteng sets

Some ofthe heatexchanger performandenits (Type A) however proved incompatible
with the casestudy. They were based on the hypothesis that fouling would gradually
impair heat recovery, leading to increasing rsaaccomplementary heatin@Pespite the

97



fouling growth the heat recovery rate did not decrease over the studied pendtie
contrary, a the reheat loads increasemhnually the system could recover more heat
from the condenser loop. This was made possible by a downward diife ahean
temperature in the heating water lpbpwever abovéhe sefpoint triggering additional

heat input The lower temperature on the cold side of the exchanger increased the
temperature difference and thus opposed the lower heat transfer capacitystem
scale, the only impaadf fouling was higher flow requirement in the building heating

water loop.

The comparison between all proposed benchmfarkthe case studgutlines one major
thing: the degradation in the heat excharigeat transfer capagi monitoredby Type A

did not translate into significantly lower performance at process scale according to Type
B benchmarksIn other words, thdargetedfault, even confirmed, did not have the
expected consequenda.that sense, the combination of tik® benchmark types proved
relevant: focusing omain equipmentwould not have beeasufficient. Error messages

based on fouling level might prove irrelevant at process scale.

7.1.Future work

Here are a few suggestions for the continuation of work on this: topi

1 Future projects should include other case studies of passiveehesery,with
differentoperation schedulégad patternand possibly other fouling regimes
1 Data displaying faulty behavior should be included in order to evaluate the

sensitivity ofthe tool, and thus its actual fault detection capability
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Cases where complementary heat is required are likely to axisshould be
investigated. Thiswould allow the calculation fothe two performancelimits
rejected hereoptimizationbased and standhkbasedeffectiveness

The optimization based on increases in auxiliary power (for instance pumps)
could be investigated.

Variousdata formulation such as naimensional models or normalized versions
of the performance indices (ex: the COP) might proadigitional understanding.
Finally, the methodology couldventuallybe appliedto other liquidto-liquid heat
recovery systems with little adaptatiofor instance, in an active process
involving a heapump, the Type A benchmark could be based on CORrrdian

) and the power usage of the hestovery process would include theatpump

power.
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Appendices

Appendix ADesign values for the plant equipment

Most of the following is quoted fronMonfet [24]. The remaining 3§ gathered in

specification sheets and design détg.[

TableA-1 Design values for major plant elements

Item Design Information Pumps & fans Design information

Power (kW) 549 | P1& P2 Flow (L/s) 72.6

RLA (A) 587 | (Chilled water, each Power (kW) 75

CH1 & cH2 | Evaporator T, /T (°C) 13.3/5.6| P3&P4 Flow (L/s) 1315

(each) Evaporator Flow (L/s) 97 | (Condenser water, eacll Power (kW) 56

CondenseTi, /Ty (°C) 29.4/3%.0 P5 & P6 Flow (L/s) 107.3
CondenseFlow (L/s) 162

COP 576 (HX3, each) Power (kW) 30
Flow (L/s) 131.5

CT(le S‘CE)TZ T/ Tou(°C) 25.3/29.4| CT fan Max P (kW) 30
Twe (°C) 24.3

PO4CBT Power (kW) 1.2

BR1 Max Power (kW) 1020 | 1 electrical boiler) | Flow (Ls) 11

Heat Exchangers

Iltem Cold side Warm side
HX3 Tin/Tout(°C) 29.4 /35.0| Tin/Tout(°C) 37.8/32.2
Flow (L/s) 107.3 | Flow (L/s) 107.3
HX2 Tin/Tout (°C) 35.2/51.7| Steam (kg/h) 12701
Flow (L/s) 107.3| Pressure (kPa) 414
HX1 Tin/Tout (°C) 29.4/51.7| Tin/Tow(°C) 57.17/32.2
Flow (L/s) 107.3 | Flow (L/s) 38.5
: o Max Fan power (kW) 11.2
-IIZ-II%/\;I\/-?IJII(S)C) 32.22;.; Max Fan capacityni®/s 7.1
SOFAME "~ | FlueGas Spec /Max temperature (°C) 238/343
Pump Power (kW) 37.3 | Auxiliary burnes (each of2) (kW) 3.22

The asoperated values are different, as mentioned in sec3i@ad5.1
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Appendix BChiller operation for all years, graphical summary
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Appendix CPlant performance in 2011-2012

The seasons of 2011 and 2012 were not included in the main text of this thesis. The
current section describes briefly the characteristics of these semsbrBscusses the
compatibility with theproposeddngoing commissioningpol.

2011 and 2012re characterized hyodifications toloads ad equipment following the
addition of a new building to the plant loops: the Genomic research céiger.
equipment, an electric boilewas alsoinstalled It is locaed downstreamHgure C-2)
HX2 and fed by aonstant speed purnipr which the flow measured in 2012 is.120.5
L/s.
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FigureG2 Plant schematic in cooling mode
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Acquisition issuesead to the los of severalweeks of datan 2011 (seeAppendix B.

The whole month of July arelweekof August are missingvhich isthe peak season

TableG2 Mean measured values during chilled water prodian and heat recovery

unit 2010 2011 (partial) 2012

Mean S Mean S Mean S

Toa °c | 23.2 48 | 21.6 4.8 23 5.1

RH % | 42 23 | 41 23 35 19

&) L/s | 100 26 | 93 17 | 108 30
Y °C | 7.07 0.41| 7.17 0.30| 7.14 0.39
Y °C | 11.4 15 | 11.2 1.4 | 11.4 1.7
&) Us | 52 8 66 12 61 11.14
Y °C | 30.7 1.4 | 30.3 1.6 | 33.4 2.1
Y °C | 28.2 1.1 | 28.2 1.4 | 31.3 1.9
Y °C | 32.3 1.5 | 32.0 1.3 | 325 1.4
Y °C | 28.36 0.44| 28.4 0.68| 28.43 0.35
Y °C | 6.8 05| 6.82 0.72| 6.8 0.48
"Y °C | 11.1 15 | 11.1 1.3 | 11.3 1.5
0 kW | 288 80 | 283 67 | 308 80
®»"00"Y| % | 47 17 | 51 14 59 18
Y °C | 324 1.3 | 32.2 1.4 | 32.2 1.4
Y °C | 28.50 0.35| 28.46 0.45| 28.49 0.42
Y °C | 6.74 0.42| 6.74 0.43| 6.73 0.35
Y °C | 11.3 1.4 | 10.9 1.5 | 11.0 1.6
0 kKW | 297 77 | 284 85 | 290 89
®»"00"Y| % | 55 20 | 43 13 52 16
Y °C | 29.5 1.3 | 28.9 15| 31.6 1.8
Y °C | 30.4 1.4 | 29.8 1.4 | 31.9 1.7

The mean chilled and heating water flows were higher than in the previous seasons,
which is likely due to the newly added building. The HW pumping power calculated
from drive data increased consequently, witk 42kW in 2011 and 321.1kW in 2012
(seeTable5-13for comparison).

The main stream temperaturase presented ifiable C-3. The decreasingendencyfor
the HW streamcontinued from 2008 to 2011. The 2012 season howewalved a
temperaturerise which explains the pumping power reduction from 2011 to 2@K2
mentioned aboveThis is coherent witkthe temperaturlow dependency for the building
(chapters, Figure5-13).
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TableG3 Seasonal mean stream temperatuig,q

Seasonal meamemperature of the water streams(°C)
CH1e| CH2e | CSB CHV| CH1c| CH2c| CSB HW HX3 HW
2008 | 858 | 8.79 9.03 30.39| 30.92| 30.92 31.57
2009 | 898 | 8.87 931 30.74 | 3082 | 3047 3104

2010 | 892 | 9.00 9.25 3033 | 3044 | 29.46 29.97
2011 | 8.96 | 8.81 9.21 30.19| 30.31| 29.26 29.37
2012 | 9.04 | 8.88 9.28 30.47| 30.33| 32.37 31.74

Season

The heat transfer and loads are presemdable C-4. The missing peakeason data for
2011 affectsthe seasonahean Considering thisan increasing tendency in cooling and

heating loads for the CSB over the five yaansresent

TableG4 Mean heat transfer rates during chilled water production by the plant

Seasonal nean heat flow rate+ uncertainty (kW)

item 2008 2009 2010 2011 (partial) 2012

0 1200 + 160 | 1527 + 170| 1456 + 160| 1397 + 160 | 1546 + 170
0 1400 + 160 | 1470 + 170| 1537 + 170| 1512 + 180 | 1564 + 180
0 1500 + 180 | 1716 + 190| 1891 + 210| 1613 + 190 | 2011 + 220
0 1870 + 310 | 2215 + 290| 1797 + 290| 1660 + 290 | 1865 + 290
0 2200 + 310 (2109 + 2901780 + 290| 1695 =+ 290 | 1691 * 290
0 440 + 110| 485 + 120| 504 + 140| 521 + 170| 531 + 170
0 300 + 290| 414 + 290| 419 + 280| 414 + 280| 129 + 290

The ongoing commissioning topkesented in sectiof.3 used Jun®008 as reference
According to the Type B benchmarkased orthis training setnew conditions sutas

the lower heat recovery rate3gble C-4) of 2012appear agnomalies This illustrates

the capability of the proposed tool to detect unusual operation. As a matter ofpfact, u
the recommissioningollowing significant changs in a system, the benchmarks need a

revision; future studies of the data will requirewbenchmark and performaselimits.

The robustness offype A benchmarkings challengedn the presence of very narrow
temperature differentialat the heaexchangr. Thesewere more frequent 20112012
thanbefore The use of the measurednbs leads to nosphysical calculated] Although

a correction for the heat input of pumpFgure C-2) can be calculatedh¢ best solution
would beto consider thanstallation of temperature sensom the condenseside of
HX3.
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Appendix DSub-daily effectiveness calculations

Two kinds of impossible (nephysical) values fotloccur in 2008 and 2009. First, there
are 28% cases whete i s ¢ al c u lthart 1eTHe delay in ghe pr@pagation of a
temperature variation from the CND side to the HW side was mentioned in se&ién
The denominator will momentarily be lower for one to two tisteps if Tnps decreases,
and higherin the opposite case. This is illustrated Rigure D-3. The ratio U thus
oscill ates about I ts Ainor mal o value.

guestions because it violates energy conservation laws when exceeding 1.

M : : : : : : ; ooo| ——CHICNDs
: - k : : 4 . 3 5 coewe - CHTCNDY

Fluid ternperature (©
=) ] e [ou) [45)
o =l o [{s] (o]

P~
[a5]

[l
i

14 15 16 17 18 19 20 21 22 23
Time in h 2008-08-17

FigureD-3 Time dependencef temperatures with T yxauvax Variation illustrated

Values ofUbelow zero occur too (1.7%) because the denominat@qahtion4-2 is

The

negative. This is an extreme case of the phenomenon presented above. If the cooling load

(and thus the dyps) decreasesery abruptly, for instance at the transition from one to
two chillersmode Figure5-11), Thwin at the exchanger can be warmer than thedfor
one or two timesteps. These observations explain whgssumes values out of the

natural range for the criterion.

From a physical point of view, a value Bfunder 0 has no meaning. In most cases, it

occurs because of the delay in temperature change on the corgldaser
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FigureD-4 Effectiveness, raw ata 2008

After filtering for quasi steadgtate and averaging on a daight pattern, the distribution
becomes more coherent with the expected behaviour. The distribution also appears to be

less skewed.
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FigureD-5 Day-night quasi steady state values for effectiveness, 2008
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Appendix EMean value of effectiveness in 2008

The mean nightime Uis typically higher than the day (in parenthesis in subplot titles)

Effectiveness April 2003 1.27 0.57) Effectiveness hMay 2008 [0.98 1.02)
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The reheat and cooling load patterns for day versus night seem to have an impact. If two
mean values per day insteaflone are calculated, one for the day/occupied and one for

the night/unoccupied periods, the mé#is higher for the latter.
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