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11 ABSTRACT

12 Concerning the building environment HVAC facilities, even if a great effort has been made
13 in developing components and systems with high nominal efficiencies, less attention has
14  been paid to the problem of system maintenance.

15  The main objective of the thermoeconomic diagnosis is to detect possible anomalies and
16  their location inside a component of the energy system. The second objective, and indeed
17  the one to be achieved in this paper, is indicated as inverse problem. It is associated with
18  the quantification of the effects of anomalies in terms of thermoeconomic quantities. Its
19  rigorous application in building thermal installations has some difficulties relating to the
20  strong interrelation between the different components and the fact that energy supply
21  facilities are continuously changing with time.

22  The way to deal with dynamiccircumstances is thoroughly explored in this article.

23  Likewise, this paper’s main goal is to demonstrate an application of two thermoeconomic
24 diagnosis methodologies in the building sector, one based on the malfunction and
25  dysfunction analysis and the other one based on the characteristic curves of the
26  components. The results obtained allow us to point out the advantages and limitations of
27  both methodologies as well as to combine them and then develop a more reliable
28  diagnosis.
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Highlights: 4 Detailed dynamic thermoeconomic diagnosis in buildings energy supply
system is made 4 A new way for fault detection and their effects quantification is
developed 4 Two thermoeconomic diagnosis methods are applied 4 Characteristic curves
and MF and DF methods are shown to be complementary 4 Diagnosis of a multi-fault

heating and DHW facility is performed.

1. INTRODUCCTION

In recent years, the construction sector has been in the spotlight of policies focusing on the

reduction of primary energy consumption and also oriented in the downsizing of CO,

emissions. It is estimated that heating, ventilation and air conditioning (HVAC) systems
consume about 50% of the total energy used in buildings worldwide. Then by properly
operating the HVAC systems, considerable energy savings can be achieved [1].

However, it is not only a matter of designing and sizing the higher performance thermal
systems, optimizing its costs and trying to design them for the minimum environmental
impact, since its maintenance should also be taken into consideration.

Systems are often poorly maintained and experience dramatic degradation of performance
due to aging and the presence of malfunctions or faults [2]. Those anomalies do not cause
the unit to stop functioning, but they do produce degradation in plant performance that
could be the beginning of undesirable induced effects which can seriously damage the
nominal operational condition of the facility.

Thermoeconomic diagnosis is focused on discovering reductions in system efficiency, the
detection of possible anomalies, the identification of the components where these
anomalies have occurred and their quantification [3]. This paper compares two

thermoeconomic methodologies in the diagnosis of a heating and DHW supply system, one
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based on the malfunction and dysfunction method [4] and the other one based on the
characteristic curves [5] of the components.

The paper is organized in 6 different sections as follows: after the introductory first
section, Section 2 presents the main ideas and sums up the malfunction and dysfunction
diagnosis formulas based on the productive structure of the system. In addition,
drawbacks of this method are also exposed. Another diagnosis perspective, driven by
characteristic curves, is introduced in Section 3 along with the generic formulas. The case
study where both diagnosis methodologies are implemented is defined in Section 4. The
application of both methods of diagnosis and the numerical results obtained are covered
in Section 5. Finally, the main contributions of the paper and the discussions on the results

are summarized in Section 6.

MATRICIAL NOMENCLATURE

X (nx1) Generic vector of X variable

o Xp (nxn) Diagonal matrix of X vector

o X’ (nx1) Reference condition of generic X vector

o AX (nx1) Variation of generic X vector between two conditions

o X (1xn) Transposed of generic X vector

ol (nx1) Unitary vector

o X 1St,X 2 (1x1) generic value of X for the 15t and 2" diagnosis calculation
MF & DF ANALISYS

oP (nx1) Component Product vector

o Pg (nx1) Final product vector

e K (nx1) Unit exergy consumption vector

* Kg (nx1) Vector of the marginal exergy consumptions related to the external resources

o (KP) (nxn) Matrix of the marginal exergy consumptions , Kj;

o |I) (nxn) Matrix irreversibility extended operator

. FT,F$ (1x1) Resource consumption in real and reference operating conditions

e MF (nx1) Malfunction vector

e DF (nx1) Dysfunction vector

 DF; (=) Components of the Dysfunction matrix
CHARACTERISTIC CURVES

o Tl (1x1) Generic term for characteristic curves representation

X4 (1x1) Subset of generic independent variables

oK (1x1) Specific term for characteristic curves application

o7 (1x1) Subset of specific thermal independent variables

. Ki‘l-?ld (1x1) Induced unit exergy consumption of the ithcomponent

o MF, ;4 (1x1) Induced malfunction of the i" component

o MF; ;. (1x1) Intrinsic malfunction of the ithcomponent

Figure 1: Nomenclature and brief description of symbols grouped according to their purpose
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2. THERMOECONOMIC DIAGNOSIS. MF & DF ANALYSIS

General Characteristics

Thermoeconomics relates the thermodynamic parameters with the economic ones based
on the idea that exergy is the unique parameter which rationally determines the cost of
the fluxes; this is due to the fact that exergy takes into account the quality of energy and
the irreversible nature of energy conversions [6].

Beyond that, thermoeconomic analysis is based on the productive structure 7] of the
plant where the interactions between components are identified according to their
functional relationships. The exergy flows related to the component resources are labelled
as Fuel, F, whereas those associated with the desired output are known as Product, P,
which meanwhile, can be fuel from other components and sometimes from wastes or
residues. Components are described by their specific exergy consumptions which refer to
the amount of resources needed to produce a unit of product, and this parameter being
one of the key variables for diagnosis purposes.

Thermoeconomic diagnosis is difficult to apply in building HVAC systems, precisely
because:

e [t should be noted that exergy is always evaluated with respect to a reference
environment, dead state. Exergy methods applied in buildings might seem
cumbersome or complex to some people, since not only is a dead state difficult to
define but it also changes dynamically over time, and the results might seem
difficult to interpret and understand [8].

e The definition of productive structure may well lead to controversy [9] due to the
dynamic behaviour of thermal installations in buildings. The same system can have
more than one productive structure depending upon the switching on and
switching off of the components. Likewise, the performance of any component, in

fact, is heavily influenced by all other components because of the system
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balancing; then, the effects of any anomaly will propagate to the whole plant, due
to the complex relationships.

e The most challenging enforcement of thermoeconomic diagnosis is to resolve the
direct problem, which consists of detecting a possible anomaly and its location. It
is a difficult task and the reliability of its results has not yet been proven [10]. For
the moment, only the inverse problem of diagnosis has been solved, i.e., under the
knowledge of specific anomalies in different components, the procedure involves
quantifying the effects of those anomalies in terms of thermoeconomic quantities,

such as fuel impact and malfunctions.

Nevertheless, several thermoeconomic diagnoses have been published during the last
years, although most of them are applied to industry. Verda and his co-workers applied a
zooming strategy in a combined cycle in order to first locate the macro-component where
the anomaly occurs [9], [11]. Besides that, this same author also developed a methodology
in which the effects of the control system are filtered [12]. Mendes et al [13] analysed the
influence of two different mono-fault cases implemented in a vapour compression
refrigeration system, whereas Shi et al [14] discussed the fuel impact that results from
malfunctions that occur when two LP heaters are out of service in a 1000 MW supercritical
power plant. Piacentino and Talamo [15] proposed an improved thermoeconomic
diagnosis method and applied it in a 120 kW air conditioning system and these same
authors [16] made a critical analysis on the capabilities and the limits of thermoeconomic
diagnosis in a multiple simultaneous faults air-cooled air conditioning system. Finally, it is
worth highlighting the study where the effects produced by a mono-fault located on the

radiators system of a DHW and heating demand facility is addressed [10].

Malfunction and Dysfunction Analysis

As a brief summary, the diagnosis method is based on the comparison between the real

(malfunctioning) and reference (without anomalies) operating conditions. Different
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indicators can be used to quantify the effects of malfunctions [17]. The additional fuel

consumption AFy, or fuel impact|18], is the difference between the resource consumption

of the plant in operation and in the reference condition:
_ 0

AF;=Fp-F; 1)

From that representation, the fuel impact formula can be extended and related to every

component as the sum of malfunctions MF, dysfunctions DF; and the final product

variation 4P :
l

AF; =‘u:[MF + DF + AP] 2)
Malfunction in i component, MF;, occurs due to an increase of the unit exergy
consumption 4k; in the component itself; and DF; is the variation of the it component

production induced by intrinsic malfunctions in other components. So dysfunctions are
not related to a variation of the component efficiency, i.e. they can occur in components
whose exergy efficiencies have maintained constant. They are defined as follows [10]:

MF = AKq,-P° 3)
DF = (K - Up)-AP 4)

As it will be explained later on, eq(3) and eq(4) can be estimated independently at the
component level; this is to say, without considering the relationships between the
elements inside the system.

Nevertheless, in addition to this representation, as the distribution of the resources
throughout the plant and the interconnections among subsystems are defined by the
productive structure, MF and DF analysis can be understood as follows [10]:

'MF = 'AkyPp + "u-(A(KP)-PD) 5)
DF = |1)-AP; + (|I)-A(KP)-P})-u 6)

were Ak, contains the variation of the marginal exergy consumption associated with the

external resources; and A(KP) refers to the variation of the marginal exergy consumption

of each component (i.e. Ak;; accounts the portion of jtotal resources coming from /product
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for the obtainment of a unit of j product), whereas |I) refers to the irreversibility extended
matrix operator [19].
In this way, by interpreting the dysfunction matrix DF, the induced dysfunction can be

related to the malfunction that generates it and to that fostered by APg. That is to say, DF;
picks out the dysfunction part of 7 caused by a malfunction in j and DF,; reflects the

induced consumption variation boosted by the final product variation.
If the reader wants to delve more deeply into diagnosis roots and its mathematical
development, the paper [19] together with [10] illustrate the direct way to achieve that

aim.

Shortcomings of this method
Although this formula seems very attractive, the contributions given by the malfunction
terms should not be confused with the effects due to the intrinsic malfunctions, since the
variations of unit exergy consumption can be caused by /nduced perturbations as well; or

similarly stated, the term Ax; = ZjAKij does not only represent the consumption variation

due to an intrinsic anomaly in the it component but it is also owed to the effects
prompted by other components anomalies. Consequently, the contributions given by the
terms DF represent only a part of the overall induced effects [17].

Henceforth, induced effects must be detected for a proper study. These effects take place
when a component without anomalies works at a non-reference operating condition.
According to [20], malfunctions can be categorized as either internal or external and then

distributed in some subcategories. In Figure 2 each type is labelled and shortly explained.

&Ambient Conditions = variation of the ambient conditions (T, P, humidity)

Internal .
X Fuel Quality =~ = Variation of fuel quality (LHV, HHV, composition)
@Control System = Control system intervention (deviations in intensive and extensive properties)
Anomalies generated by the dependence of the comp. behaviour on
External - [{Induced ——p s Yo aep P

the behaviour of other comp.

Mintrinsic =P Presence of anomalies

Figure 2: Malfunction Classification
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Because different malfunctions take place during a faulty operating condition, and in order
to make a reliable diagnosis, the influence of induced effects should be distinguished from
the intrinsic ones:

e [External effects are easily avoided by imposing the same ambient conditions and
same fuel quality in both the faulty and reference operating condition.

e (ontrol system intervention imposes some barriers to the malfunction
propagation which can also be prevented. The effect of an anomaly in a component
generally induces a variation in the thermodynamic properties of the downstream
flows, but the control system, commanded by some restrictions, acts with the aim
of adapting to the new circumstances [12]. This control effect should be filtered to
properly compare reference and real faulty operating conditions so that both cases
have an equivalent behaviour. An artificial condition is obtained by restoring the
same reference regulation condition in the faulty one, known as free condition,
which should be virtually determined, as is described in [10].

e The main difficulty of this task is the presence of induced malfunctions, which
appear because unit exergy consumptions are not true independent variables.
Some components may present a reduced efficiency, although they are not sources
of operating anomalies, due to non-flat efficiency curves. In Lazzaretto and co-
workers opinion [17], a rigorous mathematical approach based on the true
independent variables of the system is therefore required.

As the malfunction and dysfunction analysis does not discriminate between intrinsic and
induced malfunctions, it cannot be considered a fully reliable approach. This methodology
is effective in the evaluation of the malfunction effects but not in identifying the sources of

anomalies.
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3. THERMOECONOMIC DIAGNOSIS. CHARACTERISTIC
CURVES

General Characteristics

Regarding the objective of searching a rigorous mathematical approach to distinguish
induced effects from intrinsic ones, some authors have developed different theories based
directly on the thermodynamic description of the model. For instance, Uson and Valero
[21] provide a systematic numerical decomposition of malfunctions and malfunction costs
into intrinsic and induced effects relying on thermodynamic restrictions of the problem,
but unfortunately, it is not a direct procedure. Xu and al. [22], however, based their study
on a new indicator proposed by Toffolo and Lazzaretto [23]| which accords to the
availability of component characteristic curvesin the reference operating conditions.

The characteristic curves of a i component consist of a set of relationships expressing a

thermodynamic quantity mr; that characterizes the component behaviour as a function of
some variables ¢; involved in the component operation. The generic characteristic curve

associated with the reference operating condition takes the form of eq(7) and a specific

working point (R) inside that curve is represented by eq(8):

70 = (&%) 7)
TIO’iR — fO(EO,iR) 8)

The selected thermodynamic parameter representing the component m; can be different
depending on the chosen criteria. Toffolo and Lazzaretto [23] recommend component
irreversibility because then the indicator takes a strictly positive value in case there is a
presence of anomalies. Nevertheless, in order to make a direct comparison with the
previous diagnosis method, the dependent thermodynamic quantity to express will be the

component unit exergy consumption, k;. The variables ¢; chosen for these curves are the

mass flow rates, temperatures and pressures, designated as 7;. Hence, the appearance of
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the generic characteristic curve used for reference condition eq(9) and its specific working
point (R), eq(10), are:

K? = £(<)) 9
KR = fo(To,iR) 10)

,R

Let us now assume that because the induced effects are transferred downstream, the ‘L'Ol-

values change according to the physical constraints imposed by the component
characteristic to TO’iA. Therefore, the component will be working in a new operating
condition point, A, but still, the point will belong to the reference condition characteristic
0
curve, f:
0,4 _ 0(_0A
K= (%) 11)
Moreover, let us consider a new situation where the component contains an anomaly,

which means the presence of an intrinsic malfunction. In this case again, the component

will be in a different working point, B, with different independent variable values, T?. But

nonetheless, since the ith component contains a fault, the characteristic curve connected to

faulty condition f would be different from the reference one, fO:

K = £(<5) 12)

Characteristic Curves Application
This study needs to be individually implemented in each component. As said above, the
generic it component would have two values for its unit exergy consumption, one
associated with the reference condition K(l-), and the other one with the faulty operating

condition K;.

According to what was previously explained, even if the component does not contain any
anomaly, the independent thermal variables in reference condition TO’iR would be different
from those on faulty operating condition T?, due to induced effects. If the i" component

contains a fault, the characteristic curve connected to faulty condition f would be different

10
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from reference curve fo. In that case, a new unit exergy consumption value can be

calculated eq(13); this is mathematically obtained by inserting the values of the

independent variables of faulty operating conditions in the reference characteristic curve.
Kima = f =) 13)

Figure 3 depicts the three cases.

K \
AK;
Lint AK;
0 0(_0 i
0.R K, =f (Ti) R

K . .
K 0,4 A A Lind 'y

i,ind

> i
0,R B 0,A
T T, =T

Figure 3: Unit exergy consumption in reference and operating

As a result, the increase of the unit exergy consumption, 4k;, can be divided into induced

and intrinsic unit exergy consumption variation, 4K, ;,,;, 4K; ;.. , as follows:
0(. A _ 0(.R
ARy jnq = Ki,(Ti) - Ki(Ti) 14)
— o (B)_ 0
Aki,int_Ki(Ti)_Ki( i) 15)

Consequently, according to eq(3) the malfunction of each component can be expressed as
the sum of intrinsic and induced malfunctions:

MF; = MF,,, + MF, ., = 4K,

ind = A% e P+ A0, P 16)
This formulation allows calculating individually the effects that anomalies produce in
every component depending on the thermodynamic independent variables.

A generic procedure is therefore established to locate the origin of system intrinsic and
induced malfunctions from the analysis of the faulty operating conditions, where the only

possible source of uncertainty is the inaccuracy in the reconstruction of component

characteristic curves, due to the required amount of data.

11
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Revision of both Methodologies
Both techniques of thermoeconomic diagnosis give different essential information:

e Malfunction and dysfunction diagnosis procedure uses the Fuel-Product
productive structure in order to relate each component inputs and outputs to the
rest of the subsystems. It does not differentiate between intrinsic and induced
malfunction but, the dysfunctions provoked by j belonging to a malfunction in i
can be estimated, as well as those generated due to the final production variations.
Likewise, the way that the whole plant efficiency changes when the efficiency of
any component varies can also be easily calculated. Moreover, as the productive
structure is also used for cost accounting, either the exergetic costor the economic
cost of every flow and of the overall system can be assessed as well [19], in
addition to the cost impact generated by the anomalies [10].

e (Characteristic curves change the perspective and refer to the components
individually. This method enables researchers to distinguish between the induced
and intrinsic malfunctions in every component by considering the actual links
among the thermodynamic variables (pressure, temperature mass flows and

composition) and the exergy unitary consumptions.

Combination of both methodologies . Fault detection approach
Supposing that more than one intrinsic malfunction has taken place in the system, the MF
and DF diagnosis is not able to furnish any information about the incidence of each one on
the total fuel impact, since the irreversibility variation causes a different fuel impact
depending on the position of the component where the fault has occurred.

When various anomalies appear in the system, each anomaly would induce effects in the
jth component with the anomaly itself, varying its Ak; ;,,, (intrinsic malfunction) and in the

rest of i components varying both the unit exergy consumption, Ak;;,; (induced

malfunctions), and the local production, AP, (dysfunctions). The objective is to distinguish

12
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between the Ak;;,; and AP; produced by each anomaly so the extra consumption can be

attributed to the jth malfunctioning component which has generated them. Thanks to the

MF and DF diagnosis, this last extra consumption provoked by j related to the AP;

variation is accounted for through DF;, but further information is needed for accounting

ij
the remaining induced malfunction effects.

Consequently, if the information acquired by this diagnosis is complemented with the
characteristic curves analysis, the subsystem with higher intrinsic malfunction can be

recognized and identified as the faultiest component. However, even now, the extra

consumption caused by Ax;;,; cannot be attributed to any component, nor can the one
belonging to the final production variation AP, because this analysis is individually

performed and the induced effects could have been caused by more than one different
component.

Notwithstanding these barriers, thanks to characteristic curves analysis, the component
identified as the faultiest one (let’s say j component) can be virtually erased and a second

diagnosis study can be executed. In this way, the decrease of the fuel impact accounted
15t an

from the first study, AF ' , to the next one , AF“; , would express the savings gained when

the anomaly in j is repaired:

AF. =AY AR 17
- T — T )

save

In the same way, that AF,,,, would correspond to the sum of the intrinsic malfunctions in
. 15t L . . 15t 15t

j (MF]-_int) and its induced effects calculated in the first study (ZL.DF iy T ZL.MFU'ind) plus the
. . .. 15t ond . .

final production variation (AAP ; ) and the dysfunction it generates between both
. . 15t 2nd

situations (ADF 0 ):

save

st st st st nd st nd
AF = [MFj,lint + ZiDFlij + ZiMFi]%ind] + [(DFlo - DFZO ) + (Apls - APZS )] 18)

13
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15t 15t 15t an 15t an
As MF;;,, L DF; and DF" § , AP" § are calculated through one of the above

St
methodologies, X, MF iﬁind can be easily obtained with a simple subtraction.

If this is repeated as many times, or steps, as intrinsic malfunctions exist, the diagnosis

inverse problem is solved. Figure 4 outlines the methodology routine.

st st st
fault > 1 MF & DF-DF';; & DF', | AP’

¢
st i % 1S
1% STEP Charac.C—j 2 Detection: MF = AF 'y

‘ ‘ erase J fqul \ j
Fsive
an 2nd an
fault-y>1 MF & DF-DF*; & DF”,  AP“. ond
AF
2" STEP P nd T
LBWJ ; Charac.Cotgq,Detection: MFy
erase tfqule F.!
save
rd rd rd
fault-y-t>1 MF&DF—>DF3L»,-&DF3D ,Apsq ﬁ AF3;d

3"STEP P grd
LB@WS—J' i Charac.CﬁUf,@Detection' MFE; i

n'" STEP _ th
A No fault, OPERATION = REFERENCE |:> AFnT -0

Figure 4: Diagnosis methodology through the combination of MF&DF study and characteristic curves

4. DYNAMIC CASE STUDY

Preliminary work
The two diagnosis methods presented above will be applied in a heating and DHW plant in
order to highlight its characteristics, compare both methodologies and complement them
in a dynamic building environment. Let's assume there is a multi-fault case where some

anomalies are intentionally introduced.

14
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First of all, it is recommended to highlight that research on building thermal facilities
implies dynamic studies according to the changing behaviour of the variables such as
climate, user demand and so on, which directly interferes in the start-up and shutdowns of
the elements integrated in the installation. On the other hand, as diagnosis involves the
comparison between two operating conditions, dynamic simulation of the faulty (with
anomalies) and the reference conditions needs to be done, while in both the heating and
the DHW demand should be kept the same.

As previously stated, the ambient conditions during the heating season coincide in both
simulations, as well as the fuel quality and composition; the control system intervention
effect is avoided through the free condition obtainment which is fully explained in [10].
Because of the free condition achievement and due to the arguments displayed in [10], a

DHW production output variation would inevitably exist APSDHth 0, being indeed A

P, <.
DHW

The simulation is done with a 30s time-step and the reference operating condition data
and free condition data (named as faulty condition) is extracted every hour during the
heating season. So the dynamic study is represented as a set of hourly quasi-static states

joined by one after the other.

General description of the facility

The reference generic facility coincides with the one used in [10], where a full explanation
of all components can be found; additionally, in this case, the pumps are considered in the
study. The system covers the heating and DHW demand of a 16 householder multi-family
flat located in Bilbao (Spain), through a typical heating installation in the Basque Country
[24].

As a general explanation, the energy supply system consists of a 28 kW natural gas boiler.
Other components are a 35 litter hydraulic compensator, three way valves, a heat

exchanger and a 1000 litter DHW storage tank, see Figure 5; the heating demand is

15



349

350

351

352

353

354

355

356

357

358

359

represented through the heat dissipation of a radiator system and a 3-way valve. The DHW
is given by a DHW tank and a 3-way valve that ensures hot water at a constant
temperature.

As extensively explained in [26], before any calculation a decision must be made with
respect to whether the analysis of the components should be conducted using total exergy
or separate forms of it (i.e. thermal, mechanical and chemical exergies). Even if splitting
the exergy refines the accuracy, the computational efforts are much higher than the
obtained improvements; the corrections are often marginal and they are not necessary for
extracting the main conclusions from the exergoeconomic diagnosis evaluation. For that

reason, the total exergy will be considered in the research.

16
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Overall a total of 13 components were listed and described in Table 1, and 28 flows were

considered for the study, as seen in Figure 5. Different inputs coming from three external
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Figure 5: Physical Structure of the facility

sources are noted: (1) natural gas (E 20)» (2) the contribution given by the hydraulic
compensator (AE25) and the tank (AE,;), which are the difference between the initial and
final exergy those components have in the considered period, and (3) three inputs coming
from the electrical grid, one for powering each pump (EZG,E'27, Ezg). Those are represented

by green arrows whereas yellow arrows indicate the final products leaving the system,

such as DHW (E23) and heating demand (Elg).

The various components appearing in the case study are simulated using simplified
models available from the Trnsys v17 library. The control/ that turns on and deactivates

the devices of the plant is insightfully detailed in [10].

Thermoeconomic Diagnosis
As mentioned, the dynamic simulation will provide the hourly data required for the

calculation of every exergy flow E‘i eq(20). Then, a thermodynamic diagnosis will be
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385

completed hourly by eq(5) and eq(6) and afterwards, the malfunctions and dysfunctions

accumulated at the end of the studied period will be calculated. Consequently, the fuel

impact according to the incorporation of those anomalies is also quantified.

The first and probably the most sensitive step for this analysis is defining the productive

structure for each time-step following the pattern given in [19]. As previously remarked,

the system dynamic behaviour interferes in the start-up and shutdowns of the

components, so that the productive structure varies depending on the components which

are turned on in that precise moment. Figure 6 illustrates two of the possible cases: case 1

depicts the situation where only DHW demand is requested; case 2 shows the situation

where only heating demand is claimed. Both cases are associated with two different

productive structures.

—’ ._..
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o> ls
- I -
L IS 4 Y
) 2 [ Radiators System
Boiler = v -_ -
Q L
3
? 3 Oon =8
- ncamponent -
on
- mflows =13
i ; On
— e 10 —
A~ _9' - Soutput =1
CASE 2 ”
- 1
............................................. a 6 - DHW
DHW Tank
o s
o = (B
=l = "
2 @ Radiators System e
Boiler =
2 —
3
- ncomponent -
on _
) )
~— I/ 8 Oon  _
. @ Soutput = 1

Figure 6: Different operation situations related to different productive structures
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Although all the components do not have to be simultaneously switched on, Table 1

specifies F, P and k for every component according to the nomenclature in Figure 5.

Table 1: F/P Table and exergy unitary consumption of each subsystem

n COMPONENT F; P; K;
(D) Cond. Boiler + Gen. Pump = CB E5 E,-E, Ejo/(E1- E3)
(@ Compensator + Dist. Pump HC | (£;-E,) +AE,; Eq—E, | [(By-Ey) + AEys)/(Es - Ey)
(3 Heating & DHW Diverter = D1 E; Es+Eg Ey/(Es + E)
0) DHW 3-way valve V1 Esg E;+Eg Es/(E; + Ey)
® DHW Mixer M1 E;+ Eq Ep (E7 + Eg)/E1o
® Heat Exchanger HX Eg-Eq Eis-Eg (Eg—Eo)/(E15 - Eqe)
@ Heating 3-way valve V2 E E,+E; Eg/(Eyy+ Eqs)
Heating & DHW Mixer M2 Eijg+Eq Eg (Ero+E11)/Eg
@ Heating Mixer M3 E,+Eq, Eqq (B1p+ E14)/Eg
Radiators System RS Ei3-Eq, Eqg (13- E14)/E1
@) . DHW Tank + Storg. Pump = T | (Ey5-FEye) +Aky  Eqg—Eqy | [(Bis-Eie) + A5y /(Erg - E17)
@ DHW 3-way valve V3 Eig+Ey, E)3 (B1g+ E24)/Ex3
@ DHW Diverter D2 E;, Ey;+Ey Byl (B + Eya)

Characteristic curves Diagnosis

As previously pointed out, building facilities are strictly linked to dynamic fluctuations. At
every time-step the thermodynamic variables t change so the unit exergy consumption k
of every component also varies. This means that, in the same way as for the earlier
method, the study should be repeated for each component individually for every hour
during the whole heating season. Afterwards, as in the previous diagnosis, the cumulative
values of malfunctions and dysfunctions drawn through this representation will be
accounted for using eq(3) and eq(4).

As there are 13 components, at least 13 characteristic curves must be defined. The main
goal is to define a curve which recreates the same component behaviour as the one in the
previous diagnosis, which is based on the Trnsys v17 algorithm. For that purpose, the

Trnsys component mathematical reference guidebook [25] together with its Fortran
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416

417

418

419

420
421
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423

424

425

426

programming have been analysed. In such way, the independent variables 7; and physical
specific characteristics of every component have been considered. As an example, here
there is an explanation as to how to calculate the heat exchanger characteristic curve:

One needs to bear in mind the definition of its unit exergy consumption, which is written

in Table 1:
Eq-
K6=ElS_E16 19)
The formula for the generic physical i water exergy flow is expressed as follows:
. . Ti

were ¢, is the fluid specific heat, m is the mass flow rate and T, refers to the ambient

temperature.

The independent variables 74 and physical characteristics chosen for the heat exchanger
are the primary and secondary inlet temperatures (Tg,T4) (which are likewise outputs of
V1 and T), the mass flow rates (mprim,rhsec), the ambient temperature (T) and the overall
heat transfer coefficient UA. So that (T¢,T;5) output temperatures depend on those
variables.

In order to calculate them, the Trnsys heat exchanger algorithm relies on the effectiveness
approach: the model starts determining whether the primary or the secondary side is the

minimum capacitance side:

Cprim = CP'mprim 21)
Cyec = Cp Mgy, 22)
Cmax = max (Cprim'csec) 23)
Cmin = min (Cprim'csec) 24)

After that, it calculates the effectiveness based upon the specified flow configuration and

on UA:

E= T G 25)
- [E0E)

xxxxx
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Following this trajectory, the heat exchanger outlet temperatures are computed, which

would be at the same time the input parameters of M1 and T.

Cmin
Tqg=Tg- :z-(—clm_m)-(T8 -Tie) 26)
Cmin
T15 = T16 + 8'(@)'(7'8 - T16) 27)

In this way K, can be calculated and plotted. Figure 7 depicts the behaviour of K, when one

of its independent variables changes its value while the others remain constant.

K ; kg " kg o o o
UA=133888;7% ; m,,,= 19209 ; my,,=1860 ; T;4=35°C ; Ty=15°C ; Tg=75°C
K
Kg 6 Kg
1.12 2 1.07
1.1 1.06
A 1.5
1.08 ~ ," 1.05
~ - 1.04
1.06 ~ 1 pemmmm
-~ 1.03
1.04 ~ o 102
1.02 I 0.5 1.01
1 = 1
0.98 T T , o T r ) 0.99 T T T )
15.00 35.00 55.00 75.00 0.00 20.00 40.00 60.00 20.00 4000 6000 80.00 100.00
o o
T16[°C] Tol°C] Tg[°C]

Figure 7: Heat exchanger characteristic curves related to the fluctuation of one independent variable

5. NUMERICAL EXAMPLE

The DHW and space heating energy demand are calculated in the same way as in [9] both
accounting for the whole heating season comprising from the 15t of November until the

30t of April.

Multi-Faults

As any component can be chosen for containing the fault and the effects that it would
produce depending on the location of that component, two faults are deliberately
incorporated on the radiator system and heat exchanger by degrading some of their
physical characteristics. An anomaly is set through a 10% reduction in the RS energy
performance; and in HX the overall heat transfer coefficient is diminished 35%. The

reference and operation condition simulation are independently undertaken.
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445  Figure 8 depicts the reference and faulty operation characteristic curves of those
446  components when one of their independent variables changes its value while the rest
447  remain constant.
Kg Heat Exchanger Ko Radiator System
1.045 rer 15 .
101 F:ult 13 ?ju\l
1.035 11
1.03 9
1.025
7
1.02
1.015 5
1.01 \ 3
1005 . ! 61 63 65 67 69
56 58 T16[9C]60 62 64 T13[9C]
Figure 8: Characteristic curves of reference and faulty components
448  Simulation and a calculation of the exergy flows are performed hourly. For their
449  calculation, hourly ambient conditions are taken as dead state so, dynamic values are
450  regarded. Table 2 is afterwards built, where the accumulated exergy of every flow at the
451  end of the simulation period for reference and faulty operating conditions can be seen.
Table 2: Accumulated exergy values for reference and faulty operating condition [G]ex]
[G]] E, E, E; E, Eg Eg E, Eg Ey Ey Eyy E;p Eiz  Eyy
Ref. 1229 100.1 3723 351.8 1920 180.3 153.3 38.9 29.8 1829 1692 57.6 1227 1116
Fault 1229 99.2 3698 3484 190.7 179.1 1519 38.8 298 181.7 166.7 57.7 1214 109.2
E15 E16 E17 E18 E19 EZO AEZI EZZ E23 E24- AEZS E26 E27 EZB
372 283 0.2 6.5 23 1491 0.04 0.2 5.8 0.03 0.0 1.7 59 05
36.2 27.5 0.2 6.4 2.3 155.3 0.05 0.2 5.6 0.03 0.0 1.7 5.9 0.5
452 Thermoeconomic Diagnosis
453 At first, an hourly MF and DF diagnosis with two faults is carried out and the values
454 obtained are accumulated later on, see Table 3. The first column identifies each
455  component with its corresponding number. The second column contains the malfunction,
456  MF,, of every component, eq(5). The expanded dysfunction matrix comes next where the
457  dysfunction according to the exergy consumption variation associated with the external
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458

resources, DF,, and the other components, DF

jy are reflected, eq(6). The last column

459  corresponds to the final product variation, according to eq(2).
Table 3: MF and DF tables extracted from diagnosis accumulation [MJ]
MF & DF 1** DIAGNOSIS
lst
[oF"”]

@ | -1214 -1396 | - 557  -24 1255 -486 6617 -3¢  -21

@] -450 -9 - - 80 -48 52 480 104 -

®

6) - : -

® 1 206 -12 -10

-136 -14 87 32 -23 15 -25

10 | 1093 -

i -40 -6 -

® -1 -15 -129

@ 0] @ [0/ ©® |® ] | ® | l® | @ [®
460
461 e As was predicted, the components with higher malfunctions are those containing
st st
462 the anomalies (components HX, and RS; MF', =206 M] and MF}, =1093 MJ
463 repectively). However, these values are related to both intrinsic and induced
464 malfunctions so no immediate conclusions can be extracted.
465 e This is also the reason why the other components exhibit non null values for the
. 1St 1SL‘ 1St 1St
466 malfunctions (MF°; =-1214 MJ; MF", =-450 MJ; MF 3 =-136 MJ; MF7, =-40 M]
st
467 and MFI12 =-1MJ) due to the propagation of induced effects throughout the
468 system which generates a Ak; < 0.
469 e Asjustified in [10], since the free condition is imposed, the faults produce less final
st
470 product variation, AP', <0 . This fact influences each component’s performance
NA
471 inducing a negative Zl.DFli’O =-1452 MJ.
472 e Mostly all malfunctions generate a local output variation; therefore, a dysfunction
st

473 is created. The DFll-,j matrix element exhibits the dysfunction part of ?? caused by a
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474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

malfunction in ??. The effects are commonly suffered by the components located

upstream of the anomalies. Consequently, CB is the one undergoing the highest
i i 1SL‘ 1st 1st 1st 1st 1st
dysfunctions (sum of the 1%t line): DF'y =DF;, + DFy3+ DFj¢+DF{ o+ DF;; +
ISt
e Conversely, RS is the component inducing the greatest dysfunction (sum of the 10t
1St 1St 1St 15t
st
e The dysfunctions generated by HX (ZiDF%_6 =1239 M]) are also noticeable, but do
not cause as much impact because they are located ahead in the supply chain.
st
e The existence of APleHW < 0 is reflected in the last column.
e The sum of all components, according to eq(2), reflects the fuel impact related to

st
the first diagnosis with three anomalies: AF'; = 6296 M].

Characteristic curves Diagnosis

Alternative analysis has been done considering the characteristic curves diagnosis
methodology and has been applied hourly in every component. Subsequently, the values

achieved as a result of the first analysis step are accumulated and depicted in Table 4. The

st
column entitled as MF;,, contains the intrinsic malfunctions derived from anomalies,

St
eq(16); the column MFilnd, alternatively , displays the induced malfunction due to the non-

Table 4: MF and DF first analysis step through characteristic curves

CHARACTERISTIC CURVES

st st st
MF ilnt MFilnd DF '

@O cB - -1214 | 6467
@ HC - -450 500
® b1 - - -
@®» v1 - - -
G M1 : : -
(6 HX 323 -117 -22
@ v2 - - -
M2 - -136 42
(9 M3 - - -
RS | 1212 -119 -
@ T - -40 -6
@ v3 - -1 -15
@ D2 - - -
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491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

flat efficiency curves, eq(15). The sum of both columns indicates the total malfunction for
each component. The last column remarks the dysfunction values obtained by eq(5).
e This procedure allows dividing and quantifying the induced malfunctions from the

intrinsic ones. Henceforth, the results show clearly that the components with
st st

intrinsic malfunctions are (MF61_mt =323 M]) and (MFul)_int =1212 M]); therefore the

components are HX and RS respectively.

e Nevertheless, this methodology does not permit one to identify the source of every

st
component dysfunction, but only to calculate the total dysfunction DF 1i value.

Combination of both methods

As more than one intrinsic malfunction has taken place in the system, the subsystem with
higher intrinsic malfunction can be recognized and identified as the faultiest component,
in this case the RS. After erasing that anomaly, that is, restoring its reference energy
performance, another simulation has been conducted in order to quantify the decrease of
fuel impact accounted from the first study to the second one. In order to save space, the

MF results of characteristic curves of the second analysis step are shown in Table 5,

Table 5: MF, DF and APs analysis in the second analysis step

CURVES DIAGNOSIS

CHARACTERISTIC MF & DF ‘

2nd 2nd nd n an
MF5,,  MFj,y DF? A

S

®

@

®

O)

6) )

6 HX| 317 -118 -6 -9

@ V2 - - - -

M2 - -45 -11 59

(® M3 - - - -

RS - 18 - -

@ T - -33 -12 - -
@ V3 - -1 -10 - -76
® D2 g E : : E
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507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

together with the DF, DF, and the final product vector taken from the other diagnosis

analysis.

e In this 2™ case, as the anomaly in RS is corrected, only HX has intrinsic
. ond . .
malfunctions, where (MFm-nt: 317 M]) outstands among all. Its value is slightly

different to the one in the first study, owing to the reparation of the faultiest

component that varies the faulty thermodynamic operation conditions.

d
o DFZL-T:J is again very remarkable. Indeed, as the fault is on the HX, the DHW final

production is still lower than in the reference condition and that has an influence

nd
on the consumption reduction (Zl.DFZi'O =-792 M]).

d
. . . Qna .
e In this case, as fewer anomalies are taken into account, APSDHW is closer to zero.

nd
e The fuel impact related to the second diagnosis with one anomaly is: AF?*,

=-590 MJ.
Therefore, it is in accordance with eq(17): AF,,,, = 6886 M.
So that, regarding eq(18), the induced malfunction generated by the anomaly in RS is
1st
equal to: X, MF g g =— 695 M].
General results are summarized in Table 6 where each column corresponds to one of the

anomalies deliberately inserted in the study and the rows MF,,, XMF; 4 and XDF

int

correspond to the intrinsic, induced malfunctions and dysfunctions the faulty components

have in every study; the row DF,+AP indicates the effect the anomaly produces in the

final production variation and its consequences. Finally, the AF outlines the fuel

anomaly

impact of each anomaly.

Table 6: Diagnosis general results [MJ]

RS'anomaly HX'anomal

1212 317

-695 -1270

7082 1230

-714 -867
AFanomaly ‘ 6886 I -590 I

26



527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

In this way the weight of fuel impact on each anomalous component can be attributed:

e The fault in RS generates an extra consumption of 6886 MJ where 7599 M] are due
to the fault itself and the remaining - 714 MJ are owed to the final production
decrease.

e The fault in HX generates an extra consumption of — 590 MJ where 277 M] are due
to the fault itself and the remaining - 867 MJ are owed to the final production

decrease.

6. CONCLUSIONS AND DISCUSSION

The principle goal of the thermodynamic diagnosis of a system is the detection of the
arising anomalies, the identification of the causes and the quantification of the effects.
Although diagnosis allows foreseeing possible breakdowns or preventing energy and
economical extra charges, it has seldom been applied in building thermal facilities.

The main challenge of applying diagnoses to building thermal facilities is due to the need
of the dynamic representation of the system. To do such type of analysis, hourly quasi-
static states are joined together in order to typify the variable behaviour.

Henceforth, the productive structure of the system varies according to the component
activation and deactivation. Besides the structure modifications, the independent

variables of every component also change, so x; varies in each time-step as well. Therefore,

the diagnosis methodologies should be calculated hourly and then the values obtained
must be gathered until the end of the study period.

The malfunction and dysfunction method has been proved to be effective in evaluating
malfunction effects, but appears to be ineffective in associating the extra consumption of
the components with anomalies. In the case analysed in this paper, we conclude that it is
not possible to signal the component where the intrinsic anomaly is present without a

mathematical approach that separates it between intrinsic and malfunction analysis.
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Conversely characteristic curves diagnosis methodology allows one to account for each
component’s /ntrinsicand induced malfunction on an individual basis.

While conventional diagnosis is achieved through the whole system productive structure,
characteristic curves analysis is performed in each component individually.

The key finding is that neither of the methodologies is better than the other but they are
complementary for a proper diagnosis. By means of the malfunction and dysfunction
method, the fuel impact due to each malfunction can be accounted for and the one owing
to the final production variation can be identified. Nonetheless, the method does not allow
distinguishing between intrinsic and induced effects. On the contrary, the individual
characteristic curves methodology allows us to differentiate them. By combining both
theories, the fuel impact associated with each anomaly can be calculated through a
reiterative diagnosis study.

Hence, the methodology allows studying components in a local way and learning how they
affect globally. Hence, not only the efficiency degradation of the abnormal components are
detected but also is accounted the extra fuel charge generated by each fault.

This theory is applied in a DHW and heating facility with two faults where RS is identified
as the faultiest component. It provokes an overall extra consumption of 6886 MJ during the
heating period because of the incited effects on the others (6387 M/), the effects prompted
in the component itself (1212 MJ) and that are generated by changing the final production

(- 714 M)).
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ABSTRACT

Concerning the building environment HVAC facilities, even if a great effort has been made
in developing components and systems with high nominal efficiencies, less attention has
been paid to the problem of system maintenance.

The main objective of the thermoeconomic diagnosis is to detect possible anomalies and
their location inside a component of the energy system. The second objective, and indeed
the one to be achieved in this paper, is indicated as inverse problem. It is associated with
the quantification of the effects of anomalies in terms of thermoeconomic quantities. Its
rigorous application in building thermal installations has some difficulties relating to the
strong interrelation between the different components and the fact that energy supply
facilities are continuously changing with time.

The way to deal with dynamic circumstances is thoroughly explored in this article.
Likewise, this paper’s main goal is to demonstrate an application of two thermoeconomic
diagnosis methodologies in the building sector, one based on the malfunction and
dysfunction analysis and the other one based on the characteristic curves of the
components. The results obtained allow us to point out the advantages and limitations of
both methodologies as well as to combine them and then develop a more reliable

diagnosis.
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Keywords: Thermoeconomic diagnosis; Dynamic behaviour; Malfunction and Dysfunction;
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Highlights: 4 Detailed dynamic thermoeconomic diagnosis in buildings energy supply
system is made 4 A new way for fault detection and their effects quantification is
developed 4 Two thermoeconomic diagnosis methods are applied 4 Characteristic curves
and MF and DF methods are shown to be complementary 4 Diagnosis of a multi-fault

heating and DHW facility is performed.

1. INTRODUCCTION

In recent years, the construction sector has been in the spotlight of policies focusing on the

reduction of primary energy consumption and also oriented in the downsizing of CO,

emissions. It is estimated that heating, ventilation and air conditioning (HVAC) systems
consume about 50% of the total energy used in buildings worldwide. Then by properly
operating the HVAC systems, considerable energy savings can be achieved [1].

However, it is not only a matter of designing and sizing the higher performance thermal
systems, optimizing its costs and trying to design them for the minimum environmental
impact, since its maintenance should also be taken into consideration.

Systems are often poorly maintained and experience dramatic degradation of performance
due to aging and the presence of malfunctions or faults [2]. Those anomalies do not cause
the unit to stop functioning, but they do produce degradation in plant performance that
could be the beginning of undesirable induced effects which can seriously damage the
nominal operational condition of the facility.

Thermoeconomic diagnosis is focused on discovering reductions in system efficiency, the
detection of possible anomalies, the identification of the components where these
anomalies have occurred and their quantification [3]. This paper compares two

thermoeconomic methodologies in the diagnosis of a heating and DHW supply system, one
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based on the malfunction and dysfunction method [4] and the other one based on the
characteristic curves [5] of the components.

The paper is organized in 6 different sections as follows: after the introductory first
section, Section 2 presents the main ideas and sums up the malfunction and dysfunction
diagnosis formulas based on the productive structure of the system. In addition,
drawbacks of this method are also exposed. Another diagnosis perspective, driven by
characteristic curves, is introduced in Section 3 along with the generic formulas. The case
study where both diagnosis methodologies are implemented is defined in Section 4. The
application of both methods of diagnosis and the numerical results obtained are covered
in Section 5. Finally, the main contributions of the paper and the discussions on the results

are summarized in Section 6.

MATRICIAL NOMENCLATURE

X (nx1) Generic vector of X variable

o Xp (nxn) Diagonal matrix of X vector

o X’ (nx1) Reference condition of generic X vector

o AX (nx1) Variation of generic X vector between two conditions

o X (1xn) Transposed of generic X vector

ol (nx1) Unitary vector

o X 1St,X 2 (1x1) generic value of X for the 15t and 2" diagnosis calculation
MF & DF ANALISYS

oP (nx1) Component Product vector

o Pg (nx1) Final product vector

e K (nx1) Unit exergy consumption vector

* Kg (nx1) Vector of the marginal exergy consumptions related to the external resources

o (KP) (nxn) Matrix of the marginal exergy consumptions , Kj;

o |I) (nxn) Matrix irreversibility extended operator

. FT,F$ (1x1) Resource consumption in real and reference operating conditions

e MF (nx1) Malfunction vector

e DF (nx1) Dysfunction vector

 DF; (=) Components of the Dysfunction matrix
CHARACTERISTIC CURVES

o Tl (1x1) Generic term for characteristic curves representation

X4 (1x1) Subset of generic independent variables

oK (1x1) Specific term for characteristic curves application

o7 (1x1) Subset of specific thermal independent variables

. Ki‘l-?ld (1x1) Induced unit exergy consumption of the ithcomponent

o MF, ;4 (1x1) Induced malfunction of the i" component

o MF; ;. (1x1) Intrinsic malfunction of the ithcomponent

Figure 1: Nomenclature and brief description of symbols grouped according to their purpose
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2. THERMOECONOMIC DIAGNOSIS. MF & DF ANALYSIS

General Characteristics

Thermoeconomics relates the thermodynamic parameters with the economic ones based
on the idea that exergy is the unique parameter which rationally determines the cost of
the fluxes; this is due to the fact that exergy takes into account the quality of energy and
the irreversible nature of energy conversions [6].

Beyond that, thermoeconomic analysis is based on the productive structure 7] of the
plant where the interactions between components are identified according to their
functional relationships. The exergy flows related to the component resources are labelled
as Fuel, F, whereas those associated with the desired output are known as Product, P,
which meanwhile, can be fuel from other components and sometimes from wastes or
residues. Components are described by their specific exergy consumptions which refer to
the amount of resources needed to produce a unit of product, and this parameter being
one of the key variables for diagnosis purposes.

Thermoeconomic diagnosis is difficult to apply in building HVAC systems, precisely
because:

e [t should be noted that exergy is always evaluated with respect to a reference
environment, dead state. Exergy methods applied in buildings might seem
cumbersome or complex to some people, since not only is a dead state difficult to
define but it also changes dynamically over time, and the results might seem
difficult to interpret and understand [8].

e The definition of productive structure may well lead to controversy [9] due to the
dynamic behaviour of thermal installations in buildings. The same system can have
more than one productive structure depending upon the switching on and
switching off of the components. Likewise, the performance of any component, in

fact, is heavily influenced by all other components because of the system
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balancing; then, the effects of any anomaly will propagate to the whole plant, due
to the complex relationships.

e The most challenging enforcement of thermoeconomic diagnosis is to resolve the
direct problem, which consists of detecting a possible anomaly and its location. It
is a difficult task and the reliability of its results has not yet been proven [10]. For
the moment, only the inverse problem of diagnosis has been solved, i.e., under the
knowledge of specific anomalies in different components, the procedure involves
quantifying the effects of those anomalies in terms of thermoeconomic quantities,

such as fuel impact and malfunctions.

Nevertheless, several thermoeconomic diagnoses have been published during the last
years, although most of them are applied to industry. Verda and his co-workers applied a
zooming strategy in a combined cycle in order to first locate the macro-component where
the anomaly occurs [9], [11]. Besides that, this same author also developed a methodology
in which the effects of the control system are filtered [12]. Mendes et al [13] analysed the
influence of two different mono-fault cases implemented in a vapour compression
refrigeration system, whereas Shi et al [14] discussed the fuel impact that results from
malfunctions that occur when two LP heaters are out of service in a 1000 MW supercritical
power plant. Piacentino and Talamo [15] proposed an improved thermoeconomic
diagnosis method and applied it in a 120 kW air conditioning system and these same
authors [16] made a critical analysis on the capabilities and the limits of thermoeconomic
diagnosis in a multiple simultaneous faults air-cooled air conditioning system. Finally, it is
worth highlighting the study where the effects produced by a mono-fault located on the

radiators system of a DHW and heating demand facility is addressed [10].

Malfunction and Dysfunction Analysis

As a brief summary, the diagnosis method is based on the comparison between the real

(malfunctioning) and reference (without anomalies) operating conditions. Different
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indicators can be used to quantify the effects of malfunctions [17]. The additional fuel

consumption AFy, or fuel impact|18], is the difference between the resource consumption

of the plant in operation and in the reference condition:
_ 0

AF;=Fp-F; 1)

From that representation, the fuel impact formula can be extended and related to every

component as the sum of malfunctions MF, dysfunctions DF; and the final product

variation 4P :
l

AF; =‘u:[MF + DF + AP] 2)
Malfunction in i component, MF;, occurs due to an increase of the unit exergy
consumption 4k; in the component itself; and DF; is the variation of the it component

production induced by intrinsic malfunctions in other components. So dysfunctions are
not related to a variation of the component efficiency, i.e. they can occur in components
whose exergy efficiencies have maintained constant. They are defined as follows [10]:

MF = AKq,-P° 3)
DF = (K - Up)-AP 4)

As it will be explained later on, eq(3) and eq(4) can be estimated independently at the
component level; this is to say, without considering the relationships between the
elements inside the system.

Nevertheless, in addition to this representation, as the distribution of the resources
throughout the plant and the interconnections among subsystems are defined by the
productive structure, MF and DF analysis can be understood as follows [10]:

'MF = 'AkyPp + "u-(A(KP)-PD) 5)
DF = |1)-AP; + (|I)-A(KP)-P})-u 6)

were Ak, contains the variation of the marginal exergy consumption associated with the

external resources; and A(KP) refers to the variation of the marginal exergy consumption

of each component (i.e. Ak;; accounts the portion of jtotal resources coming from /product
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for the obtainment of a unit of j product), whereas |I) refers to the irreversibility extended
matrix operator [19].
In this way, by interpreting the dysfunction matrix DF, the induced dysfunction can be

related to the malfunction that generates it and to that fostered by APg. That is to say, DF;
picks out the dysfunction part of ifcaused by a malfunction in j and DF;, reflects the

induced consumption variation boosted by the final product variation.
If the reader wants to delve more deeply into diagnosis roots and its mathematical
development, the paper [19] together with [10] illustrate the direct way to achieve that

aim.

Shortcomings of this method
Although this formula seems very attractive, the contributions given by the malfunction
terms should not be confused with the effects due to the intrinsic malfunctions, since the
variations of unit exergy consumption can be caused by /nduced perturbations as well; or

similarly stated, the term Ax; = ZjAKij does not only represent the consumption variation

due to an intrinsic anomaly in the it component but it is also owed to the effects
prompted by other components anomalies. Consequently, the contributions given by the
terms DF represent only a part of the overall induced effects [17].

Henceforth, induced effects must be detected for a proper study. These effects take place
when a component without anomalies works at a non-reference operating condition.
According to [20], malfunctions can be categorized as either internal or external and then

distributed in some subcategories. In Figure 2 each type is labelled and shortly explained.

&Ambient Conditions = variation of the ambient conditions (T, P, humidity)

INTERNAL .
X Fuel Quality =~ ———— Variation of fuel quality (LHV, HHV, composition)
XControl System = Control system intervention (deviations in intensive and extensive properties)
Anomalies generated by the dependence of the comp. behaviour on
EXTERNAL Minduced  —— £ yone dep P

the behaviour of other comp.

Xlntrlnsm =P Presence of anomalies

Figure 2: Malfunction Classification
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Because different malfunctions take place during a faulty operating condition, and in order
to make a reliable diagnosis, the influence of induced effects should be distinguished from
the intrinsic ones:

e [External effects are easily avoided by imposing the same ambient conditions and
same fuel quality in both the faulty and reference operating condition.

e (ontrol system intervention imposes some barriers to the malfunction
propagation which can also be prevented. The effect of an anomaly in a component
generally induces a variation in the thermodynamic properties of the downstream
flows, but the control system, commanded by some restrictions, acts with the aim
of adapting to the new circumstances [12]. This control effect should be filtered to
properly compare reference and real faulty operating conditions so that both cases
have an equivalent behaviour. An artificial condition is obtained by restoring the
same reference regulation condition in the faulty one, known as free condition,
which should be virtually determined, as is described in [10].

e The main difficulty of this task is the presence of induced malfunctions, which
appear because unit exergy consumptions are not true independent variables.
Some components may present a reduced efficiency, although they are not sources
of operating anomalies, due to non-flat efficiency curves. In Lazzaretto and co-
workers opinion [17], a rigorous mathematical approach based on the true
independent variables of the system is therefore required.

As the malfunction and dysfunction analysis does not discriminate between intrinsic and
induced malfunctions, it cannot be considered a fully reliable approach. This methodology
is effective in the evaluation of the malfunction effects but not in identifying the sources of

anomalies.
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3. THERMOECONOMIC DIAGNOSIS. CHARACTERISTIC
CURVES

General Characteristics

Regarding the objective of searching a rigorous mathematical approach to distinguish
induced effects from intrinsic ones, some authors have developed different theories based
directly on the thermodynamic description of the model. For instance, Uson and Valero
[21] provide a systematic numerical decomposition of malfunctions and malfunction costs
into intrinsic and induced effects relying on thermodynamic restrictions of the problem,
but unfortunately, it is not a direct procedure. Xu and al. [22], however, based their study
on a new indicator proposed by Toffolo and Lazzaretto [23]| which accords to the
availability of component characteristic curvesin the reference operating conditions.

The characteristic curves of a i component consist of a set of relationships expressing a

thermodynamic quantity mr; that characterizes the component behaviour as a function of
some variables ¢; involved in the component operation. The generic characteristic curve

associated with the reference operating condition takes the form of eq(7) and a specific

working point (R) inside that curve is represented by eq(8):

70 = (&%) 7)
TIO’iR — fO(EO,iR) 8)

The selected thermodynamic parameter representing the component m; can be different
depending on the chosen criteria. Toffolo and Lazzaretto [23] recommend component
irreversibility because then the indicator takes a strictly positive value in case there is a
presence of anomalies. Nevertheless, in order to make a direct comparison with the
previous diagnosis method, the dependent thermodynamic quantity to express will be the

component unit exergy consumption, k;. The variables ¢; chosen for these curves are the

mass flow rates, temperatures and pressures, designated as 7;. Hence, the appearance of
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the generic characteristic curve used for reference condition eq(9) and its specific working
point (R), eq(10), are:

K? = £(<)) 9
KR = fo(To,iR) 10)

,R

Let us now assume that because the induced effects are transferred downstream, the ‘L'Ol-

values change according to the physical constraints imposed by the component
characteristic to TO’iA. Therefore, the component will be working in a new operating
condition point, A, but still, the point will belong to the reference condition characteristic
0
curve, f:
0,4 _ 0(_0A
K= (%) 11)
Moreover, let us consider a new situation where the component contains an anomaly,

which means the presence of an intrinsic malfunction. In this case again, the component

will be in a different working point, B, with different independent variable values, T?. But

nonetheless, since the ith component contains a fault, the characteristic curve connected to

faulty condition f would be different from the reference one, fO:

K = £(<5) 12)

Characteristic Curves Application
This study needs to be individually implemented in each component. As said above, the
generic it component would have two values for its unit exergy consumption, one
associated with the reference condition K(l-), and the other one with the faulty operating

condition K;.

According to what was previously explained, even if the component does not contain any
anomaly, the independent thermal variables in reference condition TO’iR would be different
from those on faulty operating condition T?, due to induced effects. If the i" component

contains a fault, the characteristic curve connected to faulty condition f would be different

10
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from reference curve fo. In that case, a new unit exergy consumption value can be

calculated eq(13); this is mathematically obtained by inserting the values of the

independent variables of faulty operating conditions in the reference characteristic curve.
Kima = f =) 13)

Figure 3 depicts the three cases.

K \
AK;
Lint AK;
0 0(_0 i
0.R K, =f (Ti) R

K . .
K 0,4 A A Lind 'y

i,ind

> i
0,R B 0,A
T T, =T

Figure 3: Unit exergy consumption in reference and operating

As a result, the increase of the unit exergy consumption, 4k;, can be divided into induced

and intrinsic unit exergy consumption variation, 4K, ;,,;, 4K; ;.. , as follows:
0(. A _ 0(.R
ARy jnq = Ki,(Ti) - Ki(Ti) 14)
— o (B)_ 0
Aki,int_Ki(Ti)_Ki( i) 15)

Consequently, according to eq(3) the malfunction of each component can be expressed as
the sum of intrinsic and induced malfunctions:

MF; = MF,,, + MF, ., = 4K,

ind = A% e P+ A0, P 16)
This formulation allows calculating individually the effects that anomalies produce in
every component depending on the thermodynamic independent variables.

A generic procedure is therefore established to locate the origin of system intrinsic and
induced malfunctions from the analysis of the faulty operating conditions, where the only

possible source of uncertainty is the inaccuracy in the reconstruction of component

characteristic curves, due to the required amount of data.

11
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Revision of both Methodologies
Both techniques of thermoeconomic diagnosis give different essential information:

e Malfunction and dysfunction diagnosis procedure uses the Fuel-Product
productive structure in order to relate each component inputs and outputs to the
rest of the subsystems. It does not differentiate between intrinsic and induced
malfunction but, the dysfunctions provoked by j belonging to a malfunction in i
can be estimated, as well as those generated due to the final production variations.
Likewise, the way that the whole plant efficiency changes when the efficiency of
any component varies can also be easily calculated. Moreover, as the productive
structure is also used for cost accounting, either the exergetic costor the economic
cost of every flow and of the overall system can be assessed as well [19], in
addition to the cost impact generated by the anomalies [10].

e (Characteristic curves change the perspective and refer to the components
individually. This method enables researchers to distinguish between the induced
and intrinsic malfunctions in every component by considering the actual links
among the thermodynamic variables (pressure, temperature mass flows and

composition) and the exergy unitary consumptions.

Combination of both methodologies . Fault detection approach
Supposing that more than one intrinsic malfunction has taken place in the system, the MF
and DF diagnosis is not able to furnish any information about the incidence of each one on
the total fuel impact, since the irreversibility variation causes a different fuel impact
depending on the position of the component where the fault has occurred.

When various anomalies appear in the system, each anomaly would induce effects in the
jth component with the anomaly itself, varying its Ak; ;,,, (intrinsic malfunction) and in the

rest of i components varying both the unit exergy consumption, Ak;;,; (induced

malfunctions), and the local production, AP, (dysfunctions). The objective is to distinguish

12
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between the Ak;;,; and AP; produced by each anomaly so the extra consumption can be

attributed to the jth malfunctioning component which has generated them. Thanks to the

MF and DF diagnosis, this last extra consumption provoked by j related to the AP;

variation is accounted for through DF;, but further information is needed for accounting

ij
the remaining induced malfunction effects.

Consequently, if the information acquired by this diagnosis is complemented with the
characteristic curves analysis, the subsystem with higher intrinsic malfunction can be

recognized and identified as the faultiest component. However, even now, the extra

consumption caused by Ax;;,; cannot be attributed to any component, nor can the one
belonging to the final production variation AP, because this analysis is individually

performed and the induced effects could have been caused by more than one different
component.

Notwithstanding these barriers, thanks to characteristic curves analysis, the component
identified as the faultiest one (let’s say j component) can be virtually erased and a second

diagnosis study can be executed. In this way, the decrease of the fuel impact accounted
15t an

from the first study, AF ' , to the next one , AF“; , would express the savings gained when

the anomaly in j is repaired:

AF. =AY AR 17
- T — T )

save

In the same way, that AF,,,, would correspond to the sum of the intrinsic malfunctions in
. 15t L . . 15t 15t

j (MF]-_int) and its induced effects calculated in the first study (ZL.DF iy T ZL.MFU'ind) plus the
. . .. 15t ond . .

final production variation (AAP ; ) and the dysfunction it generates between both
. . 15t 2nd

situations (ADF 0 ):

save

st st st st nd st nd
AF = [MFj,lint + ZiDFlij + ZiMFi]%ind] + [(DFlo - DFZO ) + (Apls - APZS )] 18)

13
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15t 15t 15t an 15t an
As MF;;,, L DF; and DF" § , AP" § are calculated through one of the above

St
methodologies, X, MF iﬁind can be easily obtained with a simple subtraction.

If this is repeated as many times, or steps, as intrinsic malfunctions exist, the diagnosis

inverse problem is solved. Figure 4 outlines the methodology routine.

st st st
fault > 1 MF & DF-DF';; & DF', | AP’

¢
st i % 1S
1% STEP Charac.C—j 2 Detection: MF = AF 'y

‘ ‘ erase J fqul \ j
Fsive
an 2nd an
fault-y>1 MF & DF-DF*; & DF”,  AP“. ond
AF
2" STEP P nd T
LBWJ ; Charac.Cotgq,Detection: MFy
erase tfqule F.!
save
rd rd rd
fault-y-t>1 MF&DF—>DF3L»,-&DF3D ,Apsq ﬁ AF3;d

3"STEP P grd
LB@WS—J' i Charac.CﬁUf,@Detection' MFE; i

n'" STEP _ th
A No fault, OPERATION = REFERENCE |:> AFnT -0

Figure 4: Diagnosis methodology through the combination of MF&DF study and characteristic curves

4. DYNAMIC CASE STUDY

Preliminary work
The two diagnosis methods presented above will be applied in a heating and DHW plant in
order to highlight its characteristics, compare both methodologies and complement them
in a dynamic building environment. Let's assume there is a multi-fault case where some

anomalies are intentionally introduced.

14
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First of all, it is recommended to highlight that research on building thermal facilities
implies dynamic studies according to the changing behaviour of the variables such as
climate, user demand and so on, which directly interferes in the start-up and shutdowns of
the elements integrated in the installation. On the other hand, as diagnosis involves the
comparison between two operating conditions, dynamic simulation of the faulty (with
anomalies) and the reference conditions needs to be done, while in both the heating and
the DHW demand should be kept the same.

As previously stated, the ambient conditions during the heating season coincide in both
simulations, as well as the fuel quality and composition; the control system intervention
effect is avoided through the free condition obtainment which is fully explained in [10].
Because of the free condition achievement and due to the arguments displayed in [10], a

DHW production output variation would inevitably exist APSDHth 0, being indeed A

P, <.
DHW

The simulation is done with a 30s time-step and the reference operating condition data
and free condition data (named as faulty condition) is extracted every hour during the
heating season. So the dynamic study is represented as a set of hourly quasi-static states

joined by one after the other.

General description of the facility

The reference generic facility coincides with the one used in [10], where a full explanation
of all components can be found; additionally, in this case, the pumps are considered in the
study. The system covers the heating and DHW demand of a 16 householder multi-family
flat located in Bilbao (Spain), through a typical heating installation in the Basque Country
[24].

As a general explanation, the energy supply system consists of a 28 kW natural gas boiler.
Other components are a 35 litter hydraulic compensator, three way valves, a heat

exchanger and a 1000 litter DHW storage tank, see Figure 5; the heating demand is

15
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represented through the heat dissipation of a radiator system and a 3-way valve. The DHW
is given by a DHW tank and a 3-way valve that ensures hot water at a constant
temperature.

As extensively explained in [26], before any calculation a decision must be made with
respect to whether the analysis of the components should be conducted using total exergy
or separate forms of it (i.e. thermal, mechanical and chemical exergies). Even if splitting
the exergy refines the accuracy, the computational efforts are much higher than the
obtained improvements; the corrections are often marginal and they are not necessary for
extracting the main conclusions from the exergoeconomic diagnosis evaluation. For that

reason, the total exergy will be considered in the research.
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Overall a total of 13 components were listed and described in Table 1, and 28 flows were

considered for the study, as seen in Figure 5. Different inputs coming from three external
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Figure 5: Physical Structure of the facility

sources are noted: (1) natural gas (E 20)» (2) the contribution given by the hydraulic
compensator (AE25) and the tank (AE,;), which are the difference between the initial and
final exergy those components have in the considered period, and (3) three inputs coming
from the electrical grid, one for powering each pump (EZG,E'27, Ezg). Those are represented

by green arrows whereas yellow arrows indicate the final products leaving the system,

such as DHW (E23) and heating demand (Elg).

The various components appearing in the case study are simulated using simplified
models available from the Trnsys v17 library. The control/ that turns on and deactivates

the devices of the plant is insightfully detailed in [10].

Thermoeconomic Diagnosis
As mentioned, the dynamic simulation will provide the hourly data required for the

calculation of every exergy flow E‘i eq(20). Then, a thermodynamic diagnosis will be
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completed hourly by eq(5) and eq(6) and afterwards, the malfunctions and dysfunctions

accumulated at the end of the studied period will be calculated. Consequently, the fuel

impact according to the incorporation of those anomalies is also quantified.

The first and probably the most sensitive step for this analysis is defining the productive

structure for each time-step following the pattern given in [19]. As previously remarked,

the system dynamic behaviour interferes in the start-up and shutdowns of the

components, so that the productive structure varies depending on the components which

are turned on in that precise moment. Figure 6 illustrates two of the possible cases: case 1

depicts the situation where only DHW demand is requested; case 2 shows the situation

where only heating demand is claimed. Both cases are associated with two different

productive structures.
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Figure 6: Different operation situations related to different productive structures
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Although all the components do not have to be simultaneously switched on, Table 1

specifies F, P and k for every component according to the nomenclature in Figure 5.

Table 1: F/P Table and exergy unitary consumption of each subsystem

n COMPONENT F; P; K;
(D) Cond. Boiler + Gen. Pump = CB E5 E,-E, Ejo/(E1- E3)
(@ Compensator + Dist. Pump HC | (£;-E,) +AE,; Eq—E, | [(By-Ey) + AEys)/(Es - Ey)
(3 Heating & DHW Diverter = D1 E; Es+Eg Ey/(Es + E)
0) DHW 3-way valve V1 Esg E;+Eg Es/(E; + Ey)
® DHW Mixer M1 E;+ Eq Ep (E7 + Eg)/E1o
® Heat Exchanger HX Eg-Eq Eis-Eg (Eg—Eo)/(E15 - Eqe)
@ Heating 3-way valve V2 E E,+E; Eg/(Eyy+ Eqs)
Heating & DHW Mixer M2 Eijg+Eq Eg (Ero+E11)/Eg
@ Heating Mixer M3 E,+Eq, Eqq (B1p+ E14)/Eg
Radiators System RS Ei3-Eq, Eqg (13- E14)/E1
@) . DHW Tank + Storg. Pump = T | (Ey5-FEye) +Aky  Eqg—Eqy | [(Bis-Eie) + A5y /(Erg - E17)
@ DHW 3-way valve V3 Eig+Ey, E)3 (B1g+ E24)/Ex3
@ DHW Diverter D2 E;, Ey;+Ey Byl (B + Eya)

Characteristic curves Diagnosis

As previously pointed out, building facilities are strictly linked to dynamic fluctuations. At
every time-step the thermodynamic variables t change so the unit exergy consumption k
of every component also varies. This means that, in the same way as for the earlier
method, the study should be repeated for each component individually for every hour
during the whole heating season. Afterwards, as in the previous diagnosis, the cumulative
values of malfunctions and dysfunctions drawn through this representation will be
accounted for using eq(3) and eq(4).

As there are 13 components, at least 13 characteristic curves must be defined. The main
goal is to define a curve which recreates the same component behaviour as the one in the
previous diagnosis, which is based on the Trnsys v17 algorithm. For that purpose, the

Trnsys component mathematical reference guidebook [25] together with its Fortran
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411
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413

414

415

416

417

418

419

420
421
422
423

424

425

426

programming have been analysed. In such way, the independent variables 7; and physical
specific characteristics of every component have been considered. As an example, here
there is an explanation as to how to calculate the heat exchanger characteristic curve:

One needs to bear in mind the definition of its unit exergy consumption, which is written

in Table 1:
Eq-
K6=ElS_E16 19)
The formula for the generic physical i water exergy flow is expressed as follows:
. . Ti

were ¢, is the fluid specific heat, m is the mass flow rate and T, refers to the ambient

temperature.

The independent variables 74 and physical characteristics chosen for the heat exchanger
are the primary and secondary inlet temperatures (Tg,T4) (which are likewise outputs of
V1 and T), the mass flow rates (mprim,rhsec), the ambient temperature (T) and the overall
heat transfer coefficient UA. So that (T¢,T;5) output temperatures depend on those
variables.

In order to calculate them, the Trnsys heat exchanger algorithm relies on the effectiveness
approach: the model starts determining whether the primary or the secondary side is the

minimum capacitance side:

Cprim = CP'mprim 21)
Cyec = Cp Mgy, 22)
Cmax = max (Cprim'csec) 23)
Cmin = min (Cprim'csec) 24)

After that, it calculates the effectiveness based upon the specified flow configuration and

on UA:

E= T G 25)
- [E0E)

xxxxx
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Following this trajectory, the heat exchanger outlet temperatures are computed, which

would be at the same time the input parameters of M1 and T.

Cmin
Tqg=Tg- :z-(—clm_m)-(T8 -Tie) 26)
Cmin
T15 = T16 + 8'(@)'(7'8 - T16) 27)

In this way K, can be calculated and plotted. Figure 7 depicts the behaviour of K, when one

of its independent variables changes its value while the others remain constant.

K ; kg " kg o o o
UA=133888;7% ; m,,,= 19209 ; my,,=1860 ; T;4=35°C ; Ty=15°C ; Tg=75°C
K
Kg 6 Kg
1.12 2 1.07
1.1 1.06
A 1.5
1.08 ~ ," 1.05
~ - 1.04
1.06 ~ 1 pemmmm
-~ 1.03
1.04 ~ o 102
1.02 I 0.5 1.01
1 = 1
0.98 T T , o T r ) 0.99 T T T )
15.00 35.00 55.00 75.00 0.00 20.00 40.00 60.00 20.00 4000 6000 80.00 100.00
o o
T16[°C] Tol°C] Tg[°C]

Figure 7: Heat exchanger characteristic curves related to the fluctuation of one independent variable

5. NUMERICAL EXAMPLE

The DHW and space heating energy demand are calculated in the same way as in [9] both
accounting for the whole heating season comprising from the 15t of November until the

30t of April.

Multi-Faults

As any component can be chosen for containing the fault and the effects that it would
produce depending on the location of that component, two faults are deliberately
incorporated on the radiator system and heat exchanger by degrading some of their
physical characteristics. An anomaly is set through a 10% reduction in the RS energy
performance; and in HX the overall heat transfer coefficient is diminished 35%. The

reference and operation condition simulation are independently undertaken.
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445  Figure 8 depicts the reference and faulty operation characteristic curves of those
446  components when one of their independent variables changes its value while the rest
447  remain constant.
Kg Heat Exchanger Ko Radiator System
1.045 rer 15 .
101 F:ult 13 ?ju\l
1.035 11
1.03 9
1.025
7
1.02
1.015 5
1.01 \ 3
1005 . ! 61 63 65 67 69
56 58 T16[9C]60 62 64 T13[9C]
Figure 8: Characteristic curves of reference and faulty components
448  Simulation and a calculation of the exergy flows are performed hourly. For their
449  calculation, hourly ambient conditions are taken as dead state so, dynamic values are
450  regarded. Table 2 is afterwards built, where the accumulated exergy of every flow at the
451  end of the simulation period for reference and faulty operating conditions can be seen.
Table 2: Accumulated exergy values for reference and faulty operating condition [G]ex]
[G]] E, E, E; E, Eg Eg E, Eg Ey Ey Eyy E;p Eiz  Eyy
Ref. 1229 100.1 3723 351.8 1920 180.3 153.3 38.9 29.8 1829 1692 57.6 1227 1116
Fault 1229 99.2 3698 3484 190.7 179.1 1519 38.8 298 181.7 166.7 57.7 1214 109.2
E15 E16 E17 E18 E19 EZO AEZI EZZ E23 E24- AEZS E26 E27 EZB
372 283 0.2 6.5 23 1491 0.04 0.2 5.8 0.03 0.0 1.7 59 05
36.2 27.5 0.2 6.4 2.3 155.3 0.05 0.2 5.6 0.03 0.0 1.7 5.9 0.5
452 Thermoeconomic Diagnosis
453 At first, an hourly MF and DF diagnosis with two faults is carried out and the values
454 obtained are accumulated later on, see Table 3. The first column identifies each
455  component with its corresponding number. The second column contains the malfunction,
456  MF,, of every component, eq(5). The expanded dysfunction matrix comes next where the
457  dysfunction according to the exergy consumption variation associated with the external
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458

resources, DF,, and the other components, DF

jy are reflected, eq(6). The last column

459  corresponds to the final product variation, according to eq(2).
Table 3: MF and DF tables extracted from diagnosis accumulation [MJ]
MF & DF 1** DIAGNOSIS
lst
[oF"”]

@ | -1214 -1396 | - 557  -24 1255 -486 6617 -3¢  -21

@] -450 -9 - - 80 -48 52 480 104 -

®

6) - : -

® 1 206 -12 -10

-136 -14 87 32 -23 15 -25

10 | 1093 -

i -40 -6 -

® -1 -15 -129

@ 0] @ [0/ ©® |® ] | ® | l® | @ [®
460
461 e As was predicted, the components with higher malfunctions are those containing
st st
462 the anomalies (components HX, and RS; MF', =206 M] and MF}, =1093 MJ
463 repectively). However, these values are related to both intrinsic and induced
464 malfunctions so no immediate conclusions can be extracted.
465 e This is also the reason why the other components exhibit non null values for the
. 1St 1SL‘ 1St 1St
466 malfunctions (MF°; =-1214 MJ; MF", =-450 MJ; MF 3 =-136 MJ; MF7, =-40 M]
st
467 and MFI12 =-1MJ) due to the propagation of induced effects throughout the
468 system which generates a Ak; < 0.
469 e Asjustified in [10], since the free condition is imposed, the faults produce less final
st
470 product variation, AP', <0 . This fact influences each component’s performance
NA
471 inducing a negative Zl.DFli’O =-1452 MJ.
472 e Mostly all malfunctions generate a local output variation; therefore, a dysfunction
st

473 is created. The DFll-,j matrix element exhibits the dysfunction part of ?? caused by a

23



474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

malfunction in ??. The effects are commonly suffered by the components located

upstream of the anomalies. Consequently, CB is the one undergoing the highest
i i 1SL‘ 1st 1st 1st 1st 1st
dysfunctions (sum of the 1%t line): DF'y =DF;, + DFy3+ DFj¢+DF{ o+ DF;; +
ISt
e Conversely, RS is the component inducing the greatest dysfunction (sum of the 10t
1St 1St 1St 15t
st
e The dysfunctions generated by HX (ZiDF%_6 =1239 M]) are also noticeable, but do
not cause as much impact because they are located ahead in the supply chain.
st
e The existence of APleHW < 0 is reflected in the last column.
e The sum of all components, according to eq(2), reflects the fuel impact related to

st
the first diagnosis with three anomalies: AF'; = 6296 M].

Characteristic curves Diagnosis

Alternative analysis has been done considering the characteristic curves diagnosis
methodology and has been applied hourly in every component. Subsequently, the values

achieved as a result of the first analysis step are accumulated and depicted in Table 4. The

st
column entitled as MF;,, contains the intrinsic malfunctions derived from anomalies,

St
eq(16); the column MFilnd, alternatively , displays the induced malfunction due to the non-

Table 4: MF and DF first analysis step through characteristic curves

CHARACTERISTIC CURVES

st st st
MF ilnt MFilnd DF '

@O cB - -1214 | 6467
@ HC - -450 500
® b1 - - -
@®» v1 - - -
G M1 : : -
(6 HX 323 -117 -22
@ v2 - - -
M2 - -136 42
(9 M3 - - -
RS | 1212 -119 -
@ T - -40 -6
@ v3 - -1 -15
@ D2 - - -
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491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

flat efficiency curves, eq(15). The sum of both columns indicates the total malfunction for
each component. The last column remarks the dysfunction values obtained by eq(5).
e This procedure allows dividing and quantifying the induced malfunctions from the

intrinsic ones. Henceforth, the results show clearly that the components with
st st

intrinsic malfunctions are (MF61_mt =323 M]) and (MFul)_int =1212 M]); therefore the

components are HX and RS respectively.

e Nevertheless, this methodology does not permit one to identify the source of every

st
component dysfunction, but only to calculate the total dysfunction DF 1i value.

Combination of both methods

As more than one intrinsic malfunction has taken place in the system, the subsystem with
higher intrinsic malfunction can be recognized and identified as the faultiest component,
in this case the RS. After erasing that anomaly, that is, restoring its reference energy
performance, another simulation has been conducted in order to quantify the decrease of
fuel impact accounted from the first study to the second one. In order to save space, the

MF results of characteristic curves of the second analysis step are shown in Table 5,

Table 5: MF, DF and APs analysis in the second analysis step

CURVES DIAGNOSIS

CHARACTERISTIC MF & DF ‘

2nd 2nd nd n an
MF5,,  MFj,y DF? A

S

®

@

®

O)

6) )

6 HX| 317 -118 -6 -9

@ V2 - - - -

M2 - -45 -11 59

(® M3 - - - -

RS - 18 - -

@ T - -33 -12 - -
@ V3 - -1 -10 - -76
® D2 g E : : E
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506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

together with the DF, DF, and the final product vector taken from the other diagnosis

analysis.

e In this 2™ case, as the anomaly in RS is corrected, only HX has intrinsic
. ond . .
malfunctions, where (MFm-nt: 317 M]) outstands among all. Its value is slightly

different to the one in the first study, owing to the reparation of the faultiest

component that varies the faulty thermodynamic operation conditions.

d
o DFZL-T:J is again very remarkable. Indeed, as the fault is on the HX, the DHW final

production is still lower than in the reference condition and that has an influence

nd
on the consumption reduction (Zl.DFZi'O =-792 M]).

d
. . . Qna .
e In this case, as fewer anomalies are taken into account, APSDHW is closer to zero.

nd
e The fuel impact related to the second diagnosis with one anomaly is: AF?*,

=-590 MJ.
Therefore, it is in accordance with eq(17): AF,,,, = 6886 M.
So that, regarding eq(18), the induced malfunction generated by the anomaly in RS is
1st
equal to: X, MF g g =— 695 M].
General results are summarized in Table 6 where each column corresponds to one of the

anomalies deliberately inserted in the study and the rows MF,,, XMF; 4 and XDF

int

correspond to the intrinsic, induced malfunctions and dysfunctions the faulty components

have in every study; the row DF,+AP indicates the effect the anomaly produces in the

final production variation and its consequences. Finally, the AF outlines the fuel

anomaly

impact of each anomaly.

Table 6: Diagnosis general results [MJ]

RS'anomaly HX'anomal

1212 317

-695 -1270

7082 1230

-714 -867
AFanomaly ‘ 6886 I -590 I
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551

In this way the weight of fuel impact on each anomalous component can be attributed:

e The fault in RS generates an extra consumption of 6886 MJ where 7599 M] are due
to the fault itself and the remaining - 714 MJ are owed to the final production
decrease.

e The fault in HX generates an extra consumption of — 590 MJ where 277 M] are due
to the fault itself and the remaining - 867 MJ are owed to the final production

decrease.

6. CONCLUSIONS AND DISCUSSION

The principle goal of the thermodynamic diagnosis of a system is the detection of the
arising anomalies, the identification of the causes and the quantification of the effects.
Although diagnosis allows foreseeing possible breakdowns or preventing energy and
economical extra charges, it has seldom been applied in building thermal facilities.

The main challenge of applying diagnoses to building thermal facilities is due to the need
of the dynamic representation of the system. To do such type of analysis, hourly quasi-
static states are joined together in order to typify the variable behaviour.

Henceforth, the productive structure of the system varies according to the component
activation and deactivation. Besides the structure modifications, the independent

variables of every component also change, so x; varies in each time-step as well. Therefore,

the diagnosis methodologies should be calculated hourly and then the values obtained
must be gathered until the end of the study period.

The malfunction and dysfunction method has been proved to be effective in evaluating
malfunction effects, but appears to be ineffective in associating the extra consumption of
the components with anomalies. In the case analysed in this paper, we conclude that it is
not possible to signal the component where the intrinsic anomaly is present without a

mathematical approach that separates it between intrinsic and malfunction analysis.
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Conversely characteristic curves diagnosis methodology allows one to account for each
component’s /ntrinsicand induced malfunction on an individual basis.

While conventional diagnosis is achieved through the whole system productive structure,
characteristic curves analysis is performed in each component individually.

The key finding is that neither of the methodologies is better than the other but they are
complementary for a proper diagnosis. By means of the malfunction and dysfunction
method, the fuel impact due to each malfunction can be accounted for and the one owing
to the final production variation can be identified. Nonetheless, the method does not allow
distinguishing between intrinsic and induced effects. On the contrary, the individual
characteristic curves methodology allows us to differentiate them. By combining both
theories, the fuel impact associated with each anomaly can be calculated through a
reiterative diagnosis study.

Hence, the methodology allows studying components in a local way and learning how they
affect globally. Hence, not only the efficiency degradation of the abnormal components are
detected but also is accounted the extra fuel charge generated by each fault.

This theory is applied in a DHW and heating facility with two faults where RS is identified
as the faultiest component. It provokes an overall extra consumption of 6886 MJ during the
heating period because of the incited effects on the others (6387 M/), the effects prompted
in the component itself (1212 MJ) and that are generated by changing the final production

(- 714 M)).
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