TABLE OF CONTENT

CHAPTER 1 INTRODUCTION.....oitiitiie ittt sttt sre e nee e snes -1-
1.1 GENERAL BACKGROUND ......ciitiiiiiiiisiieitieieestee sttt sttt ss sttt st sie ettt et sne et eneesnes -2-
Y [0 A7 o OO P PRSP -3-
1.3 OBJIECTIVES AND SCOPE ....cuviitietiitiesiiesie et siee bt et st e sttt st et e st et sbeenbeennenbeenneannennes -4-

1.3.1 General ODJECLIVE. ........ooiiiiieieieec et -4-
1.3.2 SPECITIC ODJECLIVES. ....eeiiitieitieie ettt sreenneenes -5-
1.3.3 SCOPE. .ttt -5-
Lo OUTLINE ..tttk etttk ekt h ekt b ekt s b e bt e bt e ne e b et e sn e e bt et e e e nees -6-

CHAPTER 2 BACKGROUND ......ooiiiiiiie ittt snee st nnes -7-

2.1 SOLAR THERMAL SYSTEMS ...ecttetiateesteeteatesteesteetesieesbe et sseesteassesssesbeasesseesssessesseesseanseens -7-
A Yo F= T g O] | 1= od (o] RSP -7-
2.1.2 Evacuated Tube Solar ColIECOr........ccccviiiiiee e -11-
2.1.3 Other COMPONENTS......c.oiiiiiieiterte ittt sb bbb -12-
2.1.4 Faults and Failures During Operation ...........ccccccceiieveeieiiese e -13-

2.2 MACHINE LEARNING AND DEEP LEARNING .....ccitiiiiieiitaiiiesiiesiteesiee st siee et sneeniee s -14 -
2.2. 1 NEUIAl NEEWOIKS .....ccuieiiiiieieiie et -14 -
2.2.2 Deep NeUral NETWOIKS. ........ooiiiiiiiiisieee s -15-
2.2.3 Recurrent NeUral NEIWOIK..........ccoiiiiiiiieieesie s -16 -
2.2.4 Long Short-Term Memory RNN ..o -18 -
2.2.5 Regularization TEChNIQUES ........ccveiuiiieiiee sttt -20-

CHAPTER 3 LITERATURE REVIEW ......oooiiiiiieee ettt -21-
3.1 PERFORMANCE PREDICTION MODELS IN SOLAR SYSTEMS......ceeiiiiiianiienieeniee e siee e -21-
3.2 FAULT DIAGNOSTIC SYSTEMS ...cciutiiiieiaiiesiteasieesieeesiesssteesseessseessesssseessesssseessessssesssesssseses -22-

3.2.1 Anomaly Detection and DiagnOStiCS .........ccviveiierieiieie e -23-
3.2.2.Uncertainty ESTMATION .......ccoiiiiiiieiiesieee e -29-

3.3 SUMMARY ...ttt ettt etttk ettt he e bt e e b e e bt e e R b e e bt e e R et e R e e ea bt e b et e R e e nRe e e ne e nnr e ne e -31-

CHAPTER 4 METHODOLOGY ..ottt st te e snaenaeaneesne e aneesnens -35-
4.1 LITERATURE REVIEW.....ciiiiiiiiiiiii i -35-
4.2 SHW TRNSY'S MODEL CONSTRUCTION .....ccviiiiiiiniiiiiiisiis st -35-

4.2.1 SHW System Data and Available Information .............ccccoeveiiiii i - 36 -
4.2.2 TRNSYS SIMUIALION ...t enes - 36 -
4.2.3 Nominal Synthetic Data GENeration ..............cccocveveiieieeie e -37 -

4.3 DEEP LEARNING FRAMEWORK . ......ueiittiitieiuieeiiesieeesieesiteesteesseeessessnseessesssseessessssesssessnseenes -37 -
4.3.1 Data PrePrOCESSING ...ccvveiiieitie e eiiee sttt e et te e s et srae e et e e teesaaeabeesreeeaeesnaeanees -37 -
4.3.2 Framework DeVEIOPMENT .....c..oiviiiiiiiieciee e -38 -
4.3.3 Assessment of Proposed Models...........covoiiiiiiiiiiic e -39-

4.4 MODEL IMPLEMENTATION ...ctttttteittieestteeatteestseesteeessbeesssbeeessseesssseessssesssssessssesssneesnseeens -39-
4.4.1 Anomalous Synthetic Data GENeration ...........cccocvevieiie e s -39-
4.4.2 Anomaly DeteCtion FrameWOTIK..........cccouiiiiiieriiie et -39 -

4.5 RESOURCES

Vi



CHAPTER 5 SYSTEM DESCRIPTION .....coiiiiiiiii e -41 -

5.1 NOMINAL DESIGN CONDITIONS ...ttt eeeeeteeeeeeeeeeeeeeeeeaeaaseeeeeseessseaasssseeseeessnnaasseeeereennnnns -42 -
5.1.1 S0lar COECIOr FIEIA ...t -44 -
5.1.2 Heat ReCOVErY ChIlIEr .....ooeiieieeee e -46 -
5.1.3 HEAt EXCRANGEIS ...veeieiiiecieee ettt sttt et ens -48 -
B LA HOt Water TanKS ..o -50-
5.1.5 HEAE PUMPS ...ttt st e ne e e nnes -51-
5.1.6 MaiNS Water SOUICE ... .o -52-
5.1.7 Centrifugal PUMPS........cooiiieiie ittt -55 -
5.1.8 CONIOL SYSTEM ... bbb - 56 -

5.2 WEATHER FILES AND AVAILABLE METEOROLOGICAL DATA .coooiiie -56 -

5.3 IMIODEL SIMPLIFICATIONS ... ettteeetee e et e e e eeeeee e aeeeeeee e e e e aasseeeeseesnstaaseeeeeeeeennnnnaaaseseeeeennnes -60 -

5.4 MONITORED VARIABLES .. .coiiii ettt ettt ettt ettt -64 -

D D FAULT SCENARIOS .. ettt ettt ettt et e e ettt e e e e e e e e e e e e e e e e eeeeeeee e e e e seeeeereennnnaaeseeeeeennnnns -69 -
5.5.1 Anomalous Water-Draw Profiles .........ooo et - 69 -
5.5.2 Solar Collector EffICIENCY .......coiiiiiiiieieieiese e -70-

CHAPTER 6 PROPOSED DIAGNOSIS FRAMEWORK ... -72 -

5.1 DATA PREPROCESSING. ... ettt eteeeeeeee e et e e e e et e aaaeeeeeeeee e et aasseeeeeeeene e ssseeereeennnnaaaseeeeeennnnns -72 -

6.2 TRAINING AND TEST SAMPLE GENERATION ...iiieieieee e -73-

6.3 HYPERPARAMETER SELECTION ...ttt teeettteeeteaaeeeeeeeeeeeeeaaasseeesseesnsnassseeeeeennnnnaassseeeeeennnnns -74 -

6.4 PROPOSED RNIN AND LSTIM MODELS ....coiieie oo -76 -

5.5 ANOMALY DETECTION ..ot eeieeeeeee ettt e e et e e e e e et e e e e e e e e e e e e e e e eeeeeeeeeennnaaneeeeeeeennnns -80 -

CHAPTER 7 RESULTS AND DISCUSSION ..o -81-

7.1 TEMPERATURE PREDICTION ...tu ittt ettt et e eeeee e e e eeee e e e e e e e e eeeeeeeeneeeeeenereseenneereenneeeennnns -82-
7.1.1 Solar Collector Qutlet TEMPEIAtUIE.........ccveiieiiecieieecie e -82-
7.1.2 Average Hot Water Tank TEMPEFAtUIE ...........oovieririireiieieieree e -86 -

7.2 SEQUENCE PREDICTION .. .oiiiiiiie et -88 -
7.2.1 Solar Collector Outlet TEMPEIAUIE.......c.ocieiiieiee e -90 -
7.2.2 Average Tank TEMPEIALTUIE .......ccveviiieiie ettt e ettt reesaeeaenres -95-

7.3 DIAGNOSIS PERFORMANCE ....ceeeeeteeee e e e eee e teeaaeeeeeeeeeeeaaseeeeeeeeeeenaaaseseeereeennnaaanseseeeeennnns -99-
7.3.1 Anomalous Water-Draw Profiles ... - 100 -
7.3.2 Solar Collector EffiCIENCY DIOP ......ccviieieieiesie ettt - 105 -
7.3.3 SUIMMATY L.ttt e et e e bt e e e st e e e st e e e bb e e e seeeanbaeeanseeeanseeeannneeas -109 -

CHAPTER 8 CONCLUSIONS AND COMMENTS.....oooeeeeeee e, -111 -

B.LFUTURE WORK ..ottt e -113-
GO S S A R e -114 -
BIBLIOGRAPHY ...ttt e e e e eeeeeeeeeeeeeeeenneeeeneenenenenens -116 -
AAPPENDIIX oottt et ettt e e e e e eeeeee e e e e e ee e e e eeeeeeeeeeeeeeeeeeeeeeeeeaerrreerrarararares -121 -
AL TRINSY S IMOUEH ..ottt et et e et eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeneeeeenees -121 -
B.  SOlar COllECIOr DAASNEET ......eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e e ee e e e e e eeeeeeeeeeeeeeeeeees -124 -
C. Heat-Recovery Chiller DAtaSheet ............ccveiiiiiieriiesiesesseseee e -126 -



