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Abstract:



In order to investigate options for improving the maintenance protocol of commercial refrigeration plants, two thermoeconomic diagnosis methods were evaluated on a state-of-the-art refrigeration plant. A common relative indicator was proposed for the two methods in order to directly compare the quality of malfunction identification. Both methods were applicable to locate and categorise the malfunctions when using steady state data without measurement uncertainties. By introduction of measurement uncertainty, the categorisation of malfunctions became increasingly difficult, though depending on the magnitude of the uncertainties. Two different uncertainty scenarios were evaluated, as the use of repeated measurements yields a lower magnitude of uncertainty. The two methods show similar performance in the presented study for both of the considered measurement uncertainty scenarios. However, only in the low measurement uncertainty scenario, both methods are applicable to locate the causes of the malfunctions. For both the scenarios an outlier limit was found, which determines if it was possible to reject a high relative indicator based on measurement uncertainty. For high uncertainties, the threshold value of the relative indicator was 35, whereas for low uncertainties one of the methods resulted in a threshold at 8. Additionally, the contribution of different measuring instruments to the relative indicator in two central components was analysed. It shows that the contribution was component dependent.
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1. Introduction


The use of refrigeration equipment is a major energy consumer on global scale, with estimates as high as 17.2% in terms of electricity consumption [1] and additional consumption shares based on thermal supply. With such a share, even small improvements in the average performance may prove highly beneficial in order to limit operation cost, increase security of supply, and constrain the environmental concerns related to power consumption.



With currently used maintenance protocols, operation anomalies are often detected and located at fixed service intervals. This implies that malfunctioning components can remain in use for very long periods of time. If a more comprehensive method was used for detecting and identifying malfunctions, it would result in significant energy savings on both local and global level, as well as possible cost reductions, if energy savings outweighs the additional maintenance [2].



The primary objectives of the thermoeconomic diagnosis approaches are to locate and categorise malfunctions at component level, and to quantify their effects on the system performance. In general, the considered malfunctions are due to operation anomalies, which cause a decreased efficiency of the system, and thus more resources are required in order to obtain the same product.



Malfunctions can be categorised into external, intrinsic and induced malfunctions [3]. The intrinsic malfunctions are the actual causes of malfunctions. The external malfunctions are due to altered conditions outside the system boundary and do not represent degraded components. External malfunctions may be conceived as off-design operation with corresponding change in component operational conditions. The intrinsic and external malfunctions may induce apparent malfunctions in other components, as the operation conditions may no longer correspond to the expected design or off-design operating condition. Although apparently malfunctioning, components subject to induced malfunctions are not subject to operation anomalies. This is especially important for vapour compression cycles as “any fault will propagate to the whole plant” [4].



Using simple diagnosis methods, the indication of all three types of malfunctions are typically similar. This has lead to large interest in rule-based fault detection and diagnosis, which is utilised to identify any intrinsic anomaly [5,6,7]. Although applicable to locate and categorise the anomaly, rule-based fault detection has not been successfully implemented in the refrigeration industry, due to the complex and time-consuming methods that should be applied for each plant individually.



Focus on the use of thermoeconomic diagnosis approaches have increased in the refrigeration community within the last couple of years [8,9]. Previously, the method was mainly applied to complex thermal systems with large production capacities such as power generation [10]. However, the concept of thermoeconomic diagnosis was extended to the field of refrigeration early on, although with limited interest to “provide results of particular interest from an engineering point of view” [11]. A particular finding of d’Accadia and de Rossi [11] is the presence of several dissipative components and the “concept of negentropy”. This topic is further addressed in later scientific literature regarding thermoeconomic analysis of refrigeration plants [12,13,14,15,16].



Two previously presented methods to locate and categorise malfunctions are of particular interest. The two methods are:

	
Characteristic curve method [17,18].



	
Thermoeconomic model diagnosis approach [19,20].








Both methods have been introduced and used in the TADEUS (thermoeconomic approach to the diagnosis of energy utility systems) test case [21,22], which is a steady state combined cycle power plant simulator. The diagnosis is based on numerical simulations of both design and off-design conditions. Specifically in Lazzaretto et al. [23], the two methods are recommended in terms of their applicability to locate the malfunctions and filter the induced effects. The effect of measured data on the thermoeconomic model diagnosis approach is considered by Verda and Borchiellini [24]. This is done by evaluating the uncertainty of measured data, and later to include the derived uncertainty of measurements in the diagnosis. The evaluation of uncertainties is considered in steady state conditions. In a paper by Usón et al. [25] the operation of a power plant is presented using thermoeconomic diagnosis for a period of more than six years. Silva et al. [26] suggest a prognosis method to “indicate the plant performance gain”, as a post-processing of the characteristic curves method, or a similar method to locate and categorize anomalies.



In the present study, the thermoeconomic diagnosis approach is proposed as the method to identify malfunctions on component level, using already installed equipment. The hypothesis is, that thermoeconomic diagnosis can assist in reducing the delay between the start of the operation anomaly and the moment in which it is detected by the operator of the system. By determining options of corrective actions, the operator may further be able to perform an economic optimisation. With efficient replacement or repair of the degraded component (once the operation anomaly is detected and located), the malfunctioning components experience reduced operation time with a lowered efficiency, thus reducing the overall electricity consumption. Another benefit of efficient maintenance is the possibility of meeting the full, dimensioned capacity at all times, thereby either improving the security of supply of cold production or allowing for a corresponding down-scale of the refrigeration plant. The considered system is a small commercial refrigeration plant, where many thermodynamic variables are measured and logged at high frequency.



The objective of this paper is to evaluate the applicability of the two thermoeconomic diagnosis methods to locate and categorise malfunctions in a commercial refrigeration plant for a supermarket, based on a steady state thermodynamic model of the plant, even when measurement uncertainty of representative data is included. Two uncertainty scenarios are considered to represent the full uncertainty of measurement equipment according to it’s data sheet, as well as an estimated scenario, where uncertainties are based only on hysteresis and repeatability of the equipment. A focus of the study is also to evaluate whether the use of the already existing measuring instruments in the system is applicable for further work, or if some of the measuring instruments should be changed or located elsewhere. A quantification of the effects of malfunctions, as well as an economic optimal corrective action, is not examined in the present study.



By assessing the applicability of the two methods and the current equipment to perform diagnosis, the paper focuses on the possible pending integration in smaller applications and at temperatures closer to ambient, which may be of particular interest from an engineering or development point of view.




2. Method


A calculation procedure for the application of the two thermoeconomic diagnosis methods using measured data is presented in Figure 1a, considering the case where the behaviour of the components is known. Two calculations are required in order to perform the diagnosis: determination of exergy flows (reconciliation) and the actual thermoeconomic diagnosis calculation.


Figure 1. Procedure to perform diagnosis based on measured data or from numerical model. (a) Measured data; (b) Data from numerical model with added measurement uncertainty.



[image: Entropy 19 00069 g001]






In the present analysis, a numerical model was used to substitute real operation data, as knowledge of the location of the intrinsic malfunction was required to compare and verify the result of the diagnosis method. In this case, measurement uncertainties were added to each of the used thermodynamic quantities.



The procedure to perform diagnosis based on data from a numerical model is presented in Figure 1b. The numerical operations are:

	
A model is developed in order to obtain steady state thermodynamic quantities (T, p, [image: there is no content] and electricity consumption, as discussed later) of the refrigeration system without measurement uncertainties.



	
Measurement uncertainty is added to the measured thermodynamic quantities.



	
Another simulation model is required to calculate the exergy flows of the individual streams simulating a real case where only the measured thermodynamic quantities in the actual plant are known.



	
The two investigated thermoeconomic diagnosis methods are applied individually for the considered components.








The individual parts of the calculation procedure are further discussed in Section 2.1, Section 2.2 and Section 2.3. Information of the measurement uncertainty is presented in Section 2.4.



Both of the considered methods require additional operating conditions in a number of different operating points in order to model the behaviour of the components, i.e., in terms of the characteristic curves and the thermoeconomic models. The models should be developed prior to the actual diagnosis evaluation. The models can be based on thermodynamic quantities, either from measured data or from a numerical model of the plant [18,24].



In order to derive the models which describe the behaviour of the components, measured thermodynamic quantities were considered. This is at the same time the case where the largest influence of measurement uncertainty was found to occur. Using this method, both the developed models and the diagnosis was exposed to measurement uncertainty. A schematic illustration of the complete calculation procedure is presented in Figure 2.


Figure 2. Schematic representation of the calculation procedure to evaluate the impact of measurement uncertainty on the indication of malfunctions in refrigeration plant.
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As an alternative, the approximations for a real plant could be derived directly from a numerical model. In this case the approximations of behaviour of the components would not be affected by measurement uncertainty, but subject to any inconsistency between the numerical model and the actual plant operation. The accuracy of such a solution is considered a subject of further investigation, as the incomplete representation may cause erroneous categorisation of malfunctions.



All of the addressed models were developed and interconnected in the numerical tool EES V9.710 [27].



2.1. Numerical Model


The conceptual design of commercial refrigeration plants for a supermarket is different from country to country mainly due to differences in legislation and climate. In Denmark, most newly built refrigeration plants are designed much like the one previously presented in literature [8,28]. The refrigerant is Carbon Dioxide (R744). The refrigerant is a natural refrigerant with low Global Warming Potential (GWP). A schematic representation of the system including state points and instrumentation is shown in Figure 3.


Figure 3. Schematic diagram of the transcritical refrigeration plant with control volumes for five main components. State points are shown in black squares. Instrumentation for measured quantities are presented with following notation: TI—temperature; PI—pressure; FI—Flow and EI—electrical consumption.
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The acronyms used in the figure represent the main components in the refrigeration cycle: one High Pressure compressor unit (HP), one Low Pressure compressor unit (LP), a Gas Cooler unit (GC), several Chilled Temperature evaporator units (CT) and several Freezing Temperature evaporator units (FT). The system is scalable to meet refrigeration demands of both large and small commercial applications. The system configuration in smaller supermarkets is as presented in Figure 3 with two compressors for each stage. The two compressors for each stage are dimensioned for different flow rates. Depending on investment cost, electricity prices and impact on durability, frequency converters are applicable on both compressor stages [29]. The GC fan and HP compressors are operated in order to minimise total electricity consumption.



In order to evaluate the use of thermoeconomic diagnosis in refrigeration, a numerical model of a transcritical booster refrigeration plant was developed. A similar model is presented in [8]. The purpose of the model was to supply the data needed to substitute measured data from the refrigeration plant. Temperature, pressure and mass flow of each state point were calculated. The use of a numerical model proposes transparency for the reader, easy repeatability and the possibility to obtain steady state thermodynamic data. A representative T–s diagram is presented in Figure 4.


Figure 4. Representative temperature–entropy diagram of refrigerant R744 (CO2) and a transcritical booster refrigeration plant with state points according to Figure 3 [8].
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Minor changes were implemented in the model, compared to the previously published one. The intention of these revisions was to more closely represent the temperatures, pressures and mass flow rates of the actual plant. The parameters of the utilised model are presented in Table 1. The use of coherent state variables between the numerical model and the measurements ensures coherency between the exergy flows in the individual state points and the measurement uncertainties.



Table 1. Estimated thermodynamic parameters used in the numerical refrigeration plant model.







	
Parameter

	
Value

	
Unit

	
Description






	
[image: there is no content]

	
0.7

	
/

	
HP isentropic efficiency (including [image: there is no content])




	
[image: there is no content]

	
0

	
kW

	
HP heat loss to oil separator and pipes




	
[image: there is no content]

	
0.7

	
/

	
LP isentropic efficiency (including [image: there is no content])




	
[image: there is no content]

	
0

	
kW

	
LP heat loss to oil separator and pipes




	
[image: there is no content]

	
32

	
°C

	
Temperature of air entering the Gas Cooler




	
UAGC

	
8.1

	
kW/K

	
Overall conductance in Gas Cooler (sum of discretised model)




	
[image: there is no content]

	
0

	
kPa

	
Pressure loss in Gas Cooler




	
[image: there is no content]

	
1.52

	
kW

	
Rated fan power in Gas Cooler




	
[image: there is no content]

	
4.72

	
kg/s

	
Mass flow of air in Gas Cooler at rated power




	
[image: there is no content]

	
3500

	
kPa

	
Intermediate pressure in liquid receiver




	
[image: there is no content]

	
24

	
kW

	
Refrigeration load of combined store at CT temperature




	
UACT

	
2.7

	
kW/K

	
Conductance in CT evaporator




	
[image: there is no content]

	
10

	
K

	
Superheat of refrigerant in CT




	
pCT

	
0

	
kPa

	
Pressure loss in CT




	
[image: there is no content]

	
1

	
kW

	
Rated fan power in CT




	
[image: there is no content]

	
[image: there is no content]

	
°C

	
Temperature of air after CT evaporator




	
[image: there is no content]

	
3

	
°C

	
Temperature of air prior to CT evaporator




	
[image: there is no content]

	
15

	
kW

	
Refrigeration load of combined store at FT temperature




	
UAFT

	
0.7

	
kW/K

	
Conductance in FT evaporator




	
[image: there is no content]

	
10

	
K

	
Superheat of refrigerant in FT




	
[image: there is no content]

	
0

	
kPa

	
Pressure loss in FT




	
[image: there is no content]

	
1

	
kW

	
Rated fan power in FT




	
[image: there is no content]

	
[image: there is no content]

	
°C

	
Temperature of air after FT evaporator




	
[image: there is no content]

	
[image: there is no content]

	
°C

	
Temperature of air prior to FT evaporator










The temperature of the refrigerant leaving the GC was assumed closely linked to the operation scheme of the combined refrigeration plant. The use of available experimental data for the numerical model resulted in a discretised heat exchanger model of the GC. The UA value presented in Table 1 represents the total heat transfer area of the discretised model.




2.2. Calculation of Exergy Flows


Besides needed equipment for safety requirements outlined by local legislation, the refrigeration plant is equipped with several temperature indicators and pressure gauges, used for commissioning, regulation and maintenance of the system. The performed work focused on the use of already installed measuring instruments, as promising results may be directly implemented in supermarkets, where equivalent dimensioning and structure was used, or will be used, during commissioning.



To accommodate the above consideration, a separate model was developed to evaluate the exergy flow of each stream based the on thermodynamic quantities from the schematics of the refrigeration system, with the measured variables presented in Figure 3. Only measured quantities were allowed as input to the model, as this resembles the way experimental data would be used to perform the thermoeconomic diagnosis. In the evaluation of the exergy flows, only the physical component was considered, as the chemical composition of the individual streams was assumed constant.



The model for reconciliation of measured quantities was primarily based on energy and mass balances at component level, along with simple assumptions of the refrigerant quality in the evaporators and the receiver.



Thermodynamic quantities for temperature and pressure were used as input parameters. Regarding the mass flows of refrigerant, applicable instrumentations are typically not available in newly commissioned plants. The use of flow instrumentation is possible, although typically not utilised in practise. In the analysis, two flow instruments were considered in the superheated vapour preceding the compressor racks. The requirements in terms of measurement uncertainty for flow instrumentation is further addressed in Section 2.4 and Section 3.3. The electricity consumption was monitored for both compressor racks. Additional variables were measured for the different evaporators, but due to the investigation detail at component level, further instrumentation was not needed for the presented analysis.




2.3. Thermoeconomic Diagnosis Methods


In the study at hand, exergy and exergoeconomic analysis was based on the formulation as presented by Bejan et al. [30]. This choice implied some minor cosmetic changes in the formulation of the two methods, which are presented in Section 2.3.1 and Section 2.3.2. Additionally, to achieve a more convenient comparison of the two methods in the present study, the derivations of a common relative indicator is presented in Section 2.3.3.



The characteristic curve method and the thermoeconomic model diagnosis approach have been proposed, analysed and discussed in several papers. The analysis performed in this study, rely mainly on the formulation in [18,24], respectively.



2.3.1. Characteristic Curve Method


The characteristic curves approach is based on knowledge of the complex dependency of the thermodynamic variables of streams entering and exiting a component [18]. The dependencies are characterised based on the units commissioning in a reference condition, or are determined from a representative model. The distinctive differences between intrinsic and induced malfunction are found by comparing real operating data (where an anomaly may be present), to a prediction of the effects of an induced malfunction.



To evaluate an anomaly, a dependent variable was calculated for both the examined condition as well as the induced operation. Component irreversibility in terms of exergy destruction rate was chosen as the dependent variable, as this variable describes the component behaviour [18]. Another reason for choosing exergy destruction as dependent variable, is that the quantity is always positive and lowest in the case of no anomaly.



The difference between the two dependent variables was calculated as presented in Equation (1).


[image: there is no content]



(1)




where [image: there is no content] is the indicator for the ith component, exergy destruction rate [image: there is no content] as the dependent variable, [image: there is no content] is the characteristic curve function, and [image: there is no content] is the kth independent variable.



In practice the calculated characteristic curves may be simplified linearisations of the the complex thermodynamic dependencies that occur for induced malfunctions. The usability of such simple linearisation depends on the characteristic behaviour as well as the close proximity of the reference point. Such simple characteristic curves may be approximated using a set of independent variables matching the degree of freedom in the component considered. The chosen independent variables were thermodynamic variables such as mass flow, temperature and refrigerant pressure. In order to achieve the characteristic curves, an amount of non-malfunctioning operating conditions must be found along with a reference condition. The linearised system to solve is presented in Equation (2). The amount of operating conditions n must in this case match the degrees of freedom in the component m.


[image: there is no content]



(2)








2.3.2. Thermoeconomic Model Diagnosis Approach


The thermoeconomic model diagnosis approach relies on a productive structure, expressed in terms of exergy flows, to describe the physical structure [24]. As an alternative to the productive structure [31,32], the definitions introduced by Bejan et al. [30] can be used.



The identification between the intrinsic and induced malfunction was accomplished by a comparison between a “free” and the reference operating conditions. The “free” operating condition was calculated based on the real condition. This was done by modelling the behaviour of the component using the exergy product for each component as the dependent variable and the exergy fuel rate as the independent variable. To compare the two operating conditions, the expected exergy product rate at the reference operating condition was calculated. The exergy product rate from the real operating condition was linearly approximated back to the reference operating condition. “If the anomalies are small enough, the (free) operating condition is quite close to the reference condition. In this case the effect of every adjustment parameter moved by the control system on the flows can be considered linear” [24]. This is expressed for the ith component as:


[image: there is no content]



(3)




where [image: there is no content] is the exergy flow of the product in the “free” operating condition, and derivatives [image: there is no content] are used to convert the real operating condition to the free condition.



In the formulation of the productive structure used by Verda and Borchiellini [24] the level of detail of the productive structure can be increased by splitting the physical exergy flows into thermal and mechanical components. However, limited improvement in the accuracy of the thermoeconomic diagnosis is gained [33].



To develop the derivatives additional operating condition were required, which are equal in number to the degrees of freedom, in the vicinity of the reference operating condition [24]. By following this method, the derivatives were obtained in similar fashion as those in Equation (2).




2.3.3. Common Indicator


For the thermoeconomic model diagnosis approach, the indication of malfunctions was changed to correspond closely to the indicator of the Characteristic curve method [3]. More precisely, the used indicator determines the difference between the exergy product rate and the expected exergy product rate at the reference operating condition. In case the expected exergy product rate is lower than the exergy product rate, an increased exergy destruction rate occurs in the component, and the difference is caused by an intrinsic malfunction. The indicator was formulated for the ith component as:


[image: there is no content]



(4)







The indicator depends on the absolute exergy destruction rate in the component. In an evaluation of a complete plant operation, the use of a relative indicator might assist in locating the crucially degraded components. The proposed relative indicator is defined for the ith component using the exergy destruction rate at the reference operating condition:


[image: there is no content]



(5)







Identically, the relative indicator for the characteristic curve method can be revised to match the relative indicator defined in Equation (5):


[image: there is no content]



(6)









2.4. Measurement Uncertainty


When thermoeconomic diagnosis is applied to the refrigeration plant, both the reference and additional operating conditions to approximate the characteristic curves and the thermoeconomic models, will be based on data where measurement uncertainty may change the reading of the quantity. Therefore, the modelled behaviour of the components includes measurement uncertainty from the corresponding measuring instruments.



As the measurement of the thermodynamic quantities used to model the behaviour of the components was done by the same instruments repeatedly, special conditions may apply which for some equipment will decrease the uncertainty. Table 2 presents the measurement uncertainty of representative measurement equipment in a transcritical refrigeration plant. The instrument uncertainties were evaluated in two scenarios, denoted as “data sheet” and “estimated”.



Table 2. Measurement uncertainty of the evaluated measuring instruments in the two scenarios.







	
Measured Quantity

	
State Points

	
Absolute/Relative

	
Deviation (k= 2)

	
Unit




	
Data Sheet

	
Estimated






	
Temperature

	
All

	
Absolute

	
0.5

	
0.1

	
°C




	
Pressure (>5500 kPa)

	
2; 3

	
Absolute

	
128

	
16

	
kPa




	
Pressure (<5500 kPa)

	
1; 4; 9

	
Absolute

	
48

	
6

	
kPa




	
Mass flow of refrigerant

	
1; 9

	
Relative

	
2

	
1

	
%




	
Electricity consumption

	
1; 9

	
Relative

	
1.2

	
0.6

	
%










The “data sheet” scenario represents the full measurement uncertainty of the instrument according to its data sheet. The data was based on information from the instrument data-sheets (e.g., [34,35,36]). The measurement uncertainties of the flow instruments were based on estimations. However, as the measurement uncertainty from the flow instruments is important for the study at hand, the effect of the considered measurement uncertainty is further investigated in Section 3.3. The measurement uncertainty that was used to represent flow instruments in both of the cases considered in Table 2 was significantly higher than what is possible when using Coriolis flow meters (e.g., [37]).



The use of the “data sheet” measurement uncertainty scenario does not take into consideration that the uncertainty of a measurement covers several different components related to the actual measuring instrument, out of which typically only a minor part of the uncertainty is measuring hysteresis and repeatability (e.g., [35,37]). The difference for only including a part of the measurement uncertainty was represented by the estimated case. For several of the instrumentation types used in the investigation, the individual uncertainty components, such as the contribution of hysteresis, are listed in the data-sheets. In the case where the approximations of the characteristic curves and the thermoeconomic models of the components are based on measured thermodynamic quantities, the approximations will correspondingly include the offset, such as linearity deviation and thermal zero point from the calibration of its measuring instruments [35].



As for the measurement uncertainties assumed in Table 2, the resulting uncertainty on the derived relative indicators was calculated using [image: there is no content] (results shown with 95% confidence).





3. Results


A reference calculation was carried out to support the analysis and the results of the paper. Besides the reference conditions, four real operating conditions with malfunctions were considered, denoted as “real #”:

	
Increased operation pressure in refrigerant receiver by 300 kPa.



	
Reduction in LP-compressor isentropic efficiency by 0.1 /.



	
Reduction in HP-compressor isentropic efficiency by 0.1 /.



	
Malfunctioning fan at air side of the Gas Cooler → mass flow of air reduced by 50%.








Finally, additional operating conditions were established by small variations in external parameters, in order to numerically compute the needed derivatives for the two methods.



Malfunctions were evaluated for the five main components of the refrigeration plant. The five components are marked with acronyms in Figure 3. The three latter real operating conditions include an intrinsic malfunction in one of the components under consideration. However, the first real operating condition only includes induced malfunctions in the components under consideration. No external malfunctions are included in the respective operating conditions.



The reference and real operating conditions of the refrigeration plant, according to the state points defined in Figure 3, are presented in Table A1 in Appendix A.



Table A1. The plant data for the reference operating condition and the four operating conditions with malfunctions (Real 1–4).







	
Variable

	
Unit

	
REF

	
Real 1

	
Real 2

	
Real 3

	
Real 4






	
[image: there is no content]

	
K

	
270.7

	
270.5

	
271.3

	
270.7

	
270.4




	
[image: there is no content]

	
K

	
380.6

	
380.3

	
381.5

	
390.6

	
383.6




	
[image: there is no content]

	
K

	
305.6

	
305.6

	
305.6

	
305.6

	
307.0




	
[image: there is no content]

	
K

	
272.6

	
272.6

	
272.6

	
272.6

	
272.6




	
[image: there is no content]

	
K

	
252.8

	
252.8

	
252.8

	
252.8

	
252.8




	
[image: there is no content]

	
K

	
304.8

	
304.8

	
310.8

	
304.8

	
304.8




	
[image: there is no content]

	
K

	
305.1

	
305.2

	
305.2

	
305.2

	
305.2




	
[image: there is no content]

	
kPa

	
2607

	
2607

	
2607

	
2607

	
2607




	
[image: there is no content]

	
kPa

	
8651

	
8652

	
8651

	
8652

	
8945




	
[image: there is no content]

	
kPa

	
8651

	
8652

	
8651

	
8652

	
8945




	
[image: there is no content]

	
kPa

	
3500

	
3800

	
3500

	
3500

	
3500




	
[image: there is no content]

	
kPa

	
1409

	
1409

	
1409

	
1409

	
1409




	
[image: there is no content]

	
kg/s

	
0.197

	
0.197

	
0.197

	
0.197

	
0.202




	
[image: there is no content]

	
kg/s

	
0.024

	
0.025

	
0.024

	
0.024

	
0.024




	
[image: there is no content]

	
kW

	
15.4

	
15.5

	
15.5

	
18.0

	
16.3




	
[image: there is no content]

	
kW

	
0.94

	
0.97

	
1.10

	
0.94

	
0.94










3.1. Evaluation of the Thermoeconomic Diagnosis Methods without Measurement Uncertainties


The initial evaluation was carried out using steady state data obtained from the numerical model of the refrigeration plant, without measurement uncertainties. This resembles the method presented in Figure 1a.



The obtained results are presented in Table 3 for both of the considered thermoeconomic diagnosis methods. Some of the partial calculation results are included, as this allows for a convenient comparison with the referenced papers [18,24]. In the sub-table to the far right of Table 3, the proposed common relative indicator is presented, with highlighted colour in the areas where intrinsic malfunctions should be present according to the respective operation anomalies.



Table 3. Calculation example without measurement uncertainties. For the proposed common relative indicator, the areas were highlighted where intrinsic malfunctions should be present according to the respective operation anomalies.







	
Metdod A (Characteristic Curve Metdod [17,18])




	

	
[image: there is no content](kW)

	

	
[image: there is no content](kW)

	

	
[image: there is no content](kW)

	

	
[image: there is no content][/]




	

	
Real 1

	
Real 2

	
Real 3

	
Real 4

	

	
Real 1

	
Real 2

	
Real 3

	
Real 4

	

	
Real 1

	
Real 2

	
Real 3

	
Real 4

	

	
Real 1

	
Real 2

	
Real 3

	
Real 4




	
HP Comp

	
3.60

	
3.60

	
5.51

	
3.76

	

	
0.01

	
0.01

	
1.93

	
0.18

	

	
0.01

	
0.01

	
0.32

	
0.18

	

	
[image: there is no content]

	
0.0

	
44.6

	
[image: there is no content]




	
GC unit

	
5.51

	
5.57

	
6.16

	
5.93

	

	
0.00

	
0.05

	
0.65

	
0.41

	

	
0.00

	
0.07

	
0.78

	
4.74

	

	
0.1

	
0.2

	
1.6

	
43.5




	
CT unit

	
0.89

	
0.90

	
0.90

	
0.89

	

	
0.00

	
0.00

	
0.00

	
0.00

	

	
0.01

	
0.00

	
0.00

	
0.00

	

	
[image: there is no content]

	
0.0

	
0.0

	
0.0




	
FT unit

	
0.24

	
0.24

	
0.24

	
0.25

	

	
0.00

	
0.00

	
0.00

	
0.00

	

	
0.00

	
0.00

	
0.00

	
0.00

	

	
[image: there is no content]

	
0.0

	
0.0

	
0.0




	
LP Comp

	
0.28

	
0.42

	
0.27

	
0.27

	

	
0.01

	
0.15

	
0.00

	
0.00

	

	
0.01

	
0.03

	
0.00

	
0.00

	

	
0.7

	
43.5

	
0.0

	
0.0




	
Metdod B (tdermoeconomic Model Diagnosis Approach [19,20])




	

	
[image: there is no content](kW)

	

	
[image: there is no content](kW)

	

	
[image: there is no content](kW)

	

	
[image: there is no content][/]
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The results showed, that both diagnosis methods were able to successfully identify the intrinsic malfunctions and filter out induced malfunctions, caused by intrinsic malfunctions in other components. Based on the small relative indicators for components with induced malfunctions it was found plausible, that the use of linearised models for the derivatives of the components was sufficient to identify the operation anomalies.



The relative indicators of components with intrinsic malfunctions in the different real operating conditions were of equal magnitude between the two methods considered. The differences of the relative indicators for components with induced malfunctions (especially in Real 1) were slightly increased considering method B.




3.2. Evaluation of the Thermoeconomic Diagnosis Methods with Measurement Uncertainties


In order to include measurement uncertainty in the evaluation, the thermoeconomic diagnosis was recalculated with the new information. The plant data presented in the appendix is still applicable as the reference, but for the individual quantities uncertainty was included as presented in Figure 1b. Assumptions for the measuring instruments correspond to the uncertainties presented in Table 2. The impact of the measurement uncertainty is evaluated based on the previously presented results from Table 3, which in the following results are presented as the baseline result, from which the error bars are extended.



The effects of measurement uncertainties on the relative indicators are presented in Figure 5, Figure 6, Figure 7 and Figure 8. Considering Figure 5, the results on the left hand side (Figure 5a) represents the data sheet scenario, while the results presented on the right hand side (Figure 5b) represents the estimated scenario. For each of the considered main components, the resulting uncertainty utilising both method A and B is presented. As an example, the results presented in Figure 5a correspond to the calculated baseline [image: there is no content] from Table 3, which were found to result in indicators of [image: there is no content] (only considering the induced malfunctions). Based on these results, the possible errors of the evaluation are indicated according to the measurement uncertainty of the data sheet scenario. Considering the HP compressor, the error bars show uncertainties of [image: there is no content] for method A, and [image: there is no content] for method B. For the GC unit, the error bars show uncertainties of [image: there is no content] for method A, and [image: there is no content] for method B. Hence, the significant uncertainties of the measurements results in very high variations of the malfunction indicator. Even negative values may appear. This may challenge the interpretation of the results.


Figure 5. The effect of measurement uncertainties on the proposed relative indicator for Real 1 with two different uncertainty scenarios. (a) Data sheet; (b) Estimated.
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Figure 6. The effect of measurement uncertainties on the proposed relative indicator for Real 2 with two different uncertainty scenarios. (a) Data sheet; (b) Estimated.
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Figure 7. The effect of measurement uncertainties on the proposed relative indicator for Real 3 with two different uncertainty scenarios. (a) Data sheet; (b) Estimated.
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Figure 8. The effect of measurement uncertainties on the proposed relative indicator for Real 4 with two different uncertainty scenarios. (a) Data sheet; (b) Estimated.
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For the estimated scenario (Figure 5b), the uncertainty of the calculated results was considerably lower. As an example, the error bars for the HP compressor show uncertainties of [image: there is no content] for method A, and [image: there is no content] for method B.



The Figure 6, Figure 7 and Figure 8 show the effect of measurement uncertainties on the relative indicator for the remaining three real operating conditions. In each of the sub-figures, the results for both diagnosis methods are presented concurrently for each considered component. Four main deductions were drawn from the analysed cases (corresponding to Figure 5, Figure 6, Figure 7 and Figure 8):

	
Both methods were applicable to locate and categorise malfunctions for the estimated uncertainty measurement scenarios. For method B, a significant margin was present between induced and intrinsic malfunctions in all cases. The difference between highest possible induced result and lowest intrinsic result was found to be [image: there is no content]. For method A, the differences between induced and intrinsic malfunction of the relative indicator were slightly lower ([image: there is no content]).



	
In the data sheet scenario, overlaps between the relative indicators for components with intrinsic and induced malfunctions were found, due to high measurement uncertainties. This was the case for both method A and B.



	
The impact of the measurement uncertainty on the relative indicator was of equal magnitude for the two methods, considering both measurement uncertainty scenarios.



	
For the data sheet scenario, a relative indicator above the value of [image: there is no content] was found to indicate an intrinsic malfunction in the considered components. Using the estimated uncertainty scenario, the threshold value of the relative indicator for induced effects was approximately [image: there is no content] for method A (the characteristic curve method), and [image: there is no content] for method B (the thermoeconomic model diagnosis approach).









3.3. Critical Measuring Instrument


According to the above results, measurement uncertainty was found to be a significant figure for the indicator. An assessment of the individual contributions to the combined uncertainty was deemed important to obtain reasonable quality when performing diagnosis. The assessment was performed for two components (HP and GC) using the characteristic curve method (method A).



The evaluation was based on a variation of the relative measurement uncertainty of the mass flow instruments between zero and data sheet scenario values. This was chosen as applicable instrumentations for flow measurements are typically not available in newly commissioned plants, and thus may present additional capital cost to the owner. The data sheet and estimated scenarios were used, for temperature and pressure transmitters, as well as electricity consumption, respectively. These were thus according to Table 2.



For the HP compressor, the contributions of measurement uncertainty from the related measuring instruments are presented in Figure 9. The results are presented for measurement uncertainty according to the data sheet scenario in Figure 9a, and for the estimated scenario in Figure 9b. The displayed curves represent the collected uncertainty of the specific instrument, e.g., all the used pressure readings were contained in one overall contribution. The four inputs to the diagnosis procedure (temperature, pressure, mass flow and electricity consumption) were normalised to present their relative impact on the combined uncertainty. The resulting uncertainty on the relative indicator [image: there is no content] is presented on the right hand ordinate axis. The resulting uncertainty corresponds to the uncertainty of the relative indicator used in Figure 5, Figure 6, Figure 7 and Figure 8, e.g., the uncertainty of [image: there is no content] for relative uncertainty of flow measurement of 2% corresponds the the previously addressed uncertainty of [image: there is no content].


Figure 9. Evaluation of the individual contributions of measurement uncertainties for the HP compressor. Flow measurement uncertainty is varied from negligible to high relative uncertainties. The combined measurement uncertainty on the relative indicator [image: there is no content] is presented on the right hand ordinate. (a) Data sheet; (b) Estimated.
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For low measurement uncertainties of the mass flow instrumentation (considering the data sheet scenario in Figure 9a), uncertainty from electricity and pressure measurement instruments are by far the major component in the comparison. With increasing relative measurement uncertainty of mass flow, the contribution of flow measurements is increased above the contribution of pressure measurements. In the considered range, the contribution from flow instrumentation is at maximum 65% of the combined uncertainty. For the estimated scenario (Figure 9b) electric consumption was found to be the significant contribution in case the relative mass flow measurements were below 0.6. Above this level mass flow measurements became increasingly important.



For the Gas Cooler unit, a similar evaluation of the measurement uncertainty contribution was performed, which is presented in Figure 10. The main contribution of measurement uncertainty is from the various temperature measurements for both the data sheet scenario (Figure 10a) and the estimated scenario (Figure 10b). Even with high relative uncertainty of the mass flow of refrigerant, more than 95% of the uncertainty corresponds to temperature measurement using the data sheet scenario.


Figure 10. Evaluation of the individual contributions of measurement uncertainties for the Gas Cooler unit. Flow measurement uncertainty is varied from negligible to high relative uncertainties. The combined measurement uncertainty on the relative indicator [image: there is no content] is presented on the second ordinate. (a) Data sheet; (b) Estimated.
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It was found that Figure 9 and Figure 10 showed clear differences in trends between the contributions of measurement uncertainty from the individual types of units investigated. According to the results in Section 3.2, pressure measurements were found not to provide a significant contribution to the overall measurement uncertainties. For the flow measurements, the difference between negligible flow measurement uncertainty and high uncertainty shows to change the overall uncertainty of [image: there is no content] less than 50%.





4. Discussion


The objective of the analysis was to evaluate the performance of two thermoeconomic diagnosis methods applied to a refrigeration plant where measurement uncertainty was included in the reference, additional and real operating conditions. From the results, it was possible to state an expected confidence in the quality of measured relative indicators in an equivalent commercial refrigeration plant, if the data were obtained from steady state operation. Both thermoeconomic diagnosis methods proved applicable with the measuring instruments considered in this study using the estimated uncertainty scenario.



The methods were found to be quite similar both in terms of derivation and the corresponding results. One key difference is the variables used for characterisation, where method A utilises thermodynamic variables, contrary to method B where thermoeconomic variables are used for the analysis. It was considered possible, that the differences between individual deviations for the relative indicator may depend on the characteristics due to nonlinear behaviour. The overall influence of measurement uncertainties was however not subject to such characteristics. It should be noted that achieving the maximum uncertainty in the relative indicator, shown by the uncertainty bars for both scenarios in Figure 5, Figure 6, Figure 7 and Figure 8, is only possible if a number of measurements have experienced their maximal and converging measurement uncertainty ([image: there is no content]), in the thermoeconomic diagnosis procedure presented in Figure 2. With the possibility of repeated measurements a lower coverage factor could be used (e.g., [image: there is no content]). Another proposed method to evaluate the repeated measurement is to fix distribution functions for each quantity, and subsequently perform Monte Carlo simulation for the relative indicator.



Based on the analysis of the contribution of each measuring instrument on the measurement uncertainties performed in Figure 9 and Figure 10, it is clear that even a relatively high measurement uncertainty from the flow instrumentation does not contribute significantly to the combined measurement uncertainty or to the quality of the relative indicators. As the data sheet measurement uncertainty of mass flow instrumentation is considered as a high value, no further attempt is done to quantify the uncertainty of such instrumentation.



Several other factors may contribute in an actual application of the two thermoeconomic diagnosis methods. Therefore, it is difficult to discuss the impact of highly fluctuating load demand and transient operation, like the one often experienced in a commercial refrigeration plant, especially in poorly designed systems where the compressor capacity does not match the different part-load demands [38]. It is expected that unbalanced systems may interfere additionally to the uncertainty of the relative indicator [39]. Such effects may challenge the applicability of thermoeconomic diagnosis. On the other hand, the diagnosis methods will not require a constant full-time monitoring and analysis to evaluate the components, but can be enabled when operation is performing in steady state and relatively close to the design load or reference conditions.



If real steady state observations are not possible to achieve, it may as such be possible to construct a numerical filter to bypass unusable information from the collected data, thus only employ quasistatic measurements in the actual diagnosis procedure. This may on the other hand decrease the quality of the measurements.



Two different measurement uncertainty scenarios are evaluated. The use of the estimated scenario represents the case where the approximation of numerical models allows a simple calibration of the measuring instruments at different reference operating conditions. Using this approach, some of the individual measuring uncertainty contributions, as e.g., linearity deviation and thermal zero point, disappear. This is possible if the characteristic curves and the thermoeconomic models are approximated for a specific refrigeration plant using different measured reference and additional operating conditions data.



A significant choice in the application of the two thermoeconomic diagnosis methods is the choice of the additional operating conditions (and the independent and dependent variables in the characteristic curve method) to model the behaviour of the components, i.e., in terms of the characteristic curves and the thermoeconomic models for the respective methods under consideration. It is the experience of the authors of this paper, that the selection of the additional operating conditions to accomplish this influences the quality of the diagnosis, although this should intuitively not be the case. Correspondingly it is not certain, that the choice of the additional operating conditions or variables, at the same time yields a satisfactory indication of malfunctions and also a low measurement uncertainty.



In a case where the approximated characteristic curves and thermoeconomic models of the components in one refrigeration system, are applied on another refrigeration system, the measurement uncertainties can possibly be larger than the ones presented by the data sheet measurement uncertainty scenario. This is because the reference operating condition used in the former refrigeration system does not necessarily match the reference operating condition of the second system, as well as the linearity deviation and thermal zero point most likely is changed with a different set of measuring instruments.




5. Conclusions


Two thermoeconomic diagnosis methods were evaluated in terms of their applicability within commercial refrigeration. A common relative indicator for the two methods was proposed, which can be used to directly compare the quality of the identification of intrinsic and induced malfunctions.



Both methods were applicable to evaluate whether a malfunction was intrinsic or induced when using steady state data without measurement uncertainties. The quality of the results was considered equivalent between the two methods. The data supplied to the diagnosis matches the location of already installed measuring instruments, except for the case of flow instruments.



With the introduction of measurement uncertainties, several approaches were possible. In this study the models of the behaviour of the components was calculated based on measured data, with measurement uncertainty. The study was based on two different measurement uncertainty scenarios from the measuring instruments under consideration. Using the data sheet uncertainty scenario, both methods showed overlaps between the relative indicators for components with intrinsic and induced malfunctions due to measurement uncertainties. With the estimated scenario, which represents repeated measurements of fixed instrumentation, both methods were applicable to locate and categorise malfunctions with significant margin between induced and intrinsic malfunctions. For the data sheet uncertainty scenario, a relative indicator above [image: there is no content] indicated an intrinsic malfunction in the considered component. Using the estimated uncertainty scenario, the threshold value of the relative indicator for induced effects was [image: there is no content] for the characteristic curve method, and [image: there is no content] for the thermoeconomic model diagnosis approach.



Both cases were used for an evaluation of the contribution from different measurement instruments using the characteristic curve method. The evaluation showed that the highest contributor of measurement uncertainty from the measuring instrument was component dependent. In the transcritical (HP) compressor unit the most important was the flow measurement instrument, while for the gas cooler the combined contribution of temperature measurement instruments were the most important.
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Abbreviation








	[image: there is no content]
	exergy rate, kW



	I
	indicator, kW



	k
	unit exergy consumption, /



	[image: there is no content]
	mass flow, kg/s



	p
	pressure, kPa



	[image: there is no content]
	heat rate, kW



	t
	temperature, °C



	UA
	overall conductance in heat exchange, kW/K



	[image: there is no content]
	power, kW



	
	



	Greek symbols
	



	Δ
	difference or variation from reference state



	δ
	derivative



	η
	efficiency



	τ
	independent thermodynamic variable



	
	



	Sub- & superscripts
	



	1–11
	state point



	add
	additional operating condition



	amb
	ambient



	calc
	calculated



	CT
	chilled temperature evaporator units



	D
	destruction



	el
	electric motor



	F
	fuel



	free
	free operating condition



	FT
	freezing temperature evaporator units



	GC
	gas cooler unit



	HP
	high pressure compressor unit



	i
	component index



	k
	variable index



	LP
	low pressure compressor unit



	n
	operating condition index



	m
	index for degrees of freedome of component



	P
	product



	rel
	relative to exergy destruction rate in reference operating condition



	ref
	reference operating condition



	real
	real operating condition



	SH
	superheat



	
	








Appendix A


The reference and real operating conditions of the refrigeration plant, according to the state points defined in Figure 3, are presented in Table A1.
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