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x'_,_l/ 1. Introduction

SHaKE

Control systems and

contl;oller ( Heat
5% exchangers @0
—_ 0.37% < Only 26 % of the substation works

correctly
[Gadd et Werner, 2015]

\«@_ The most impacting malfunctions
v are:

« Faulty control valves

» Unsuitable secondary network
systems

* Unsuitable DHW supply system

Leakage
41,54%

Secondary
systems
31%

[Mansson & al, 2019] [Zinko et Al, 2005]

SHAKE - Sharing Heat and Knowledge on Energy Communities 2023-1-HU01-KA220-HED-000160219




2. What is a malfunction?

&

SHaKE

, : Br
Primary side Secondary side G
lonl

Available data:

R

:_' Legal:

Energy @ > ﬁ @ /' @ > To * Primary supply and return temperature

customer « Secondary supply temperature
* Primary mass flow rate

| valve :
L oo- @ / @ * Exchanged power at the substation
<

<
To heat ‘|’.‘+‘H€‘£“ Highly needed:
generation plant Heat « Secondary return temperature
exchanger « Secondary mass flow rate

@Useful:

» Return temperature at each emitter

x How to detect if there are malfunctions?
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@ 2. What is a malfunction?

SHaKE

operators

r% Methods of malfunction detections used by

Primary side Secondary side

Monthly checks of customer billing data

|
L ®
Energy > To
meter . Conﬁol customer e Quality index based on the installation
! 2 performance
| valve @
< / < T Analvs
To heat é* nalysis of return temperature levels
generation plant Heat
exchanger

[B=ly  Analysis of flow rates

Over-consumption method
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2. What is a malfunction?

&

SHaKE

Anomaly detection Fault detection

Patterns in data that do not conform to a Change in a system so that it can no longer
previously defined notion of expected and operates satisfactorily and meet the
« normal » behavior requirements of its user

/NN

Outliers  Deviations Atypical Abnormal

. Need of corrective Finding of the causes
behavior patterns

action

o
G"" Faults? Inefficient usage? Change in user behavior?
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2. What is a malfunction?

&

SHaKE

Anomaly detection

Fault detection

P o3 os

Classification Regression Thresholds Visualization Clustering

These methods of anomaly or fault detections can be used separately or in
combination
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@ 3. Anomaly detection

SHaKE

6 ﬁ Visualization & - Human experts examine the substation measurements or derived metrics
I ,° Manual analysis

with the help of visualization - Great flexibility but subjective

SHAKE - Sharing Heat and Knowledge on Energy Communities 2023-1-HU01-KA220-HED-000160219



Qi 3. Anomaly detection

SHaKE

Correct behavior Incorrect behavior
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Q_,_l/ 3. Anomaly detection

SHaKE

A threshold is used to decided the state of a substation. Thresholds can

be set manually by a human expert according to error rate or statistical
analysis

/¥ Thresholds -
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[Kim & al , 2021]
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Qi 3. Anomaly detection

SHaKE

Test Condition 3

TCV opening rate [%)]

10

RMSE

20
Measured [%]

Test Condition 3

Hours

=10% Fouling =20% Fouling
==3(% Fouling ==40% Fouling ==Threshold
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0.23

01234567 8091011121314151617181920212223

Correlation between the control valve opening
measured and simulate by a ML model without
faults

Calculus of the normalized residual between the
simulate valve opening and the measured one for
several fouling case

A fouling is detected when the threshold is

exceeded

The threshold is based on the false alarm rate
(under 3%) for the normal operation



Q_,_l/ 3. Anomaly detection

SHaKE

Regression aims at estimating the relationship between a dependent
o o Rearession variable and one or more independent variables. Regression is
/. 9 typically used to forecast a certain variable and evaluate the deviation

between predicted and measured values
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@ 3. Anomaly detection

SHaKE

00 40 S0 800 © 1w 2 % 4 o 6 7 8
& [xw] o kw]

[Guelpa & Verda , 2020]

For a heat exchanger, there is a linear regression
between the power exchanged and the global heat
transfer coefficient UA

UA = m * q_') = q * ¢)
The fouling of the heat exchanger modifies the

slope of the linear curve.
Three thresholds are defined on the slope variation:

« <15% - Clean conditions

* 15% < x <25 % - Partially fouled
conditions

« >25% - high fouling
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Q_,_l/ 3. Anomaly detection

SHaKE

A machine learning task of assigning an item to one of several given
classes (for example normal operation, abnormal operation).

=]
2 Classification -
o) =

Contrary to regression, the result of a classifier is the assignment of
an item represented by an integer number
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@ 3. Anomaly detection

SHaKE

Fault or anomaly . 195
AN |y Bayesian networks can
S be used to
fom probabilistically describe
State of the next o the cause-and-effect
sensor ” 0 S relationships of known
Pressure (Sensor Value) = - = Pressure (Model Prediction)  =+-++++ Mass Flow Rate quantities fOI’ automatiC
Change in Pressure Sensor fault detection of fault
pressure —
/ e Here the comparison of
Type of faults g the PTEsSUre
g measurement towards a
s B pipe
’ N " Timegt()min) " " "
Pressure (Sensor Values) = - — Pressure (Model Prediction)

[Zimmerman & al, 2020]
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Q_,_l/ 3. Anomaly detection

SHaKE

Clustering looks like the classification but instead of learning from

°e Clusterin - annotated examples, clustering organizes the items in a way that
O ® 9 they share more similar properties with items in their clusters.

Outliers or marginal clusters can be then ne identified and analyzed
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@ 3. Anomaly detection
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(¢) Moderately cold penod of the 2014-2015 heating season

[Xue & al , 2017]

01234567809101112

1314151617181920212223

(d) Severely cold period of the 20142015 heating season

+000

(BdW) *24V

r0.02

Clustering analysis can identify the seasonal and
daily operating patterns

Different regulation strategies are identified:

* Relation between the primary temperature
difference and the exchanged heat

» Relation between the secondary mass flow rate
and the exchanged heat

* Relation between secondary mass flow rate and
secondary pressure difference

« Relation between exchanged heat at primary and
secondary side

When one of the pattern do not correspond to a
cluster a fault is detected
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Q_,_l/ 3. Anomaly detection

SHaKE

All these methods are based on the same concept: comparing measured data with reference to a normal
operation data to find deviations

What is a
normal
behaviour?

What are the
data quality?

What is the
detection
threshold?

What is the
fault causes?
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Q_,_I/ 3. Anomaly detection

SHaKE
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0 1 10 100
Heat consumption (GWhl/year) [Zinko et al, 2005]

’ Few data needed

I Prioritize the investigation

Excess flow method

Vmes - Vtarget

Q 1 1
Vexcess = e -

pCp Tsup,mes - Tret,mes Tsup,mes - Tret,target

I/83(,'C65'S

The more the excess flow is high, the more the substation
downgrades the overall performance of the network

The excess flow method enables to ranked the substations
(SST) and so to choose the substation to investigate in priority

® 0 How to choose the reference temperature?

1- Not a daily tool

No clue on the fault origin
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Q_,_I/ 3. Anomaly detection

SHaKE

Daily average temperature
difference [°C] 0
PR Thermal signature method
-

« B ‘?\","' RN s emEESmESSESNSEsmEaSEESmasmESS Based on measures:

= = SRR e -
50 1 :- r'\;_"‘:.-,.' r,;‘: == .r. I ' - _
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e ] "i".:‘~.'¢'.—'- » &ttt -
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- { :'i‘:_:ffij.-j"':--‘-:.",'}. ST -
DO e A ?,: N 28 & - g x et el L L L

ESSEEESSEESSSEESaSER SERaBLE. k. b SEIESEESSE Thresholdnign = ATprimmoy = =3 0
0 B e e e e

= SEEEsmssEamaas 59-7-{3», ’3 e SRR When a AT,,.;,, measured exceed a threshold an anomaly is
0 B— . - . . . . . .

20 45 0 5 0 5 15 20 25 detected. This indicator does not work if only DHW is supplied
Qutdoor temperature ['C)

by the substation
[Gadd et Werner, 2014]

’ Few data needed

30 How to choose the reference behavior?
I . Fast anomaly detection W

No clue on the fault origin
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Cooling [K]

40

20
1

0
1

Outdoor Temperature ["C]

[Manson & al, 2018]
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@ 3. Anomaly detection

SHaKE

Improvement of the thermal signature method:

« Different linear regression according to the
outdoor temperature

« Same threshold based on the standard deviation

« New data used (Energy exchange and return
temperature)

’ Few data needed ® 0 How tg choose the reference
A behavior?

Fast anomaly detection No clue on the fault origin



Q_,_I/ 3. Anomaly detection

SHaKE

Improvement of the thermal signature method:

. -g.m » Clustering of the different heat load patterns (different
; 1 ° % types of end-users)
g D ---.---05—93:‘3— --------------- D=0
K : « Different linear regressions according to the outdoor
S —— temperature
- « Adaptative threshold based on the cluster
L ’ Few data needed
- :, Fis s a
2 e o e R T I Fast anomaly detection
g 144 v_,'; : Rl . .

SERIITRE
R _— LI : ‘ ® 0 Need of quality data and knowledge on the end-
BT iy e OV va users

) of ¥
l’v‘o’, v V'f‘#”"}']v"}vﬂ,“ AT e Zearrenee e,
v o v l' v o X

8 PR
VLA Mu W ek w2t R Moa A aa - '
Outdoor temperature [*C]

No clue on the fault origin
[Theusch & al, 2021]
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@ 3. Anomaly detection

SHaKE

Multi-dwelling - 865 substations
Nov 2017

Improvement of the thermal signature method:

* Clustering of the different heat load patterns

_5 . (different types of end-users)
2: ]  Adaptative threshold based on the cluster
ge | - - 2 T ' _ | [Farouq & al, 2020]

50
Return temperature (°C)
(monthly mean)

=== Global threshold = Outlier DH substations (MCD)=87
----- MCD boundary v Inlier DH substations (MCD)=778

) Few data needed (20O Need of quality data and knowledge on the end-users

I Fast anomaly detection w No clue on the fault origin
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@ 4. Fault detection

SHaKE
3

i.z“ 2 Comparison between measured data and data from a
5. ! simulation.

ép” 0 [%]

' 1
‘(:: ? ) A fault is detected through the relative difference between the
r f L H
0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19/20 21 22 23 2 measured and the SImUIated data
T. — Ts s

xQ’s 1 6TS — s,mes s, stmu

*ar Ts,simu

v 0.5

“Ros 0y The diagnostic is made through health indices calculated
“xs H ﬂm_] thanks to an optimization algorithm

Rth,r

AN %'\ N %\m\fg; G a2 ":bo,'& \qj» AD q\\\ %\\\”y ’\%\%\m \x\bb %bf\ N\% q>m
Pipe
[Bahlawan & al, 2022]
’ Fast anomaly detection 10 Need of quality data
I Diagnostic of the anomaly ' Need of a digital twin of the network
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Q_,_I/ 4. Fault detection

SHaKE

s0 | ® Normal behavior s0 | ® Minor valve leak s0{ ® Valve leak

]

00 05 IL‘O 15 20 2.’5 3.‘0 35 40 4

| ® Stuck Valve 204 ® Temp. sensor deviation

Primary return temperature [°C]

OA'O 0.’5 1.'0 L‘S 2.’0 2.’5 3.'0 3.'5 470 45 0.’0 0.'5 1.'0 L’S 2A'0 25 30 35 40 45 00 05 1.0 15 20 25 30 35 40 45

Primary flow [L/min]

0 05 10 15 20 25 30 35 40 45

A ML algorithm is used to:

* Learn the normal operation behavior (laboratory
experimental data)

* Learn the specific signature of several fault
(Pattern and statistical value)

[Van Dreven & al, 2024]

, Fast anomaly detection

Diagnostic of the anomaly
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1* Need of a labelled data about fault




@ 4. Fault detection

SHaKE
Studied malfunctions:
[
- . : _ Secondary side valve
Primary side valve HEX fouling blocked
blocked /
>i<— > »<
< <
———Pp- — a
~ <
I_ ™~ Detection of high DHW circulation return
temperature
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@ 4. Fault detection

SHaKE

=) Primary side valve blocked

—Reference ——Case3 @ Exceeding Proposed indicator:

90 -
c
2  70-
g B% Calculation of the mass flow rate
£ variation
S ~
o R : :
== D — Mepr — My
z m =
£ Myt
()
2=
: |
E '90 T T T T T T T 1 . . .
o 250 256 262 268 274 280 286 292 298 _._ Criteria : if D,, > 15% more than 4

Time (h) times a day, there is a regulation
- Issue

'91’*_ Observation: an instability of the mass flow rate
A [Fabre, 2020]
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@ 4. Fault detection

SHaKE
= Fouling of the heat exchanger B Calculation of the thermal resistance
~after a cleaning:
e Reference ——Threshold e Casel e Case2 e Case3 e Case4
1,E-03 - - -
e 4 RuEgx without fouling — DTLM/Q
g 8,E-04 - S X e .
. .
73' N eee o %es” © ¢ RHEX,without fouling — AM+B
€ 6,E-04 -
o
% . 0,8 . 0,8
2 4E04 - ¥ m, + 1
£ y = 3,56E-05x - mo,s mo,s
E 2 E-04 - R2=1,00E+00 p S
[
0,E+00 ' ' ' ' ' ' ' Criteria: for a given M if
0 2 4 6 8 10 12 14 '.' g

Mass flow rate ratio M (s%28/kg%8)

- . _ _ RHEX > 1,4 RHEX,without fouling
A28 Observation: An increase of the thermal resistance

according to a mass flow rate ratio [Fabre, 2020]
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@ 4. Fault detection

SHaKE

m) Secondary side valve blocked

30

Well

functionning E Calculation of the radiator DTLM:

valve
Valve blocked Tin — Tint
lA hl\—/\ on 75% opening DTLM — ln <T T >
A, A\ AT out = lint
wr 9
“\'\/ Valve blocked

on 10% opening

N
o

Relative variation of DTLM (%)

o A Criteria:
= = Thresold
-30 ' ' ' ' ' ' | if the relative variation of DTLM < 10%
200 224 248 272 296 320 344 368
Time (h)
,@5;5;' Observation : the radiator DTLM variations are
smoothed

[Fabre, 2020]
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@ 4. Fault detection

SHaKE

* DHW return temperature , : :
- beratt [Fabre, 2020] Observation: the return temperature at the primary side

of the DHW HEX is high

70

(=)}
w

=]
o

Assumption:

wu
wu

Trecirc = 55°C

Designed F = "recirc/ .

iy
18]

Primary return temperature (°C)
9]
o

Maemand
. * eotd WON @ Calculation:
= @ ® ®e :. e E
. 50 60 70 80 S0 100 Tp’out - (1 B E) Tp'in + ].'I'—F (Trecirc F + TCW)
| primary supply temperature(°C)
—E=0,9
- Q) Criteria: Plot the measure of both primary side
« Recirculation line well design temperatures. Check if the plots are upper than the
e recirculation line with 60% heat losses and a bad design grey I|ne Of an eﬂ:ectlveness E=O8 fOI’ Instance
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Thank you!

Module 5.4 — Detection of malfunctions
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