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Reliability Analysis and Cost-Effectiveness of Large Commercial HVAC Systems with
Regenerating Points and Semi-Markov Processes

Gitanjali, Vibhu Singhal and Indeewar Kumar∗

abstract: Global change in climatic conditions has led to increase in global temperatures, and hence
the need for heating, ventilation, and air-conditioning (HVAC) systems has increased significantly. These
systems play a vital role in regulating indoor environments and ensuring comfortable temperatures in both
residential and commercial spaces. This paper delves into the intricate analysis of large commercial HVAC
systems comprising two similar cooling or heating units and a dissimilar unit dedicated to ventilation. These
systems play a pivotal role in maintaining comfortable climate conditions, ensuring occupant comfort and
operational efficiency. The study begins with three functioning units, where any two units are sufficient to
sustain system operation. One crucial aspect addressed is the warranty coverage of these units, guaranteeing
that any malfunctioning unit undergoes restoration at no additional cost within the stipulated warranty period.
The restoration process is assumed to be flawless, conducted by a proficient service provider, with restoration
times following an exponential distribution. Employing advanced methodologies such as the regenerating point
technique and semi-Markov processes, this paper formulates equations to evaluate key reliability metrics and
the profit function. These metrics encompass constant failure rates and consider the duration of the warranty
periods, providing valuable insights into system reliability and cost-effectiveness.

Keywords: Semi-Markov process, repairable units, regenerative point technique, dissimilar system,
HVAC, warranty.
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1. Introduction

Heating, Ventilation, and Air Conditioning (HVAC) systems play crucial role in ensuring good indoor
air quality, maintaining thermal comfort, and supporting energy-efficient operation in a wide range of
building settings. The growing global demand for sustainable infrastructure and operational optimization
has led to extensive research in HVAC system modelling, energy analysis, maintenance strategies, and
cost efficiency. Data-driven approaches are increasingly being used for fault detection and diagnostics
in large-scale HVAC systems. A comprehensive review by Mirnaghi and Haghighat [2] highlights how
these techniques improve operational efficiency and reduce unplanned downtimes. Integrating Building
Information Modelling (BIM) into HVAC design is another innovative step, allowing accurate energy
simulations and improved system design, as demonstrated by Mohd et al. [3]. In climate-responsive ap-
plications, Nadeem et al. [5] proposed an HVAC system design based on the Cooling Load Temperature
Difference method by hourly analysis, specifically tailored for hot and humid climatic regions. How-
ever, Raad [6] cautions that existing HVAC modelling approaches have several practical shortcomings,
underscoring the need for adaptable frameworks.

To ensure continuous functionality, reliability modelling of repairable HVAC systems has gained trac-
tion. Rathee et al. [4] and Kumar et al. [1] analysed warm standby and parallel systems under operational
priority constraints. These efforts are extended by Kour et al. [7] and Kadyan et al. [8], who incorporated
dissimilar units, switching devices, and simultaneous working conditions into their models. EL-Sherbery
[12] analysed the stochastic behaviour of systems exposed to Poisson shocks, while Yusuf and Hussaini
[9] studied 2-out-of-3 standby configurations under perfect restoration assumptions. These stochastic
approaches support long-term planning and failure mitigation.

Preventive maintenance (PM) and warranty policies are also integral to HVAC reliability. Kumar et
al. [10] introduced Weibull-based failure and restoration distributions for redundant systems, while Yusuf
et al. [11] developed a dual maintenance strategy incorporating both online and offline PM. Alqahtani and
Gupta [13] emphasized warranty as a marketing and assurance tool for remanufactured equipment, and
Simin et al. [25] proposed a novel warranty policy tied to customer maintenance investment behaviour.
Niwas and Kadyan [14], and Niwas and Garg [15], analysed reliability under degradation and cost-
free warranty conditions. These studies bridge the gap between technical performance and consumer
confidence.

The economic aspects of HVAC reliability have also been extensively explored. Ambekar and Jagtap
[16] conducted cost modelling for warranty plans, while Huang et al. [26] examined the financial im-
plications of two-dimensional warranties involving periodic maintenance. EL-Sherbery and Hussain [19]
included administrative delays in system models, affecting both cost and uptime. Gitanjali [24] offered
a cost-benefit analysis for parallel systems with constrained restoration times. These contributions un-
derscore the financial impact of system downtime, warranty strategies, and restoration logistics. Other
modelling studies focus on restoration policies, expert maintenance, and abnormal degradation. Malik
and Gitanjali [17], and Rathee [18], explored systems with expert restoration teams and constraints on
maximum operation or restoration time. Kumar and Saini [20] compared semi-Markov systems under
degraded environments, while Kumar et al. [21] assessed profit in systems using software rejuvena-
tion. Singh and Poonia [22] investigated two-unit systems with corresponding lifetimes under inspection
regimes, utilizing regenerative point techniques. Cha et al. [23] proposed an optimal warranty strategy
for stochastically degrading products, showing significant cost savings in diversified system environments.

Together with these works which reflects a growing convergence of reliability engineering, maintenance
economics, degradation modelling, and environmentally adaptive HVAC design. However, an integrated
framework that considers stochastic reliability, climate-based demand, maintenance scheduling, and cost
modelling simultaneously is still lacking. This paper addresses this research gap by proposing a com-
prehensive stochastic model for HVAC systems that integrates operational reliability, preventive main-
tenance, cost analysis, and warranty policy evaluation, supporting sustainable and cost-effective design
decisions.
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2. Model Assumptions and Description

Here, a repairable HVAC system comprising of two similar units either heating or cooling units and
one dissimilar unit as the ventilation unit is being analysed.

Fig.1 State transition diagram

• In the initial condition, the system runs on the two similar units, whereas the dissimilar unit is kept
in cold standby mode, ready to be activated when required.

• The system maintains full functional as long as at least two of the three units are operational.

• The efficiency of the system reduces when it operates with one similar unit and other dissimilar
unit, because of the difference in their capacities and functional behaviour create an imbalance in
system performance.

• A server is available all the time for the system.

• After failure, the failed unit undergoes for restoration.

• Within the warranty period, all restoration costs are paid by the manufacturer, whereas beyond
the warranty period, all the restoration expenses are paid by customer.

• The time required for restoring (repairing) the units is assumed to be exponential.

• For analysis purposes, the failure rates of the units and the duration of the warranty period are
assumed to be arbitrarily constant.

These assumptions can help in establishing the foundation for analyzing the HVAC system’s reliability
and performance in relation to warranty conditions, restoration costs, and server availability. Examining
these factors will help to understand the system’s working behaviour and effectiveness, and will support
in making informed decisions on maintenance planning and cost management.

3. State Specification

To analyse the system’s behaviour at any given time, we can represent it using the following states:

S0/S1

The system is operational with both similar units active while the dissim-
ilar unit remains on backup mode, both during and after the warranty
period.

S2/S8

The system is operational with one similar unit and the dissimilar unit
active, while the other similar unit is under restoration, whether within
or beyond the warranty period.

S3/S7

The system is non-operational, as one similar unit is already under
restoration and the dissimilar unit is holding on for restoration, whether
within or beyond the warranty period.
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S4/S9

The system is non-operational, as one similar unit is under restoration,
and the other similar unit is holding on for restoration, whether within
or beyond the warranty period.

S5/S10
The system is operational on two similar units, with the dissimilar unit
under restoration under or beyond warranty.

S6/S11

The system is non-operational with the dissimilar unit under ongoing
restoration, and one similar unit is holding on for restoration, whether
within or beyond the warranty period.

By categorizing the system into these specific states, we can effectively track its operational sta-
tus, ongoing restoration activities, and warranty conditions. This classification enhances our ability to
understand and evaluate the overall reliability and performance of the system.

4. Notations

AO/BO Unit A/B in fully functional and operational mode
AC/BC Unit A/B in backup mode
AWo/BWo Unit A/B is awaiting operation
λA/λB failure rate of the unit A/B
η warranty period
tA1/A2(t) / TA1/A2(t) pdf/cdf of the restoration rate of the similar units A within/beyond

the warranty period
tB1/B2(t) / TB1/B2(t) pdf/cdf of the restoration rate of the dissimilar unit B within/beyond

the warranty period
AFUrin/BFUrin Unit A/B is going through restoration within the warranty period

following failure
AFUrout/BFUrout Unit A/B is going through restoration beyond the warranty period

following failure
AFURin/BFURin unit A/B is going through restoration since previous state under war-

ranty period following failure
AFURout/BFURout Unit A/B is going through restoration since previous state beyond

warranty period following failure
AWOout/BWOout Unit A/B is holding on for restoration beyond warranty period fol-

lowing failure
AWOin/BWOin Unit A/B is holding on for restoration under warranty period follow-

ing failure
rij(t)/θij(t) pdf/cdf of the transit time from a regenerative state i to another

regenerative state j or to a failed state j, without passing through
any other regenerative state during the interval (0, t].

mij Contribution to mean sojourn time (µi) in state Si when system tran-
sits directly to state Sj so that, µi =

∑
j mij and mij =

∫
t dθij(t) =

−r∗′ij(0)
µi mean sojourn time in state Si which is given by µi = E(Ti) =∫∞

0
P (Ti > t) dt =

∑
j mij where Ti denotes the time to system

failure
∗∗/∗ Sign for Laplace–Stieltjes transform / Laplace transform
⊗/© Sign for Stieltjes convolution / Laplace convolution

The model diagram for the transition of states under study is:
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Fig.1 State transition diagram

5. Reliability Measures

5.1. Steady State Transition Probabilities and Mean Sojourn Times

The following expressions for steady state transition probabilities from state i to j:

pij = θij(∞) =

∫ ∞

0

rij(t) dt, dθij(t) = rij(t) dt.

dθ01(t) = r01(t) dt = ηe−(2λA+λB+η)t dt

Taking LST of above equation we get,

θ∗∗01(s) =

∫ ∞

0

e−st d[θ01(t)] = η

∫ ∞

0

e−(2λA+λB+η+s)t dt =
η

2λA + λB + η + s

Taking limit s → 0 the steady state probability,

p01 =
η

2λA + λB + η

Similarly, we obtain the following steady-state transition probabilities:

p02 =
2λA

2λA + λB + η
, p05 =

λB

2λA + λB + η
, p18 =

2λA

2λA + s
, p20 = t∗A1(λA + λB + η),

p23 =
λB

λA + λB + η
(1− t∗A1(λA + λB + η)) , p24 =

λA

λA + λB + η
(1− t∗A1(λA + λB + η)) ,

p28 =
η

λA + λB + η
(1− t∗A1(λA + λB + η)) , p35 = t∗A1(η), p37 = 1− t∗A1(η),

p42 = t∗A1(η), p49 = 1− t∗A1(η), p50 = t∗B1(2λA + η), p56 =
2λA

2λA + η

p5.10 =
η

λB + η
(1− t∗B1(λB + η)) , p62 = t∗B1(η), p6.11 = 1− t∗B1(η), p7,10 = t∗A2(0) = 1 = p98,

p81 = t∗A2(λA + λB), p87 =
λB

λA + λB
(1− t∗A2(λA + λB)) , p89 =

λA

λA + λB
(1− t∗A2(λA + λB)) ,

p10,1 = t∗B2(2λA), p10,11 = 1− t∗B2(2λA), p11,8 = t∗B2(0) = 1.
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It can be verified that

p01 + p02 + p05 = 1, p18 = 1p20 + p23 + p24 + p28 = 1, p35 + p37 = 1, p42 + p49 = 1,

p50 + p56 + p5,10 = 1, p62 + p6,11 = 1, p7,10 = 1, p87 + p81 + p89 = 1,

p98 = 1, p10,1 + p10,11 = 1.

The mean sojourn times (µi) in state Si are given by:

µ0 = l01 + l02 + l05, µ1 = l18, µ2 = l20 + l23 + l24 + l28, µ3 = l35 + l37,

µ4 = l42 + l49, µ5 = l50 + l56 + l5,10, µ6 = l62 + l6,11, µ7 = l7,10, µ8 = l81 + l89 + l87.

µ′
2 = l20 + l22;4 + l28 + l28;49 + l25;3 + l2,10;37

µ′
5 = l50 + l5,10 + l52;6 + l58;6,11,

µ′
8 = l81 + l88;9 + l8,10;7, µ′

10 = l10,1 + l10,8;11

5.2. Mean Time to System Failure (MTSF)

Mean time to system failure is defined as the reliability metric depicting the average time a system
operates before its first failure. A regenerative state in a system describes a state where the system restores
its own condition. The cumulative distribution function (cdf) representing the first time a regenerative
state Si transitions into any failed state is incorporated into the recurrence relations and is denoted as
ϕi(t).

ϕ0 = r01 ⊗ ϕ1 + r02 ⊗ ϕ2 + r05 ⊗ ϕ5 (1)

ϕ1 = r18 ⊗ ϕ8 + r1,10 ⊗ ϕ10 (2)

ϕ2 = r28 ⊗ ϕ8 + r20 ⊗ ϕ0 + r23 + r24 (3)

ϕ5 = r50 ⊗ ϕ0 + r5,10 ⊗ ϕ10 + r56 (4)

ϕ8 = r81 ⊗ ϕ1 + r87 + r89 (5)

ϕ10 = r10,1 ⊗ ϕ1 + r10,11 (6)

Solving for ϕ∗∗
0 (s), applying the Laplace–Stieltjes transformation to these equations yields:

ϕ∗∗
0 (s) =

−r∗01r
∗
18(r

∗
87 + r∗89)− r∗02(r

∗
23 + r∗24)(r

∗
18r

∗
81 − 1− r∗28(r

∗
87 + r∗89))(

r∗18r
∗
81 + r∗1,10r

∗
10,1 − 1

)
(r∗02r

∗
20 + r∗50r

∗
05 − 1)

+
r∗05

(
r∗5,10

(
− r∗18r

∗
81r

∗
10,11 + r∗18r

∗
10,1(r

∗
87 + r∗89) + r∗10,11

)
+ r∗56(r

∗
18r

∗
81 − 1)

)
(
r∗18r

∗
81 + r∗1,10r

∗
10,1 − 1

)
(r∗02r

∗
20 + r∗50r

∗
05 − 1)

(7)

MTSF is given by:

MTSF = lim
s→0

1− ϕ∗∗
0 (s)

s
=

N0

D0

where

N0 = (r87 + r89)µ0 − r02(r87 + r89)µ2 + r05(r87 + r89)µ5 − (r01 + r02r28r81 + r05r5,10r10,1)µ1

+ (r01 − r02r28 + r05r5,10r10,1)µ8 + r05r5,10(r87 + r89)µ10

D0 = (r18r81 + r1,10r10,1 − 1) (r02r20 + r50r05 − 1)

5.3. Availability

Availability is a reliability metric which determine how long a system remains operational with respect
to its intended operating time. Suppose the system enters the regenerative state Si at time t = 0. Let
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Ai(t) denote the probability that the system is functioning at time t. The following recurrence relations
describe Ai(t):

A0 = M0 + r01 ⊗A1 + r02 ⊗A2 + r05 ⊗A5 (8)

A1 = M1 + r18 ⊗A8 + r1,10 ⊗A10 (9)

A2 = M2 + r20 ⊗A0 + r22;4 ⊗A2 + r28 ⊗A8 + r25;3 ⊗A5 (10)

A5 = M5 + r50 ⊗A0 + r52;6 ⊗A2 + r5,10 ⊗A10 (11)

A8 = M8 + r81 ⊗A1 + r8,10;9 ⊗A8 + r8,8;7 ⊗A10 (12)

A10 = M10 + r ⊗A1 + r10,8;11 ⊗A8 (13)

where

M0(t) = e−(2λA+λB+η)t, M1(t) = e−2λAt,

M2(t) = e−(λA+λB+η)t TA1(t), M5(t) = e−(2λA+η)t TB1(t),

M8(t) = e−(λA+λB)t TA2(t), M10(t) = e−(2λA)t TB2(t).

By working on the equations (8)–(13), relating the Laplace–Stieltjes transformation, and subsequently
using Cramer’s rule, we obtain:

for A∗∗
0 (s). For a steady-state system, the availability can be calculated as:

A = lim
s→0

sA∗∗
0 (s) =

NA

DA
+

NB

DB
, (14)

where

NA = M∗
1

(
r∗81 − r∗8,10;7 r10,1

)
+M∗

8

(
r∗18 − r∗1,10 r

∗
10,8;11

)
+M∗

10

(
r∗88;7 − r∗1,10 r10,1 r

∗
81

)
,

DA = µ1

(
r∗81 − r∗88;7 r10,1

)
+ µ′

8

(
r∗18 − r∗1,10 r

∗
10,8;11

)
+ µ′

10

(
r∗88;7 − r∗1,10 r

∗
81

)
,

NB = M∗
0

(
r∗25;3r

∗
52;6 − r∗22;4 − 1

)
+M∗

2

(
r∗02 − r∗05r

∗
52;6

)
+M∗

5

(
r∗25;3r

∗
02 − r∗05r

∗
22;4 − r∗05

)
,

DB = r∗02
(
r∗20 − r∗25;3r

∗
50

)
+ (r∗22;4 + 1)(r∗05r

∗
50 − 1)− r∗05r

∗
20r

∗
52;6 + r∗25;3r

∗
52;6.

5.4. Busy Period of Server Due to Restoration in Warranty Period

Busy period of server in a system determine the continuous stretch of time where the server is actively
working in restorationing the failed unit, till the moment the server finishes all its tasks. Let Bi(t) denote
the possibility that the server is engaged with restoration at time t, given that the HVAC system entered
regenerative state i at t = 0. Let Wi represent the waiting time as the server is busy due to ongoing
restoration activities. The recursive relations for Bi(t) are then given by:

B0 = r01 ⊗B1 + r02 ⊗B2 + r05 ⊗B5 (15)

B1 = r18 ⊗B8 + r1,10 ⊗B10 (16)

B2 = W2 + r20 ⊗B0 + r22;4 ⊗B2 + r25;3 ⊗B5 + r28 ⊗B8 (17)

B5 = W5 + r50 ⊗B0 + r52;6 ⊗B2 + r5,10 ⊗B10 (18)

B8 = r81 ⊗B1 + r8,10;9 ⊗B8 + r88;7 ⊗B10 (19)

B10 = r10,1 ⊗B1 + r10,8;11 ⊗B8 (20)

where

W2 = (λA + λB + η) e−(λA+λB+η)t ©TA1(t),

W5 = (λA + η) e−(λA+η)t ©TB1(t).

By relating the Laplace–Stieltjes transformation to the above equations (15)–(20) and working for B∗
0(s),

the steady-state time during which the server remains busy with restoration is obtained as:

B 1
0 (∞) = lim

s→0
sB∗

0(s) =
N 1

B

DB
, (21)
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where

N 1
B = M∗

2

(
r∗02 − r∗05r

∗
52;6

)
+M∗

5

(
r∗25;3r

∗
02 − r∗05r

∗
22;4 − r∗05

)
,

DB = r∗02
(
r∗20 − r∗25;3r

∗
50

)
+ (r∗22;4 + 1)(r∗05r

∗
50 − 1)− r∗05r

∗
20r

∗
52;6 + r∗25;3r

∗
52;6.

5.5. Busy Period of Server Due to Restoration Beyond Warranty Period

Let Bi(t) denote the possibility that the server is engaged with restoration at some particular time t,
given that the HVAC system entered the regenerative state i at t = 0. Let Wi represent the waiting time
as the server is busy due to restoration activities. The recursive relations for Bi(t) are given by:

B0 = r01 ⊗B1 + r02 ⊗B2 + r05 ⊗B5 (22)

B1 = r18 ⊗B8 + r1,10 ⊗B10 (23)

B2 = r20 ⊗B0 + r22;4 ⊗B2 + r25;3 ⊗B5 + r28 ⊗B8 (24)

B5 = r50 ⊗B0 + r52;6 ⊗B2 + r5,10 ⊗B10 (25)

B8 = W8 + r81 ⊗B1 + r8,10;9 ⊗B8 + r88;7 ⊗B10 (26)

B10 = W10 + r10,1 ⊗B1 + r10,8;11 ⊗B8 (27)

where
W8 = (λA + λB) e

−(λA+λB)t ©TA2(t), W10 = λBe
−λBt ©TB2(t).

By relating the Laplace–Stieltjes transformation to the above equations (22)–(27) and working on the
linear equations for B∗

0(s), the steady-state duration for which the server remains busy due to restoration
is obtained as:

B 2
0 (∞) = lim

s→0
sB∗

0(s) =
N 2

B

DA
(28)

where

N 2
B = W ∗

8

(
r∗18 − r∗1,10r

∗
10,8;11

)
+W ∗

10

(
r∗88;7 − r∗1,10r

∗
81

)
,

DA = µ1

(
r∗81 − r∗88;7r10,1

)
+ µ′

8

(
r∗18 − r∗1,10r

∗
10,8;11

)
+ µ′

10

(
r∗88;7 − r∗1,10r

∗
81

)
.

5.6. Expected Number of Restorations of Identical Unit

Calculating the expected number of restorations is essential in cost analysis for a restorationable
system. Let Ri(t) denote the expected number of restorations conducted on the similar units, cool-
ing/heating units, of the HVAC system by the server at any time t, it is assumed that the system entered
the regenerative state Si at t = 0. The recursive relations are given by:

R0 = r01 ⊗R1 + r02 ⊗ (1 +R2) + r05 ⊗R5 (29)

R1 = r18 ⊗ (1 +R8) + r1,10 ⊗R10 (30)

R2 = r20 ⊗R0 + r22;4 ⊗R2 + r28 ⊗R8 + r25;3 ⊗R5 (31)

R5 = r50 ⊗R0 + r52;6 ⊗R2 + r5,10 ⊗R10 (32)

R8 = r81 ⊗R1 + r8,10;9 ⊗R8 + r88;7 ⊗R10 (33)

R10 = r10,1 ⊗R1 + r10,8;11 ⊗R8 (34)

By relating the Laplace–Stieltjes transformation to the set of above equations (29)–(34) and working on
the linear equations for R∗∗

0 (s), the expected number of restorations performed by the server per unit
time in the steady state is obtained as:

R 1
0 = lim

s→0
sR∗∗

0 (s) =
N 1

R

DA
(35)

where
N 1

R = r∗18
(
r∗81 − r∗8,10;7r10,1

)
+ r∗02

(
r∗25;3r

∗
52;6 − r∗22;4 − 1

)
.
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5.7. Expected Number of Restorations of Non-Identical Unit

LetRi(t) denote the expected number of restorations conducted on the dissimilar unit, ventilation unit,
of the HVAC system by the server at any time t, it is assumed that the system entered the regenerative
state Si at t = 0. The recursive relations are given by:

R0 = r01 ⊗R1 + r02 ⊗R2 + r05 ⊗ (1 +R5) (36)

R1 = r18 ⊗R8 + r1,10 ⊗ (1 +R10) (37)

R2 = r20 ⊗R0 + r22;4 ⊗R2 + r28 ⊗R8 + r25;3 ⊗R5 (38)

R5 = r50 ⊗R0 + r52;6 ⊗R2 + r5,10 ⊗R10 (39)

R8 = r81 ⊗R1 + r8,10;9 ⊗R8 + r88;7 ⊗R10 (40)

R10 = r10,1 ⊗R1 + r10,8;11 ⊗R8 (41)

By relating the Laplace–Stieltjes transformation to the set of above equations (36)–(41) and working on
the linear equations for R∗∗

0 (s) using Cramer’s rule, the expected number of restorations performed by
the server per unit time in the steady state is obtained as:

R 2
0 = lim

s→0
sR∗∗

0 (s) =
N 2

R

DA
(42)

where
N 2

R = r∗1,10
(
r∗81 − r∗8,10;7r10,1

)
+ r∗05

(
r∗25;3r

∗
52;6 − r∗22;4 − 1

)
.

5.8. Profit Analysis

In steady state, the HVAC system model profit is evaluated using the equations (14), (21), (28), (35)
and (42) in the following equation:

P = K0A0 −K1B
1
0 −K2B

2
0 −K3R

1
0 −K4R

2
0,

where
P = Profit estimation by HVAC system model,
K0 = Cost gained by availability of the system,
K1 = Cost experienced when the server is occupied with restoration activities during the warranty

period,
K2 = Cost experienced when the server is occupied with restoration activities beyond the warranty

period,
K3 = Cost experienced for restorationing similar (cooling/heating) unit of the HVAC system,
K4 = Cost experienced for restorationing dissimilar (ventilation) unit of the HVAC system.

6. Numerical Representations of Various Reliability Measures

To analyse the behaviour of the HVAC system model, numerical computations are performed to
assess the Mean Time to System Failure (MTSF), Steady-State Availability, and the Profit function
under varying restoration rates, warranty periods and failure rates. The restoration times of dissimilar
units A and B are assumed to follow a negative exponential distribution with rates α1 and α2, respectively,
expressed as

tβ1(t) = α1e
−α1t and tβ2(t) = α2e

−α2t.

For the numerical evaluation, specific values are assigned to the failure rates (λa, λb) and the parameters
used in the profit function (K0,K1,K2,K3,K4). This analysis provides insights into the dependability of
the HVAC system—particularly its availability and profitability—across different operational scenarios.
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Figure 1

The Figure 1 visualizes how the Mean Time to System Failure (MTSF) varies with the restoration
rate of similar cooling/heating units of HVAC system for different parameter combinations related to
system reliability and maintenance. It can be visualized that MTSF increases with higher in-warranty
(α1, β1) and out-of-warranty (α2, β2) restoration rates, but the in-warranty rates have a more significant
impact. Longer warranty consistently gives the best reliability improvement.

Figure 2

The Figure 2 shows how the Mean Time to System Failure (MTSF) varies with change in the restora-
tion rate beyond warranty (α2) for similar cooling/heating units of HVAC system. For all parameter
combinations, MTSF rises sharply as α2 increases from 0.1 to 1.0. This confirms that better restoration
support after the warranty period greatly extends system life. Clearly, extending the warranty period
has a large, beneficial impact even if other restoration rates remain unchanged.
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Figure 3

The line chart in Figure 3 presents a focused analysis of MTSF (Mean Time to System Failure) across
different parameter configurations, particularly varying combinations of failure rates (λa, λb), restoration
rates (β1 in warranty, β2 beyond warranty) of non-identical ventilation unit of HVAC system, identical
unit restoration rate beyond warranty (α2), and warranty duration (η). It can be inferred that high
failure rates (λa or λb) strongly reduce MTSF. Improved restoration rates during the warranty period
boost MTSF substantially. Extending warranty duration (η) can help, but only if supported by good
restoration infrastructure.

Figure 4

The Figure 4 analysed how the Mean Time to System Failure (MTSF) changes as the warranty period
increases from 1 to 10 under various system configurations. Longer warranty periods improve MTSF,
especially with good in-warranty restoration support. High failure rates (λa) limit the benefit of longer
warranties. The best results come from combining long warranty with strong restoration policies both
during and after warranty.
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Figure 5

The Figure 5 shows how availability of HVAC system changes with increasing restoration rate (α1)
of a similar cooling/heating unit of HVAC system during the warranty period, under different system
configurations. Higher restoration rate (α1) during warranty significantly improves system availability.
System with low failure rate (λa) and good restoration support maintains high availability. High failure
rate systems (λa = 0.01) show poor availability even when restoration rate of similar unit (α1) is increased.
Extending warranty period (η) adds a noticeable availability boost when restoration rates are already
strong.

Figure 6

The Figure 6 presents how availability of HVAC system changes with increasing restoration rate α2

of a similar unit after the warranty period under different configurations. System availability strongly
improves with increasing post-warranty restoration rate α2. High failure rate (λa = 0.01) restricts
availability growth despite good restoration. Extending warranty (η) alone does not guarantee better
availability unless paired with strong post-warranty restoration support.
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Figure 7

This line chart presents a comparison of system availability under different parameter configurations.
There is a clear dip at the second parameter set indicating lower availability due to increased failure rate.
Availability is most sensitive to the failure rate of similar units.

Figure 8

This chart compares profit as a function of restoration rate (α1) for similar cooling/heating units
during the warranty period, under various configurations of system parameters. Longer warranty pe-
riods increase costs, hence reduce profit. Improving restoration efficiency during warranty (higher α1)
improves profit. The cost impact of warranty support, redundancy, and failure rates significantly shapes
profitability.

The Figure 9 examines how profit changes with restoration rate α2 of similar cooling/heating units
after the warranty period across different system configurations. This indicates that restoration strategies
after the warranty period are more financially critical for the company (perhaps due to service contracts or
cost-sharing with users). This suggests that post-warranty restoration efficiency is crucial for profitability,
likely because customers bear restoration costs or system uptime improves significantly.

7. Discussion

The conjecture outlined in the study offer valuable understanding into the mechanism of the HVAC
system, particularly concerning the Mean Time to System Failure (MTSF), steady-state availability,
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Figure 9

and overall system profitability. These factors are analysed within a framework comprising two similar
cooling/heating units and one dissimilar ventilation unit, taking into account the restoration rates of the
similar units both during and after the warranty period.

• Tables in Figure 1 and Figure 2 illustrate that Mean Time to System Failure (MTSF) increases
with higher restoration rates, suggesting that frequent restorations extend the intervals between
failures.

• Table in Figure 4 shows longer warranty periods result in an increase in MTSF, indicating a positive
relationship between warranty duration and the average time between system failures.

• Tables in Figure 5 and Figure 6 plot availability versus restoration rates, indicating system avail-
ability decreases beyond the warranty period but improves with higher restoration rates. However,
extending the warranty period leads to a decrease in system availability.

• Tables in Figure 8 and Figure 9 show the relationship between profit and other parameters. Profit
rises with an increase in restoration rates, showing the financial benefit of maintaining higher
restoration efficiency. Conversely, profit decreases as failure rates increase, reflecting the cost im-
plications of more frequent failures.

These findings underscore the significant impact of the restoration rates of similar cooling/heating
units of the system on the performance of the HVAC system. Within the warranty period, recurring
restorations not only enhance the MTSF of the system but also improve availability and profitability.
Beyond the warranty period, frequent restoration rates continue to enhance availability and profit, though
the effect is comparatively less pronounced.

8. Conclusion

According to the results from the analysis of the HVAC system with two similar cooling/heating units
and one dissimilar ventilation unit, the following suggestions can be made to improve system reliability:

1. Focus on continuing restorations within the warranty period to maximize the system’s operational
life. This approach will help extend the MTSF, improve system availability, and enhance overall
profitability. Timely restorations can reduce the likelihood of costly breakdowns.
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2. Introduction to systematic inspections and preventive maintenance routines to identify and address
major issues before they lead to failures. Focus on proactive strategies can reduce restoration rates,
enhance the longevity of components, and optimize system reliability. This preventive approach
can decrease downtime and improve the efficiency of the HVAC system.

3. Use data from the observed trends to adjust warranty periods strategically. Extending warranty
periods can positively affect system performance by improving MTSF, availability, and profitability,
as indicated in the tables. Longer warranties can also enhance customer satisfaction and trust,
leading to potentially higher system sales and retention.

These strategies will ensure the HVAC system runs efficiently, minimizes downtime, and maximizes
profitability while considering long-term performance.

9. Future Scope

The future research of this study on reliability analysis for HVAC systems under warranty condition
offers several promising directions for deeper exploration and refinement:

1. Employing techniques like Monte Carlo simulations can provide more robust insights into the un-
certainties involved, helping to predict long-term system reliability under varying conditions.

2. By incorporating a cost analysis that evaluates not only restoration rates but also other cost factors
such as installation, operation, and potential revenue generation. This holistic approach would
allow for a better understanding of the total economic impact of various maintenance strategies,
providing a clearer picture of cost-efficiency.

3. The model can be broadened to incorporate a variety of warranty periods across different units.
By exploring systems with both shorter and longer warranties, one can gain a more comprehensive
understanding of how warranty duration impacts system performance and reliability. This will
enable the development of more personalized maintenance and warranty management strategies
that align with the unique needs of each system, offering better ways to optimize uptime, restoration
costs, and overall performance.

These potential future directions will enhance the reliability and profitability analysis of HVAC sys-
tems and also provide valuable insights for decision-makers in maintenance, warranty management, and
cost optimization.
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