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Abstract: A combined cooling, heating, and power (CCHP) system is a complex and repairable system
containing a large number of components and series of subsystems. When a failure occurs in one
component, it might cause a failure of a subsystem or whole system. Traditional maintenance methods
might lead to the waste of maintenance resources and a high cost of maintenance. The reliability
and maintenance prioritization analyses can help managers optimize maintenance strategies and
reduce the total cost. A reliability importance index is one of the factors in maintenance prioritization
analysis. This paper aims at selecting the component reliability importance indices to identify the
priority of component maintenance of a CCHP system from the perspective of maintenance cost.
Failure cost importance index (FCI) and Potential failure cost importance index (PI) are developed for
the maintenance prioritization analysis of a CCHP system. A Markov model based on the state-space
method (SSM) is used to analyze the reliability and availability of a CCHP system. A set of actual
survey reliability data of CCHP systems is used to support the validity of the reliability importance
indices. The results indicate that the FCI and PI might lead to different rankings of maintenance
prioritization. The FCI and PI will help managers make a reasonable decision for maintenance on a
cost basis.

Keywords: reliability analysis; maintenance prioritization; state-space method; Markov process;
CCHP system

1. Introduction

Combined cooling, heating, and power (CCHP) systems produce electricity and available
heat from one generation site and the conversion efficiency of primary energy to useful energy
is approximately 70-80% [1,2]. Due to the high conversion efficiency and greater environmental
benefit, CCHP systems have attracted more attention in the past few decades [3] and are widely used
in buildings or regional energy systems [4]. The CCHP system, also known as the tri-generation
system, can be applied in a stand-alone microgrid (MG) or combined with the city power grid.

Recent research is focused on system management, operation, system optimization,
size optimization, energy management, renewable energies, and more [5]. Some renewable energies
and technologies have been applied in the CCHP system, such as fuel cells, heat pumps [6],
photovoltaics (PV), wind turbines, and more [7,8]. Integrating renewable energy into the CCHP
system can further improve the system’s energy efficiency and reduce carbon dioxide emissions;
the renewable energies integrated into CCHP (RECCHP) systems can be used when the power grid is
unavailable, for example, on islands, and in deserts [9]. Chen et al. [10] proposed a multi-objective
optimization model of energy management for the integrated electrical and natural gas network
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with CCHP plants. Lo Basso et al. [6] analyzed the thermal management and off-design operation of
coupling of combined heat and power (CHP) and heat pump for the energy retrofitting of residential
buildings. Wang et al. [11] presented a comprehensive operation model to enhance the economic
and environmental benefits through the improved CCHP strategy of MG. The main objective of
optimization is to improve energy efficiency, maximize environmental benefits, and reduce the expense
of the system. Some previous studies on system design and optimization of a CCHP system were
often set to a constant, or assumed that the reliability and maintenance of the system were completely
unfailing for operation [12]. The cost of operation and maintenance of a system account for more than
50% of the total cost of the whole life cycle [13] in fact. Thus, a reasonable maintenance strategy can
improve the reliability of a system and reduce the maintenance cost.

Some articles on the operation, reliability, and maintenance of a CCHP system or microgrid are
related to facilities’ distribution and system optimization design. Ou [14] proposed an unsymmetrical
faults analysis method to deal with the unsymmetrical faults of microgrid distribution systems
adopting hybrid compensation. Ting-Chia Ou et al. studied the operation and control strategies for a
microgrid which used renewable energies and fuel cells as power generators [15]; a technology was
developed to improve the transient stability in the hybrid power multi-system [16]. Noussan et al. [17]
proposed an optimization tool to enhance the operation of a CHP system combined with a heat
pump. Zamani-Gargari et al. [18] proposed a method which combined the Monte Carlo Simulation
(MCS) method to assess the reliability of a wind power system with energy storage. Yang et al. [19]
proposed an approach to analyzing how the wind farm electrical system influenced the system when
the electrical system faulted. Wang [20] presented a reliability and availability analysis of a redundant
and non-redundant BCHP (building, cooling, heating, and power) system, but did not consider
the component reliability of the system. Haghifam, and Manbachi [21] proposed a reliability and
availability modeling of CHP systems to analyze the impact of CHP system reliability with improved
gas-delivery, water-delivery, and hot water-delivery subsystems but did not model the reliability of
individual components. Frangopoulos [22] analyzed the effect of optimization on the synthesis, design,
and operation of a cogeneration system based on reliability considerations, but did not consider the
effect of component reliability. El-Nashar [23] presented an optimal design model of a cogeneration
system using the thermoeconomic theory to carry out the design optimization.

Only a few articles to date have studied the component reliability of the power generation plant,
cogeneration system, and CCHP system. Sabouhi et al. [24] mentioned a reliability model to assess
the combined cycle power generation plants and applied it to a reliability analysis for gas turbine
power plants and steam turbine power plants. The reliability of components was used to compute the
system availability and the study compared the availability, but did not mention the importance of
maintenance regarding the components in one system. Carazas et al. [25] presented an availability
analysis for component maintenance policies of a gas turbine, but did not assess the reliability of the
whole power generation system. A CCHP system is a complex system, however, containing a large
number of components and a series of subsystems. When a failure occurs on one component, it might
cause a failure of a subsystem or the whole system. The reliability of the whole system is dependent
on the reliability of each component of the system.

Traditionally, the maintenance of components in a system is managed by specifying a fixed
schedule. Each component of a system has its own maintenance schedule performed according to the
manufacturer’s recommendations. It might lead to the waste of maintenance resources and a high
cost of maintenance. To comprehensively evaluate the degree of maintenance importance regarding
the components of a whole system and propose a reasonable maintenance strategy is a vital way to
avoid the wastage of maintenance resources and reduce the total costs, therefore, the reliability and
maintenance prioritization analysis of components of a whole system is necessary.

A reliability importance index is one of the methods to identify system weaknesses and provide
a numerical value to determine which components are more important for the improvement of
system reliability [26]. The reliability importance index can be used to assess which components
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are needing maintenance and which components are needing more attention to reduce maintenance
costs [27]. It can provide a reference for system designers and managers to optimize the design plan
and operation strategy for future design, redesign, and operation to reduce the total cost and improve
reliability. Conventional reliability importance indices are a function of component reliability, however;
they cannot be used directly to optimize maintenance costs.

Two new reliability importance indices are developed in this study based on the component failure
cost for the identification of component maintenance priorities from the perspective of maintenance
cost. A comparative analysis is performed between the new reliability importance indices and
conventional reliability importance indices. Additionally, a Markov model based on the state-space
method (SSM) is used to analyze the reliability and availability of components and subsystems of
a CCHP System. This study is validated by actual survey reliability data of the CCHP system in
Kitakyushu Science and Research Park (KSRP), Kitakyushu, Japan; the system has been operational
since July 2001.

This paper is organized as follows: Section 2 introduces the main components of a CCHP system
and the CCHP system at Kitakyushu Science and Research Park, the applied objective; Section 3
describes the methodologies of reliability analysis and reliability importance analysis; Section 4
analyzes the reliability of a CCHP system; Section 5 presents the numerical calculations and dissection
of the case; Section 6 outlines the conclusions.

2. Main Components of CCHP Systems

Several technologies have been applied to CCHP systems for power generation, waste heat
recovery, thermal storage, and thermal energy conversion such as an Absorption chiller. The main
components of technologies are the keys to system reliability. The main components and subsystem
technologies of a CCHP system are listed in Table 1 [7,28]. Some auxiliaries and components are
not listed in this table, such as cooling pumps, cooling towers, control panels and so on, but these
components also have an influence on the subsystem or system reliability. Hence, auxiliaries and
components will be considered in the reliability analysis of the system.

Table 1. The main components of the CCHP system technologies.

Technology Function Main Components/Subsystems

Power generation; Fuel processor, air processor, power section, power conditioner and

Fuel cell (FCs) Waste heat supply so forth.

Power generation;

Reciprocating engines Engine, fuel processor, generator, cooling system, and so forth.

Waste heat supply
Gas turbines/engines Power generation; Engir}g /turbine, generator, compressor, fuel compressor, power
Waste heat supply conditioner, cooling system, and so forth.
Photovoltaic system (PVs) Power generation Solar cells, power conditioner, DC/AC generator and so forth.
Wmi;;g;%}(’vcv?gse; ston Power generation Winder turbines, generator, gearbox, yaw motor and so forth.
Small hydro-turbines Power generation Turbine, generator, power conditioner and so forth.
Boiler Thermal supply Burner, heat exchanger, supply lines, return lines, firebox, circulator
pumps, deaerators/condenser and so forth.
Absorption chiller Thermal supply Thermal compressor, condenser, evaporator, cooling tower, solution
pump and so forth.
Heat pump Thermal supply Compressor, condenser, expansion valve, evaporator and so forth.

The CCHP system at Kitakyushu Science and Research Park (KSRP) [29] is the analysis objective.
The Kitakyushu Science and Research Park is located in Kitakyushu, Japan. The generation of electricity
and thermal form of the CCHP system are used to meet the electricity load, space cooling load,
space heating load, and hot water load of several buildings on the campus. The system scheme of the
CCHP system at KSRP is shown in Figure 1 [30]. The fuel cells and gas engines fueled by natural gas
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are used to drive the power generation units to generate electricity. Every power generation unit has
an independent cooling water system. The waste heat from the power generation unit is recovered
by the heat recovery steam generator (HRSG), and the 50% recovered heat from the fuel cell is used
to drive the absorption chiller to meet the space cooling load in summer and the space heating load
in winter. The 50% recovered heat from the fuel cell and all recovered heat from the gas engine are
used to drive the heat exchanger to meet the hot water load. Since the electricity generation of the
system cannot meet the electricity load of the campus, it is necessary to purchase electricity from the
electricity grid. The available gas-fired absorption chiller fueled by natural gas meets the shortage of
space cooling and space heating. An auxiliary boiler fueled by natural gas is used to complement the
shortage of hot water. Details of the power generation units of the CCHP system in KSRP is shown in
Table 2 [30].

The research flow of reliability and maintenance prioritization analysis is shown in Figure 2.
Reliability and maintenance prioritization analyses will be applied to the components and subsystems
of the CCHP system at KSRP. The following points of system reliability are assumed for the CCHP
system at KSRP:

(1) The failure of a component or a subsystem is independent of each other. This analysis only
considers one component failure and how it affects the system status and operation; multiple
failures of components in the system will not be considered at this time.

(2) When a failure occurs in a power generation unit, the outage of electricity will be satisfied by
the electricity grid and the failure of the electricity grid is not considered. Similarly, the outage
of space cooling/heating, and hot water is considered satisfied when the corresponding system
has failed.

Grid electricity

Electricity

Natural gas e e
— | FC .
" HRSGI ACS Space cooling

Space heating

Natural gas

Natural gas

Natural gas i
v v » Hot water

Figure 1. The system scheme of the CCHP system at KSRP.

Table 2. The details of the power generation units of the CCHP system at KSRP.

Type Fuel Cell Gas Engine
Capacity 200 kW 160 kW
Power generation efficiency o o
(with 100% load) 40% 28.7%
Heat release efficiency 20%, Collecting heat for hot water 47.7%
(with 100% load) 20%, Collecting heat for space cooling and heating Collecting heat for hot water

Run for 24 h over time Run for 14 h

Operational mode Priority to run Run for 8:00~22:00
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To formulate or reformulate the maintenance strategy in the cost basis.
N J

Figure 2. The research flowchart of reliability and maintenance prioritization analysis.

3. Methodology

3.1. Reliability Analysis Methods

Reliability is defined as the ability of an item to perform a required function under given conditions
for a stated period. Reliability analysis methods are applied during any phase of a system’s lifetime
to enhance the system’s safety, quality, and operational availability [31]. Reliability and availability
analyses are widely performed in various fields, for instance, engineering and medical science, since it
was proposed in the 1960s, and the most reliability analysis models and methods are proposed and
applied [32]. Some widely used system reliability analysis methods, for instance, failure tree analysis,
FMEA (failure modes, effects, and criticality analysis) and event tree analysis, are used to analyze
the failures, failure modes, and failure effects [33]. Those analysis methods are all based on the
assumption that the components or the system are only in either a functioning state or failed state.
Therefore, the analysis models are rather static and not well suited for analysis of repairable systems.
The reliability problems of a complex system can be described by the state of the system, and a
complex system can exist in one of the multiple states. The states of a system are discrete, identifiable,
and continuous in time. Some reliability analysis methods with stochastic processes are used to analyze
the reliability of a repairable system, such as the Homogeneous Poisson Processes, Renewal Processes,
and the Markov Processes which is the most widely used analysis method since it can be used to
model systems with several states and transitions between the states [20].

Reliability assessment methods of multistate systems are based on two different approaches:
analytical stochastic process and the Monte Carlo simulation method [21]. The Markov process is the
main analytical stochastic process [31] since it can be used to perform the reliability analysis of a system
that has changed continuously or discretely with the passage of time and space. The SSM is applicable
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for the assessment of reliability, availability, and maintainability of large and complex systems,
and it is considered an irreplaceable method for evaluating repairable and complex systems [20,22].
The frequency-balance method is one of the analytical stochastic continuous Markov solutions used
to evaluate the state probability [21]. A CCHP system is a complex and repairable system, where the
function of components or systems can be restored to a certain state through repair, maintenance
or replacement activities. Therefore, the Markov process, based on the state-space method (SSM),
is suitable to analyze the reliability of a CCHP system.

The state of a system depends on the state of its individual components; each component has
two states: functioning (1) and failed (0). Since each component has two states (functioning or failed),
when a system has n quantity of components, the system will still have, at most, 2" possible states.
The state of a system is transferred randomly with time in those states. A Markov model based on a
state—space method (SSM) is performed for the reliability analysis of a system with two components.
The Markov model and possible states of the system are shown in Figure 3 and Table 3, respectively.
The failure rate (A) is represented by the transition rate of one component from a functioning state to
failed state. Similarly, the repair rate (i) is represented by the transition rate of one component from a
failed state to a functioning state. Thus, the failure rate and repair rate of a component are used to
describe the transition rate between two states of the system. The reliability and availability analysis
model using the Markov process and SSM can be decomposed into the following steps:

(1) List and classify all system states; the same state should be merged, and the non-related state
should be removed.

(2) Construct the state space diagram of the system; confirm the transition rate between states.

(3) Calculate the probabilities of the states during a lifetime.

(4) Calculate the reliability and availability indices, such as the failure rate (generally represented by
the mean time to failure), repair rate (generally represented by the mean time to repair) and the
availabilities of the components.

(2

Hq
U2 A, U2 Ay
A
e\
Ha

Figure 3. The Markov model of a system with two components.

Table 3. The possible states of a system with two components.

Items Component 1 Component 2
Failure rate M Ao
Repair rate M1 U

State 1 1 1

State 2 0 1

State 3 1 0

State 4 0 0

There are two states for every component: a functioning state (1) and a failed state (0).
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A steady-state distribution system is used to limit the Markov processes. Generally, a set of linear,
order differential equations is established to determine the probability distribution of the system.
The probability distribution equation is shown below:

P(t) = [Py(t), Pa(t), ..., Pu(t)] )

where the P;(t) is the probability of the system in state i at time t and P(t) is the state probability matrix
at time £.
A density matrix, Q, is defined as the following:

q11 q12 e d1n
q21 q22 N n

Q= ) ) ()
dn1 qn2 cee Ann

where ‘11] = /\l](l 7é ]) and qdii = — Zl#] /\Z]
The following state equations are presented for the steady-state probability of the system:

fou

Thus, for a system with two components, as shown in Figure 2 and Table 3, the state transition
density matrix is presented as follows:

—(AM1+A2) M Ao 0
M1 —(p1 + Ap) 0 An
- 4
Q 12 0 —(p2+M) M @)
0 1o m —(p1 + p2)

Based on Equation (3), the following equations can be acquired:

—(M+A2)Pr+p1 P+ paPs =0
MPyp — (1 +A2) Py + poPy = 0
MPy — (1 +A2) Py + 1Py =0 (5)
HaPr + p1 Py — (2 + p1)Py =0
Pi+P+P3+Py=1

The state probabilities of the system are obtained through solving the Equations in (5), with the
following results:

_ Hi1H2

hi= (A1 + p1) (A2 + p2) ©)
B Ao

= (A + p1) (A2 + p2) @)
_ Ay

= (A + p1) (A2 + p2) ®)

P, = M2 ©)

(A +p1) (A2 + p2)

where the availability of component 1 is written as follows:

Acomponent 1=P1+D; (10)
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where the availability of component 2 is written as follows:
Acomponent 2=P1+ P (11)

where the availability of the whole system (both component 1 and component 2 are functioning) is
written as follows:

Awhole system — Py (12)

where the availability of the system (whole system or part of the system are functioning) is written
as follows:
Asystem:P1+P2+P3 (13)

Generally, a complex system consists of multiple series and parallel subsystems, thus,
the reliability calculation methods for a series subsystem and parallel subsystem are different [34].
The reliability of a series system with n components is presented as follows:

Rseries = R1R2R3 - - - Ry (14)
The reliability of a parallel system with n components is presented as follows:
Rpamllel =1- [(1 - Rl)(l - RZ) T (1 - Rn)] (15)

3.2. Component Importance Indices

Reliability importance indices can be used to determine project prioritization of components in a
system. Several reliability importance measures (RIM)—Birnbaum’s measure [35], Fussell-Vesely’s
measure [36], Criticality importance measure [37] for instance—have been proposed in previous studies.
Based on those reliability importance measures, several importance indices were developed. Reliability
importance is a function of maintenance results like operation time, failure, and repair characteristics
of components in a system [38]. There are many techniques to evaluate reliability importance measures
(RIM), an example of which are the Monte Carlo Simulation, Markov Methods, Petri Nets, Fault Tree
Analysis (FTA), and Reliability Block Diagrams (RBD) [39]. Marcantonio Catelani et al. described two
metrics for the component reliability importance assessment on complex systems—credible importance
potential (CIP) and improvement potential (IP) [26]. Rong Gao and Kai Yao presented some formulas
for the calculation of the importance index of components of uncertain reliability systems [40]. Patrik
Hilber and Lina Bertling presented two indices which evaluated the total interruption cost and those
indices were applied and simulated on an electricity distribution network [41].

The Birnbaum’s measure was developed in 1969, and it is defined as follows:

_ ORgys(t)  Usys(t)

KO = TR~ w0 (19

where IE is the Birnbaum importance (BI) of the kth component, Rsys(t) is the reliability of system
at time t, Ry(t) is the reliability of kth component at time t, Usys(t) is the unreliability of the system,
Uy (t) is the unreliability of the kth component at time .

Birnbaum’s reliability importance measure presented that a component would be failed at time ¢.
Component criticality importance (CI) [37] can be used to determine the probability that the component
would be failed before time ¢:

_ ORys(t) Uy(t)

1) = a3y

. — B .
IR Usye(D W Tty

(17)

This paper presents new reliability importance indices based on Birnbaum’s measure and Patrik
Hilber’s research. The failure cost of components has been used as an assessment factor for a reliability
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importance measure of a CCHP system. The component reliability importance index based on failure

cost is defined as follows:
r__ 9Crr

5‘3@

(18)

where If is the reliability importance index that is considered the failure cost. The unit I{ is failure
cost per failure (failure cost/f).

Reliability importance index of failure cost (If) is affected by the repair cost of the component and
the repair rate, but is not related to the failure rate. The second reliability importance index is related
to failure rate and proposes a maintenance prioritization with comprehensive consideration of failure
rate, repair rate and required repair cost. Potential failure cost importance index defines the expected
cost of failure before the failure occurs. It is presented as the following:

I} =I{ M (19)

where I is the potential failure cost importance index of k component, and the unit of this index is
failure cost per unit time (cost/unit time).

The failure cost of a component of a CCHP system is defined as the total cost of the system
during the failure time, including the component repair cost and the added cost for an unserved load
(electricity or space cooling and heating, or hot water).

The total failure cost is defined as the following:

Crr(k) =Y _[Cru(k) + Capu(k)] (20)

n

where Crr is total failure cost of component k’s failure, Cr is the repair cost for k component, and the
C,4 is the added cost of the outage (electricity or space cooling and heating, or hot water).

The added cost during an outage is defined as the cost that should be paid in order to meet
the insufficiency of the energy load when the failure occurred, such as when the power generator
experiences a failure leading to an outage-state; the insufficient electricity will be met by the electrical
grid and the insufficient heat from the waste heat will be met by gas boiler or gas-fired absorption
chiller, thus, the total cost of electricity and natural gas for meeting the insufficiency are the added cost
of the unserved load.

The added cost of the outage (electricity or space cooling and heating, or hot water) is calculated
as the following:

Cqa=uxL,x MTTR (21)

where u is the unit price of electricity or city gas; and L, presents the amount of electricity or city gas
are purchased , and MTTR is the mean time to repair. Generally, MTTR is defined as the total amount
of time spent performing all corrective or preventative maintenance repair divided by the total number
of those repairs. The mean time between failure (MTBF), the mean time to failure (MTTF), and the
mean time to repair (MTTR) are the basic categories of failure rates [42]. A failure rate can be presented
as follows:

A = 1/MTBF (22)

3.3. Comparisons of Component Reliability Importance Indices

Failure cost importance and potential failure cost importance indices are developed to provide
accurate cost indicators for managers to optimize the maintenance strategy to reduce the total
maintenance cost and improve the system reliability. Comparisons of the four component importance
indices are presented in Table 4. I® and I are related to failure rate, and they show the probability
of components that would fail at time t or before time t, respectively. However, the failure rate only
depends on the component’s properties and shows the maintenance results. I® and I® cannot accurately
reflect the component’s importance of maintenance when the maintenance costs are considered for
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the maintenance strategy. Thus, the failure cost should be used as a factor to evaluate the component
importance index when the economics of maintenance are considered, due to the failure cost being
related to the repair rate and component repair cost. Therefore, IF and I” as the importance indices,
which are the comprehensive consideration of failure rate, repair cost, and repair rate, are developed
in this paper.

Table 4. The comparisons of the component reliability importance indices.

Importance Index Description Relation of Maintenance Factors
B The probability of a component failing at time t Failure rate
1€ The probability of a component failing before time t Failure rate
F The expect failure cost if the component fails. Repair rate, component repair cost.
s The expect failure cost in a unit time caused by Failure rate, repair rate, component
component failure. repair cost.

4. Reliability Analysis of CCHP System

Reliability and availability analyses of components and subsystems are applied in the CCHP
system at KSRP. The CCHP system is a complex system which can provide the electricity and thermal
energies (cooling, heating, and hot water) to meet customer load, and is combined with a series of
subsystems consisting of a power generation system, city gas supply system, water supply system,
cooling water system, thermal supply system, and transfer system. Therefore, the reliability of this
CCHP system must consider series subsystem reliability, which is too complex and difficult to be
analyzed, hence, the reliability of this CCHP system was simplified as customer-oriented reliability;
only the reliability of electricity, space cooling and heating, and hot water delivery to the customer were
considered. The Markov processes and SSM were selected to analyze the reliability and availability
of the electricity subsystem, space cooling and heating subsystem, hot water subsystem and the
whole system.

A simple customer-oriented reliability model of the CCHP system is shown in Figure 4. Based on
this model, the electricity subsystem, space cooling and heating subsystem, and hot water subsystem
are described as a series connection. This is because the whole system reliability should be considered
from the perspective of the customer. Thus, the reliability of the whole system is written as:

Recnp = Relectricity'Rcooling & heuting'Rhot water (23)

When one of the subsystems fails but the other subsystems still function, it creates a situation
of availability of the functioning subsystems but not the availability for the whole system. When a
component or subsystem has stopped operating according to a schedule, its reliability is not cemented
in the whole system’s reliability. According to the schedule, for instance, the space cooling and heating
subsystem will stop in the spring or autumn due to lack of need resulting from temperature changes,
therefore, the whole system’s reliability is only dependent on the electricity and hot water subsystem’s
reliability. Even though parts of the system are no longer functioning, the rest of the system can
continue to function.

PElectricity Pcooling&heating|—| Phot water |—’ Customer

Figure 4. A simple customer-oriented reliability model of a CCHP system.

4.1. Electricity Subsystem

The subsystem of electricity generation of the CCHP system of KSRP consisted of two generation
units, a fuel cell unit (E1) and a gas engine unit (E2). The main components of the electricity subsystem
of the CCHP system are presented in Table 5. The main components of the fuel cell unit included the
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fuel cell, cooling powerl, and cooling pump1. The main components of the gas engine unit included
the gas engine, cooling tower2, and cooling pump?2.

A simplified reliability block diagram of the electricity subsystem of the CCHP system is shown in
Figure 5. Generally, the two generation units were regarded as having a parallel relationship, where at
least one of them would be functioning, and the system was considered reliable and available. However,
when one of the units failed, it caused the electricity supply to be in a lacking state. Thus, the situation
where one of the units failed was considered as unavailable or partially available. The reliability of the
whole system or a subsystem of the CCHP system was defined as all of the components of the system
functioning under given conditions for the stated period. This system, considering customer-oriented
reliability, could be described as all subsystems were reliable since the system can be viewed as a
series system.

Table 5. The electricity subsystem of CCHP system.

Generation Unit of Electricity Main Component Function
El Fuel cell (FC), Cooling towerl (CT1), and Cooling pump1 (CP1). Produce electricity
E2 Gas engine (GE), Cooling tower2 (CT2), and Cooling pump2 (CP2). Produce electricity
FC CT1 CP1
— —
GE CT2 CP2
J J

Figure 5. The reliability block diagram of an electricity subsystem of the CCHP system.

Based on reliability analysis methods introduced in Section 3.1, the operation states and reliability
data for the electricity subsystem of the CCHP system is shown in Table 6. The operation states of the
electricity subsystem included 4 states, the completely available state (Statel), the partially available
states (State2, State3), and the completely unavailable state (State4). The failure rate and repair rate of
El, E2, and the subsystems are symbolized in Table 6. The reliability of the electricity subsystem was
dependent on the reliability of Statel, thus, the reliability of the electricity subsystem was determined
by both E1 and E2.

Table 6. The operation states and reliability data for the electricity subsystem of the CCHP system.

Items El E2 Electricity Supply  State Reliability
Failure rate AE1 AE2 /\electricity —
Repair rate HE1 HE2 Helectricity -

State 1 1 1 El1+E2 Re1REp

State 2 0 1 E2 (lacking) Rpp

State 3 1 0 E1 (lacking) Rgr

State 4 0 0 0 0

A series system’s reliability was expressed by Equation (14), thus, the reliability of E1 is presented
as follows:

Rg1 = RrcRer1Repr (24)

A reliability can be expressed by the failure rate as in the following equation:

Re(t) = R, 1) (25)
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Therefore, if the failure rates are constant, then Equation (24) can be expressed as
Rpp = e~ Ml — p—ARcp—AcTip—Ackt — p—(ArctAcTiHAckt) (26)
Thus, the following equation is obtained from the above equation:
Apr = Apc +Acm + Acp (27)
Similarly, the failure rate of E2 is obtained using
Ap2 = AGe +Act2 + Acp2 (28)

Moreover, the availability of the electricity subsystem is equal to the probability of Statel, and it
also is defined as y /A + y, therefore, the availability of the electricity subsystem is expressed as

electricity + Helectricity ()\El + VEl)(/\EZ + .MEZ)

Helectricit E1HE2
Aelectricity = 2 ce ey FELS (29)

Therefore, the repair rate of the electricity system is solved as

/\electricity.uEl HE2

Helectricity = 3\t Apa + Apiiz2 + Ap2liEn =0

Letrgy = 1/ g1, re2 = 1/ ME2, Tetectricity = 1/ Melectricity, and then
1
Pelectricity = 35— (Ap1rer + AparE2 + Ap1AR2TEITE2) 31)
Usually, pg1 > Agp1, g2 > Ap1 and then, Equation (32) is written as
1

Telectricity = m()\ElrEl + AE2rE2) (32)
Thus, the repair rate of the electricity subsystem is obtained by the following;:

Helectricity = 1l _ _‘atin (33)

Telecricity Aer/pgy + Ae2 /s

Hence, for a series system consisting of n components, the failure rate and repair rate are presented
as the following, respectively:

n
An =Y Ag (34)
k=1

iy = EZ:l Mk
" Zg:1 M/ 123
Thus, the main reliability parameters of E1, E2, and the electricity subsystem are expressed as

the following:
Failure rate of E1:

(35)

Ap1 = Apc +Act1 + Acpr (36)

Failure rate of E2:
A2 = AGe + Act2 + Acp2 (37)

Failure rate of electricity subsystem:

Aelectricity = AFc + Act1 + Acp1 + AGe + Act2 + Acp2 (38)
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Repair rate of E1:
_ Apc +Act1 + Acpr
)\FC/VFC + ’\CTl/ch + /\CPl/Hcm

HE1L (39)

Repair rate of E2:

gy — AGE +Act2 + Acp2 (40)
AGE/uce + Aer2/ucrs + Acr2 /ucp,

Repair rate of electricity subsystem:

Arc +Act1 + Acp1 + AGe + Act2 + Acp2

Helectricity = Xec fupe + AcriJucrs + Acn/nces + A6t fuct + Acr2/crs + Acra/uces &
The availability of the electricity subsystem:
Aclectricity = ! (42)
(Arc/pure + Aeri/ucrs 4 Acer /ucpy + Ae/uge 4 Act2/pers + Acr2/ucr) + 1
The reliability of the electricity subsystem:
Retectricity = Re1 = e ectrcity (43)

4.2. Space Cooling and Heating Subsystem

The space cooling and heating subsystem of the CCHP system at KSRP consisted of three space
cooling and heating generation units, the generation units that used the waste heat from the fuel
cell unit (CH1), and the generation units that assisted the absorption chiller fueled by natural gas
(CH2 and CH3). More details of the space cooling and heating subsystem are shown in Table 7.
The main components of CH1 included the fuel cell unit (E1), the heat recovery steam generatorl,
and the absorption chillerl. CH2 and CH3 only had one component, an absorption chiller fueled by
natural gas.

A simplified reliability block diagram of the space cooling and heating subsystem of the CCHP
system is shown in Figure 6. The space cooling and heating for customers came from three ways.
The CH2 and CH3 each used the same component. The operation states and reliability data for the
space cooling and heating subsystem of the CCHP system are presented in Table 8. Due to CH2 and
CHS3 only having one component, the failure rate and repair rate of CH2 and CH3 units were expressed
by the component’s failure rate and repair rate. The reliability and availability of the space cooling and
heating subsystem were equal to the reliability and availability of State 1.

Table 7. The space cooling and heating subsystem of the CCHP system.

Generation Unit of

Cooling and Heating Main Equipment Function
CHI Fuel cell unit (E1), Heat recovery steam Supply cooling or heating by using the heat
generator]l (HRSG1), Absorption chiller 1 (AC1).  from heat recovery steam generator 1
CH2 Absorption chiller 2 (AC2). Supply heating or cooling using natural gas
CH3 Absorption chiller 3 (AC3). Supply heating or cooling using natural gas
El H HRSGI H AC1
AC2
AC3

Figure 6. The reliability block diagram of the space cooling and heating subsystem of the CCHP system.
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Table 8. The operation states and reliability data for the space cooling and heating subsystem of the

CCHP system.

Items CH1 CH2 CH3 Space Cooling and Heating Supply State Reliability
Failure rate AcHI Aaca Aacs )‘cooling & heating i
Repair rate HcH1 Hac2 HAC3 Hcooling & heating -

State 1 1 1 1 CH; + CH; + CH3 Rcyi Reme Rews

State 2 1 1 CHl + CH3 (lackmg) RCHlRCHS

State 3 1 1 0 CH; + CH, (lacking) RceuiRem

State 4 1 0 0 CH; (lacking) Rem

State 5 0 1 1 CH, + CHj; (lacking) RcemeRens

State 6 0 1 0 CHj; (lacking) Rem

State 7 0 0 1 CHs (lacking) Rews

State 8 0 0 0 0 0

According to Equations (34) and (35), the main reliability parameters of the CH1 unit and space

cooling and heating subsystem are expressed as the following:
Failure rate of CH1:

AcH1 = AE1 + AHRsG1 + Aact
Repair rate of CH1:

A1 + Agrsct +Aact
Ae1/pg 4 AurRsG1 pprsc + Aact/pact

HcH1 =

Failure rate of the space cooling and heating subsystem:
Acooling & heating = M1 T AHRSG1 T Aact +Aacz +Aacs

Repair rate of the space cooling and heating subsystem:

AcHl +Aacz +Aacs
Ach1 /VCHl + /\ACZ/HACZ + AACS/MAC3

Mcooling & heating =

The availability of the space cooling and heating subsystem:

1

Ao e
cooling & heating ()‘CHl /VCHl + /\ACZ/PACZ + /\AC3/VAC3) +1
The reliability of the space cooling and heating subsystem:

— o Acooling & heati
Rcooling & heating = € cooting & Reating

4.3. Hot Water Subsystem

(44)

(45)

(46)

(47)

(48)

(49)

The hot water subsystem of the CCHP system at KSRP consisted of three hot water generation
units and a heat exchanger unit. The generation unit (HW1) used the recovery heat from El,
the generation unit (HW2) used the recovery heat from E2, and an auxiliary boiler (HW1) fueled by
natural gas produced the hot water when the heat from HW1 and HW2 was not enough. A heat
exchanger unit (HE) was used to exchange the heat to hot water. More details of the main components
of the hot water subsystem are shown in Table 9. The main components of HW1 included the fuel cell
unit and heat recovery steam generatorl. The main components of HW2 included the gas engine unit

and heat recovery steam generator2, while HW3 had only one component, the auxiliary boiler.
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Table 9. The hot water subsystem of the CCHP system.

Generation Unit of Hot Water Main Equipment Function

Fuel cell unit (E1), Heat recovery steam

HW1 generator 1. (HRSG1) Supply heat for hot water from HRSG1
Gas engine unit (E2), Heat recovery steam
HW2 generator 2 (HRSG2). Supply heat for hot water from HRSG2.
HW3 Auxiliary boiler (AB). Supply heat for hot water using natural gas.
HE Heat exchanger (HE). Exchanged the heat for hot water.

A simplified reliability block diagram of the hot water subsystem of the CCHP system is shown
in Figure 7. The hot water subsystem was regarded as a series system consisting of the three hot water
generation units and a heat exchanger unit. When the heat exchanger unit failed, the hot water supply
was interrupted and the hot water subsystem was unavailable. The operation states and reliability
data for the hot water subsystem of the CCHP system is shown in Table 10. There were 9 states of the
hot water subsystem. The reliability and availability of the hot water subsystem were equal to the
reliability and availability of Statel. Thus, the main reliability parameters of HW1, HW2, and the hot
water subsystem were obtained as follows:

Failure rate of HW1:
Auw1 = Ap1 + AHRsG1 (50)

Repair rate of HW1:
= 2

Failure rate of HW2:
AHw2 = A2 + AHRSG2 (52)

Repair rate of HW2:
e = AE2 + AHRSG2 53)

A2 /gy + AHRsG2 /pprsce
Failure rate of the hot water subsystem:

Ahot water = AHW1 + Aaw2 + Aap + AHE (54)

Repair rate of the hot water subsystem:

Auwi +Aaw2 +Aag + AHE

ot water = 3 s s+ Arwe s -+ Aas s+ At Ihe (59)
The availability of the hot water subsystem:
Aot water = : (56)
(Aaw1 /ppwr 4 Aawa /g + Aas /pap + Ane/age) + 1
The reliability of the hot water subsystem:
Rhot water = ¢ 1 w0t (57)

B g B ey I
[ )

-

Figure 7. The reliability block diagram of the hot water subsystem of the CCHP system.
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Table 10. The operation states and reliability data for the hot water subsystem of the CCHP system.

Items HW1 HW2 HW3 HE Hot Water Supply State Reliability
Failure rate /\HWI /\HW2 )LAB )\HE )\Hot water -
Repair rate HHW1 HHW?2 HAB WHE HHot water -

State 1 1 1 1 1 HW1 +HW2 +HW3 RHWlRHWZRHW3RHE

State 2 1 1 0 1 HW] =+ HW2 (lacking) RHWI RHWZRHE

State 3 1 0 1 1 HW] =+ HW3 (lacking) RHWI RHWSRHE

State 4 0 1 1 1 HWZ =+ HW3 (lacking) RHW2RHW3RHE

State 5 1 0 0 1 HW (lacking) Rywi1RHE

ate 6 0 1 0 1 HW, (lacking) Ruw2RHE

State 7 0 0 1 1 HWj (lacking) RuwsRHE

State 8 0 0 0 1 0 0

State 9 1 1 1 0 0 0

5. Numerical Calculation and Discussion

The numerical calculation and analysis of the CCHP system at KSRP is discussed in this section.
All the base reliability data (failure rate, MTTR and so forth.) were obtained from actual records,
such as operation records, maintenance records, repair records, and more.

5.1. Reliability Calculation

Based on the actual investigation, the failure rate and MTTR of the main components of the CCHP
system at KSRP are shown in Table 11. The failure rate and MTTR were the actual data gathered from
inspection and repair records of the CCHP system at KSPR from April 2002 to March 2011. During this
investigation, the repair data of the cooling pumps of the cooling water system, the heat recovery steam
generators, and the absorption chillers were difficult to separate because the same components were
maintained and repaired at the same time, generally. Therefore, the three components assumed the
same failure rate and MTTR even though they were in different generation units. The failure rate and
MTTR of the tree type components were obtained based on the total number of failures and the number
of components. Table 11 shows that the gas engine had the highest failure rate and that the fuel cell
had the second highest failure rate, thus, the power generation unit had a higher failure rate than other
units. The auxiliary boiler and heat exchanger had the lowest failure rate. The fuel cell and absorption
chiller had the highest MTTR in this system. All the reliability data were a true reflection of the actual
situation of the system under the current operation and maintenance strategies. Each component had
an independent maintenance strategy according to the manufacturer’s recommendations.

Table 11. The failure rate and MTTR of the main component of the CCHP system in KSRP.

Failure Rate

Main Components Component Symbol (Failure/Day) MTTR (Days)
Fuel Cell FC 0.002982 2.0
Cooling tower for fuel cell CT1 0.001210 1.0
Cooling pump for fuel cell CP1 0.001534 1.0
Gas engine GE 0.008037 14
Cooling tower for gas engine CT2 0.001143 1.0
Cooling pump for gas engine CP2 0.001534 1.0
Heat recovery steam generator for fuel cell HRSG1 0.001217 15
Heat recovery steam generator for gas engine HRSG2 0.001217 15
Absorption chiller AClto3 0.005265 2.0
Auxiliary boiler AB 0.000930 1.0
Heat exchanger HE 0.000846 1.0

The reliability and availability of the CCHP system at KSRP was analyzed in Section 3.1. Based on
that analysis, the calculation results are present here. The reliability of all components in the CCHP
system is shown in Figure 8. The reliability of each component was related to failure rate. The reliability
of the electricity generator and absorption chiller was lower than other components in this system,
and the heat exchanger and auxiliary boiler had the higher reliability.
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0.995
0.990
0,983
0.980

0.975

Reliability

0.970

0.965

0.960

0,955

0,930
HE AB  CI2  CTl HRSGZHRSGI CPl CPZ  EC AC2Z ACI AC  GE

Component

Figure 8. The reliability of all components in the CCHP system.

The reliability of the electricity, space cooling and heating, and hot water generation units are
shown in Figure 9. Comparing the reliability of two electricity generation units, the fuel cell unit
was higher than the gas engine unit because the gas engine had a higher failure rate than the fuel
cell, while the cooling water system’s failure rates were similar. The reliability of the space cooling
and heating generation unit (CH1) that combined with the waste heat recovery unit was lower than
the reliability of the generation units, which only had the gas-fired absorption chiller. Comparing
the three hot water generation units, the reliability of the hot water generation units (HW1, HW2),
which combined with the waste heat recovery unit, were lower than the reliability of the auxiliary
boiler. Figures 10 and 11 show the reliability and availability of the subsystems and the whole
system. The space cooling and heating system was more unreliable than other subsystems because
the absorption chiller’s reliability was lower. The results show that the reliability of the CCHP system
depended on each component’s reliability due to it being a series system.

1,008

1.000 |-

0.995

0,990

0.985

0.980

0.975

Reliability

0.970

0.968

0,960

0.955

0.950
Fl 2 T Wikl CIm3 W1 w2 TTW3

Generation unit

Figure 9. The reliability of the generation units of the CCHP system.
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Figure 10. The reliability of the systems of the CCHP system at KSRP.
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Figure 11. The availability of the systems of the CCHP system at KSRP.

5.2. Component Importance Calculation

The Birnbaum importance (BI) and criticality importance (CI) methods were applied in this
system to evaluate the subsystem and components’ importance levels over the whole system and to
give a maintenance prioritization of components within this system. Simultaneously, the failure cost
importance index (FCI) described in Section 3.2 was calculated in this section, and the results of the
failure cost reliability importance are compared to Bl and CL

The BI values of the components of the CCHP system are shown in Figure 12. The maintenance
prioritization of the components using the Bl values is GE > AC > FC > CP2 > CP1 > HRSG1 > HRSG2
> CT1 > CT2 > AB > HE. The reliability importance of the power generation unit and absorption
chiller was higher than the other components. Figure 13 shows the CI values of the components
of the CCHP system. The order of the priority maintenance actions is the same as the BI analysis
results. However, the criticality importance of the gas engine is much larger than other components,
for instance, the cooling pump, cooling tower, auxiliary boiler, heat exchanger, and heat recovery
steam generator.

The failure cost importance indices were introduced in Section 3.2. The failure cost includes the
repair cost of the failure component and the cost of the outage due to component failure. The cost of
outage can be calculated by Equation (21), and the outage data of electricity, space cooling and heating,
and hot water due to the component failure is shown in Table 12. The failure of the fuel cell unit (E1)
led to the outage of electricity, space cooling and heating, and hot water. The failure of the gas engine
led to the outage of electricity and hot water. Since AC2 and AC3 do not use waste heat, their failure
can be equated to no added cost of failure. The repair cost of each component is calculated according
to the actual data from April 2002 to March 2011.

100

098 |

0.96

Reliability importance 1°
2
i

092

0.90
GE ACT  AC2Z AC3 FC P2 Pl HRSGZHRSGI CTI T2 AB HE

Main component

Figure 12. The BI values of the components of the CCHP system.
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Figure 13. The CI values of the components of the CCHP system.

Table 12. The outage data of electricity, space cooling and heating, and hot water due to
component failure.

Outage
Main Component Component Symbol Electricity Hot Water Heat/Cooling
(kWh/day) (kWh/Day) (kWh/Day)
Fuel Cell FC 4800 2280 2280
Cooling tower for fuel cell CT1 4800 2280 2280
Cooling pump for fuel cell CP1 4800 2280 2280
Heat recovery steam generator for fuel cell HRSG1 — 2280 2280
Gas engine GE 1600 2520 —
Cooling tower for gas engine CT2 1600 2520 —
Cooling pump for gas engine CP2 1600 2520 —
Heat recovery steam generator for gas engine HRSG2 — 2520 —
AC1 — — 2280
Absorption chiller AC2 — — —
AC3 — — —
Auxiliary boiler AB — 463 —
Heat exchanger HE — 5263 —

The failure cost importance index values of the components of the CCHP system are shown in
Figure 14. The order of prioritized maintenance is GE > HRSG2 > HRSG1 > FC > AB > HE > CT1 >
CT2 > CP > AC. The gas engine had the higher failure cost than other components. The failure cost of
the absorption chiller was lowest in the CCHP system. Potential failure cost importance index values
of the components of the CCHP system are presented in Figure 15. This result shows the potential
failure cost before the failure occurred. It presents the importance of the component maintenance from
the perspective of operation and maintenance costs. The order of prioritized maintenance based on
potential failure cost importance index values is GE > FC > AC > HRSG2 > HRSG1 > CP > CT1 > CT2 >
AB > HE. Comparing the failure cost importance index and potential failure cost importance index,
the gas engine was the most important component of this CCHP system. The reliability importance
of the fuel cell and heat recovery steam generator were second in importance to the gas engine.
The difference between the failure cost importance index and the potential failure cost importance is
that the failure rate is considered in the potential failure cost importance. The auxiliary boiler and heat
exchanger, for instance, had the highest failure cost of one component, but had the lowest potential
failure cost due to the low failure rate. This point should be considered in the system design and
maintenance strategies.

The four reliability importance indices have been applied in this system, and the results are
presented. Comparing the four reliability importance indices, the Bl and CI were only related to the
failure rate, generally, which can be reduced by improving the maintenance level and optimizing the
maintenance strategy for repairs of a complex system. Reducing the system operation and maintenance
costs is one of the main goals of maintenance optimization. Thus, the reliability importance indices
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that consider the repair and outage costs were applied to assess the priority of component maintenance
within the system. The failure cost importance index was related to the MTTR and the repair cost of each
component. The potential failure cost importance index was not only related to the MTTR and repair
cost, but to the failure rate. Therefore, the failure cost importance and potential failure cost importance
indices can provide a comprehensive analysis measure for the component maintenance optimization.

8x10°

7x10°

6x10°
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3x10°

2x10°

1x10°

GE HRSG2ZURSGl FC  AB  HME  CTI CT2 CPL CP2 ACL ACZ ACH
Main component

Figure 14. The failure cost importance index values of components of the CCHP system.
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Figure 15. The potential failure cost importance index values of components of the CCHP system.

6. Conclusions and Prospects

This paper focuses on the reliability and availability analysis and components maintenance
prioritization analysis of the CCHP system. Failure cost importance index (FCI) and potential failure
cost importance index (PI) were developed for the maintenance prioritization analysis of the CCHP
system. A Markov model based on a state-space method was used to analyze the reliability and
availability of the CCHP system. The reliability and availability of the components, subsystems,
and whole system were deduced.

This paper aimed at selecting the component reliability importance indices to identify the priority
of the component maintenance from the perspective of maintenance cost. The BI and CI were used
to compare to FCI and PI. It was observed that the FCI and PI might lead to different rankings.
FCI enabled the system managers to know the cost of a one-time failure of each component in a system.
PI enabled the system managers to know the cost before the failure occurred for a one-time failure of
each component in a system. The two indices would help managers to make a reasonable decision for
maintenance on the cost basis, and also help designers to optimize the system on the cost basis.

The reliability of the CCHP system is the product of the reliability of each component when the
reliability is considered the energy supply. The system reliability can be ensured by improving the
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components’ failure rates. The auxiliary boiler (low failure rate with high failure cost) can improve the
reliability of the subsystem.

The reliability and availability analysis method is the only study on how one component failure
can affect the system as a whole or in part; the reliability of multiple failure states and the time-variances
were ignored. Moreover, the CCHP system is a complex and repairable system, generally with high
maintenance and reliability, where failure data is difficult to obtain, thus, the degradation data can be
used to optimize the maintenance strategy based on the component reliability importance indices.

The proposed component reliability importance indices of the maintenance prioritization analysis
in this paper can be applied to other cogeneration systems or to other maintenance problems.
The reliability importance indices will be further validated in CCHP systems which use renewable
energies and other technologies like PV, wind power, or heat pumps.
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Abbreviations

Nomenclature
CCHP Combined cooling heating and power

&
<

State-space method

KSRP Kitakyushu science and research park
R Reliability

A Availability

8} Unavailability

P Probability

f Number of failure

A Failure rate (f/unit time)

U8 Repair rate

e Napier’s constant

MTBF Mean time between failure

MTTF Mean time to failure

MTTR Mean time to repair

t Time

u Unit price of grid electricity or city gas
Ly Purchases of electricity or city gas

I Importance index

BI Birnbaum importance

CI Criticality importance

FCI Failure cost importance index

PI Potential failure cost importance index
Crr Total failure cost (total cost/unit time)
Cr Repair cost

Ca Add cost during outage

JPY Japanese yen

Subscript

sys System

k Component number

ij Number of state

n Failure numbers of one component in a certain period
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Superscript

B Birnbaum importance index

C Criticality importance index

F Failure cost importance index (cost/f)

P Potential failure cost importance index (cost/unit time)

Main units and components

E Generation unit of electricity

CH Generation unit of space cooling and heating

HW Generation unit of hot water

FC Fuel cell

GE Gas engine

CT Cooling tower

CP Cooling pump

HRSG Heat recovery steam generator

AC Absorption chiller

AB Auxiliary boiler

HE Heat exchanger

CWS Cooling water system

ACS Absorption chiller system
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