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Abstract: In this paper a few issues of handling maintenance inventory with 
heterogeneous part characteristics have been discussed. A typical aeroengine having 
several years of operational history has been utilized to highlight the differential inventory 
management approach based on the relative significance of the parts. The replacement rate 
of the operationally significant components has been evaluated using the maintenance data 
and it serves as a direct input for assessing the dynamic demand for spare parts. In the 
overall view, this paper documents the process of identifying the operationally significant 
high value components, assessing their spares requirement under realistic operational/ 
maintenance conditions and managing the maintenance inventory in a simple manner. 

Keywords: Aero engine repair, maintenance inventory, differential inventory control, 
maintenance planning. 

1.   Introduction 

The issues specific to aeroengine maintenance inventory management are many-fold. First 
and foremost is the uncertainty in the context of spare part demand. Inventory 
management in a repair depot needs to cater to the spare part demand which is related to 
specific maintenance programs and causal factors that are related to parts' life cycles (e.g., 
hours of operation vs. mean-time-to-failure). Another issue is that the conventional 
inventory models do not appropriately depict the repair scenario where the spares 
requirement is neither uniformly distributed among the components nor independent in 
nature. As pointed out by MacDonnell and Clegg [1], many components are reworked in a 
repair depot rather than replaced outright. This is one of the key features of the aviation 
maintenance inventory management that make it distinct from other systems where there 
is a predominantly one-way flow of materials toward the customer.  
     In engine repair, new parts come from the Original Equipment Manufacturers (OEM) 
or part supplier, and some ex-service parts go back to the OEM or other specialists for 
refurbishment thus allowing the movement of material in both directions. In addition, as 
noted by Kelly [2], many parts have very different attribute values, from very expensive to 
low cost items, and from a few fast movers to many extremely slow movers. Though it is 
necessary to maintain several types of inventories to sustain the regular maintenance 
activity, it is not desirable to keep the same degree of control on all the items uniformly. 
Maximum attention is to be paid to those items whose values are high and are critical. 
Another issue is that unlike inventory for resale or manufacture, maintenance inventory is 
not often considered as a direct investment and hence it is prudent to avoid a huge buffer 
stock of high value spares. In a nutshell, the above set of maintenance issues boils down to 
the research topic encompassing differential control of spare parts with heterogeneous 
demand and supply behaviors.  
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     Maintenance inventory management has been discussed in the literature for more than 
half a century, with many comprehensive reviews [3-5] listing out the main models and 
trends in this area of research. Majority of the published literature in the major 
international journals is based on some type of reorder point method [5] and as pointed 
out by Dekker [6] a gap exists between the theoretical models and the practical 
maintenance issues. Maintenance depot level inventory management shall essentially 
address the issues involved in identifying the significant spare parts and allocating them in 
such a manner that the given buffer of parts can safeguard against stock out situation. 
However, simple inventory management models which are amenable for implementation 
by a maintenance engineer in the given shop floor conditions are still sparse barring a few 
[7, 8]. This paper augments the literature by discussing the methodology and procedure 
for maintenance inventory allocation in the presence of heterogeneous part characteristics. 

2.  Data and Methodology 

This study is based on the maintenance experience of a fleet of 167 turbo-shaft engines, 
which has flown more than five lakh hours over a period of seven years. The actual 
maintenance data of these engines serves as a realistic representation of the spare part 
demand. The research plan consists of two distinct segments viz., (i) identifying the 
operationally significant inventory (spares) of the engine through a prioritization 
technique and (ii) propose an inventory allocation strategy based on the dynamic demand 
of spares captured through the part replacement rate evaluated using the maintenance data. 
     Cost and criticality of the items have been used as the criteria to identify the target 
group of spares for the study. The cost aspect has been assessed through the ABC analysis 
and the criticality issue is handled through VED (Vital, Essential, Desirable) analysis. 
Subsequently both these techniques are combined via a two dimensional ABC-VED matrix 
to identify the spare parts that need a tighter control. For prioritization of spare parts, the 
typical annual (12 calendar months period) consumption has been taken into 
consideration. Though the cost details are not explicitly presented in this paper due to 
confidentiality, the individual component cost and the annual usage value have been 
collected and analyzed so as to maintain the rigor of the technical discussion. To capture 
the behaviour of inventory demand the data on parts failed, spare parts used during repair, 
cost details and operational duration (hours) till failure have been collected from the 
maintenance records.  

3.  Identification of Operationally Significant Items 

The approach proposed here is to classify the spare parts into different groups and to 
apply different inventory control policies to different groups. The following sub-sections 
present details of the exercise carried out in identifying the operationally significant items 
based on cost and criticality. 

3.1  ABC Analysis 

Among the inventory classification schemes available, the ABC analysis is a well known 
practical classification method based on the Pareto principle. In essence, inventories are 
classified into three groups where A items are those that make up about 70% of the spare 
part cost but only take up 10% of the inventory while B items are those representing about 
20% of spare part cost and taking up about 20% of the inventory. C items are those 
representing only 10% of spare part cost but taking up about 70% of the inventory. 
Consequently, the high-value items are classified as A items and need to be under the 
tightest control. C items represent relatively low value and would be under simple control. 
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B items fall in between these two categories and require reasonable attention of the 
management. Procedure of the ABC analysis carried out is summarized in six steps as 
follows. (i) identify the relevant items for classification, (ii) determine the number of units 
required and the price of each unit, (iii) determine the total value of each item by 
multiplying the number of units consumed by its unit price, (iv) rank the items in 
accordance with the total value, giving first rank to the item with highest total value and 
so on, (v) compute the ratios (percentage) of the value of each item to total value of all 
items, (vi) combine items on the basis of their relative value to form three categories: ie., 
A, B and C.  
     The spare part consumption record comprises of 42 types of components. In lieu of 
their engineering nomenclature, let us denote these spare parts by C1, C2, …, C42 for the 
ease of discussion. These 42 parts are classified using the ABC analysis steps described in 
the above paragraph and the results are presented in Table 1. From the analysis carried 
out, it is known that 19.05% of the spare parts account for approximately 70% of annual 
value and 23.81% of the parts account for 20% of the annual cost and the remaining 
57.14% parts account for about 10% of the annual spare part cost. 

Table 1: Results of the ABC Analysis 
Classification No of 

parts 
% of total 
spare parts 

Spare parts in each category 

A 8 19.047619 C1, C4, C5, C9, C18, C22, C23, C42 
B 10 23.809520 C3, C7, C8, C12, C16, C17, C24, C35, C37, C40. 
C 24 57.142857 C2, C6, C10, C11, C13, C14, C15, C19, C20, C21, C25, 

C26, C27, C28, C29, C30, C31, C32, C33, C34, C36, C38, 
C39, C41. 

3.2  VED Analysis 

In VED analysis, the inventories are classified into three mutually exclusive and 
collectively exhaustive groups on the basis of their criticality. For criticality assessment 
several factors such as engineering considerations, consequences of stock out situations, 
availability of cannibalized/ refurbished parts, vendor related issues, adaptability of 
alternate parts etc., need to be considered. However, many of these factors do not have 
explicit or easily identifiable attributes that directly link with the overall criticality level of 
the part. Handling such complex practical situations through analytical modeling is a 
separate research domain of its own [8-11] and definitely beyond the scope of this paper. 
     So a methodology involving participation of domain experts in brainstorming and 
arriving at a consensus decision has been employed. Group V consists of the most critical 
items that are vital for the engine maintenance. The other extreme i.e., just desirable or an 
alternate configuration/supply is available falls in group D. The parts falling in the 
intermediate category, which are essential for performing the repair activities, are grouped 
into E. This criticality classification is arrived based on the supply and demand behaviour, 
availability of alternate sources, use of alternate materials, adaptability with some other 
standard of parts, possibility of in-house manufacturing, availability of raw materials etc. 
Based on the collective understanding and consensus, the spare parts C1, C2,  …, C42 have 
been classified into vital, essential and desirable as shown in Table 2. Based on the VED 
analysis performed, it is understood that 7% of  the spare parts are vital and 76 % of the 
parts comes under the essential category. Around 17% of the parts fall under the desirable 
category. 
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Table 2: VED Analysis Categorizing spare parts as Vital, Essential and Desirable 
Classification No of 

parts 
% of total 
spare parts 

Spare parts in each category 

V (Vital) 3 7.142850 C5, C18, C42 
E (Essential) 32 76.19047 C1, C3, C4, C6, C7, C8, C9, C11, C12, C13, C14, 

C15, C16, C17, C20, C21, C22, C23, C24, C25, C26, 
C27, C28,  C30, C31, C32, C34,C35, C36, C37, C39, 
C40. 

D (Desirable) 7 16.66667 C2, C10, C19, C29, C33, C38, C41. 

3.3  ABC-VED Matrix Analysis 

The techniques discussed in section 3.1 and section 3.2 provide the inventory 
classification based on the independent consideration of cost and criticality respectively. 
However in practical situations two dimensional matrix analysis has been used to refine 
the results obtained from the single criterion evaluation [12]. Hence after completing the 
VED and ABC analysis, these results are combined through an ABC-VED Matrix. Here 
the significance of the inventories are assessed with a two dimensional criteria. ie, the 
relevant set of inventories are divided into three levels of importance according to both 
cost and criticality according to a simple rule of agglomeration of identical levels. Thus 
the spare parts are now reclassified into three categories, viz., Category I, II & III which 
represent the three inventory control groups and they are schematically represented as a 
joint criteria matrix shown in Figure 1. 
 

 
Figure 1:  Scheme of Prioritization in ABC-VED Matrix Analysis 

 
Category I consists of (A ∩ V) U (B ∩ V) U (C ∩ V) U (A ∩ E) U (A ∩ D) and Category 
II consists of (B ∩ E) U (C ∩ E) U (B ∩ D). Finally, C ∩ D forms Category III. From the 
management point of view, the parts falling in Category I need to be monitored with 
greater control. For Category III, the simplest form of control is justified. The inventory 
falling under Category II needs to be monitored with intermediate level of control. From 
the results of the ABC-VED Matrix analysis presented in Table 3, it has been observed 
that 19.048% of the spare parts fall in the Category I, 64.28% parts fall in Category II and 
the remaining 16.67% of the parts constitute Category III. After obtaining this 
classification, further discussion is limited to the top priority inventories (ie. Category I) 
since differential inventory allocation is the essence of managing parts with heterogeneous 
characteristics.  
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Table 3: Results of the ABC-VED Matrix Analysis 
Category Classifications 

included 
Spare parts in each category 

Category I AV+BV+CV 
+AE+AD 

C1, C4, C5, C9, C18, C22, C23, C42. 

Category II BE + CE +BD C3, C6, C7, C8, C11, C12, C13, C14, C15, C16, C17, C20, 
C21, C24, C25, C26, C27, C28, C30, C31, C32, C34, C35, 
C36, C37, C39, C40. 

Category III CD C2, C10, C19, C29, C33, C38, C41 

4.0   Inventory Allocation 

Having identified the operationally significant spare parts, one needs to estimate their 
demand variation from the part replacement history. In the fleet maintenance perspective, 
the spare part requirement for a given item arises when the part is found unsuitable for 
continued operation. Therefore, parts replacement during the maintenance activity 
provides direct information on the dynamic demand for the spare parts. In maintenance 
literature, three different terms viz., failure rate, replacement rate and demand rate are 
almost synonymously used to represent the spare part demand rate. Since failure of a part 
necessitates its replacement with another one of the same type and make, part failure rate 
is the direct measure of the demand for spare parts.  
    Thus failure rate indicates the basic inventory demand rate. However in a broader 
perspective, sometimes existing parts are replaced even before failure, in compliance with 
airworthiness safety regulations. Thus the second term, replacement rate caters to the part 
replacement for reasons other than failures also. The part replacement due to compliance 
with the airworthiness directives is a special case applicable to aviation equipment in 
particular. Since the inventory allocation has to cater for the spare part replaced 
irrespective of the cause of replacement, one has to consider the requirement (demand) for 
spare parts arising from any cause. Therefore, the part replacements (if any) due to 
compliance with the airworthiness directives are also counted in the total parts replaced 
and hence the term replacement rate is preferred over failure rate in the subsequent 
discussions. 

4.1   Flying Task and Maintenance Planning Horizon  

Two other important terms connected with aviation spare part demand are Flying Task 
and Maintenance Planning Horizon.  Flying task refers to the cumulative flying hours 
envisaged by the fleet of engines. Maintenance planning horizon is the period typically 
spanning over a few months for which the inventory needs to be managed. One important 
issue that needs to be addressed here is the difference in time scales for measuring the 
duration of flight operation and maintenance planning for the aeroengines. In continuously 
operating systems, the actual period of operation coincides with the maintenance planning 
horizon and hence both operational duration and the maintenance duration can be 
measured in the same time scale. But the aeroengine is characterized by intermittent 
operation and hence the engine is actually operated only for a part of the calendar time. 
Thus engine operation is always counted in terms of flying hours and the maintenance is 
planned in terms of calendar months. Let us use the symbols τ and δ to denote flying task 
and maintenance planning horizon respectively. 
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4.2   Operational Engagement Factor 

It may be noted that the component replacement rate, which in turn decides the spare part 
demand, is directly linked to the flying task. Hence one needs to derive a connecting link 
between the operational hours and the corresponding maintenance planning duration. In 
this study the term operational engagement factor (denoted by η) is proposed to connect 
the flying hours and the corresponding calendar duration for which the repair needs to be 
planned. The operational engagement factor is defined as the ratio of the average flying 
time of an engine in hours to the calendar time in months elapsed for accomplishing the 
given flying task. It is evaluated as follows: suppose for a given duration (say 12 months), 
25000 hours has been cumulatively flown by the fleet of 100 single engine aircraft, then 
the operational engagement factor is evaluated as  25000/ (100 x 12) = 20.833  hours per 
month per engine.  In practical situations, the maintenance team needs to plan for the 
future tasks and to prepare the activities in accordance with the envisaged flying task. 
Having known (mostly based on the previous experience) the operational engagement 
factor (η), one can convert the assigned flying task to equivalent maintenance planning 
horizon. If τ hours flying task is to be accomplished by n engines, then the equivalent 
Maintenance Planning Horizon (δ) would be 

                                  
n×

=
η
τδ               (1) 

4.3   Inventory Demand Estimation 

Determination of the inventory demand precedes inventory allocation and a model based 
on the theory of point process is employed here. Let T be the life of a given spare part and 
the average life evaluated based on the maintenance data be T  i.e., based on the 
replacement data one can evaluate the average time between replacement as T  and the 
standard deviation of the time between replacements as σ(T). Now the coefficient of 
variation of the time between replacements can be evaluated as  K=  σ (T)/ T . Consider a 
typical situation where one needs to plan for an operation time (the operating time 
corresponding to the maintenance planning horizon) during which several replacements 
need to be carried out. Then the average number of replacements during the time period 
up to the time t is given by the renewal function for which estimation methods are 
available [7,13,14].   
     Let N(t) denote the number of part replacements in time-interval [0,t] for the given 
component, N(t) follows a renewal process. Now let M(t) be the expected number of part 
replacements in the interval [0,t] hours of flying and its derivative  d/dt [M(t)] is the part 
replacement rate. As suggested in Gnedenko et al. [7] and as used by Behazad and Kumar 
[15] the following expressions can be used for estimating the renewal function, the 
renewal rate, the standard deviation of the expected number of replacements and the 
expected number of parts required for the period of t hours of operation. If the operation 
time t of the system is quite long such that the part in a given socket is replaced several 
times during this period, then the average number of failures E[N(t)] = M(t) will stabilize 
to the asymptotic value of the renewal function as  

                         )1(
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and standard deviation of N(t) 
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Since t in the above equations represents the time in operational hours corresponding to a 
given planning horizon, the number of spares required (say N numbers) during this period 
with a probability of shortage equal to (1-p), is given by  

                        )()1(
2
1 12 p

T
tKK

T
tN −+−+= φ             (5) 

where )(1 p−φ  is read from the Normal distribution table. The term p provides an 
opportunity to incorporate the management's subjective judgements based on various 
other information available at a given point of time. When the maintenance data for the 
parts are available, as per the above discussions one can calculate the replacement rate and 
the coefficient of deviation of the part replacement time for each of the components whose 
inventory allocation needs to be planned for the planning horizon. In this study, 167 
engines were observed for their failures and subsequent repair. The inference procedures 
suggested by Lawless [16] has been followed and the replacement rate has been estimated 
as the ratio of the number of failures to the cumulative operational time. As an initial step 
towards this, the replacement rate for the Category I parts have been evaluated and 
tabulated in Table 4. To safeguard against the data obsolescence, a dynamic updating 
methodology is proposed to evaluate the replacement rate. The prior replacement data is 
used to evaluate the initial stock required and after the implementation of the model, 
whenever a part replacement happens, the oldest replacement data for that particular part 
is replaced with the new data and the replacement rate is re-calculated. In this approach, 
the numerical quantities shown in Table 4 have a short life span and whenever a part 
replacement occurs these quantities will get updated taking into account the new data 
available.  

Table 4: The Demand (replacement) Rates for the Category I Components 
Sl. No Part Code Demand Rate 

(Replacement rate) 
1 C1 7.347359 x 10-05 
2 C4 4.898239 x 10-05 
3 C5 5.714612 x 10-05 
4 C9 5.469700 x 10-04 
5 C18 3.102218 x 10-04 
6 C22 4.898239 x 10-05 
7 C23 1.877658 x 10-04 
8 C42 1.428653 x 10-04 

The time t mentioned in equations (2) through (5) correspond to the operational duration 
and one can convert the maintenance planning horizon into equivalent flying duration and 
vice versa as explained in section 4.2. For the aeroengine under consideration, the three 
quantities (i) the average time between part replacement T , (ii) the standard deviation of 
the time between replacements σ(T) and (iii) the coefficient of variation K of the time 
between part replacement have been evaluated from the maintenance data and presented 
in Table 5. With these values available, one can easily estimate the expected number of 
spare parts required using the equation (5). 
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Table 5: The Summary of the Maintenance Data for the Category I components 
Sl. No Part Code Average  Replacement 

Time T  
Std Deviation σ(T) Coefficient of 

Variation (K) 
1 C1 13610 293.2297 0.0215 
2 C4 20416 218.8034 0.0107 
3 C5 17499 328.5818 0.0188 
4 C9 1828 310.2566 0.1697 
5 C18 3224 334.6754 0.1038 
6 C22 20416 136.4120 0.0067 
7 C23 5326 315.0865 0.0592 
8 C42 7000 272.0977 0.0389 

 
Now let us illustrate the procedure discussed above for evaluating the expected number of 
spare parts required for a given maintenance planning horizon. Consider the maintenance 
inventory planning for a fleet of n =500 engines for a period δ=12 months. As discussed 
in section 4.2, flying task can be evaluated using the formula τ = δ x η x n. Assuming the 
operational engagement factor η of an engine as 20 hours/month, the corresponding flying 
task for the fleet would be 12 x 20 x 500 =120000 hours. Now the expected number of 
spare parts can be evaluated using equation (5) and the values of T , σ(T) and K presented 
in Table 5. Here we assume the probability of shortage (1-p) equal to 0.05 and hence 

)(1 p−φ  =1.65 (from the Normal distribution table). The expected spare part demand for 
Category I parts for a cumulative flying duration of 120000 hours is tabulated in Table 6 
for illustration. 

Table 6: Expected Inventory demand for 12 months period for the Category I components 

Sl. No Part Code Expected Inventory 
Demand (Numbers) 

1 C1 8.42 (ie 9 parts) 
2 C4 5.42 (ie 6 parts) 
3 C5 6.44 (ie 7 parts) 
4 C9 67.43 (ie 68 parts) 
5 C18 37.77 (ie 38 parts) 
6 C22 5.40 (ie 6 parts) 
7 C23 22.50 (ie 23 parts)   
8 C42 16.91 (ie 17 parts) 

4.4   Inventory Allocation Strategy 

Having discussed the methodology for calculating the expected number of spare parts 
required for a given maintenance planning horizon, the next step is to look at the 
inventory allocation strategy. The exact method of allocation depends on a number of 
industry specific issues and it is a tedious task to generalize the specific demands arising 
for an industry at a given point of time.  To immune very critical high value components 
(Category I) from shipment delay and other administrative lead times, the management 
may decide to manufacture them through in-house facilities rather than getting it from 
external sources. In such cases also, to avoid spare part shortage, we need to maintain a 
given quantity of these items in the inventory for compensation of manufacturing lead 
time or other inevitable delays. The main criteria adopted here is to minimise the build up 
of high value inventory but at the same time avoid the risk of spare part shortage. 
Therefore the recommended strategy is to make new items on one for one basis when 
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failure (replacement) occurs subject to satisfying the manufacturing batch constraints. 
Initial stock level for these parts is calculated using equation (5). Here the management 
has the option to control the risk of stock out by suitably selecting the value of p.  For 
example, if the probability of shortage of a given part is very low, considering the in-
house manufacturing lead times and uncertainty in future replacement rates, one can select 
a high value for p such as 0.999. Thus the model allows the management to have a 
differential risk priority for different parts.  
     However this prioritization needs to be considered as a case by case exercise. For the 
current study, it has been decided to keep a reasonable value of p (say 0.95) for evaluating 
the expected demand tabulated in Table 6. For items obtained from external sources one 
has to consider shipment delays and hence there is a need to maintain some level of safety 
stock to cater the risk of stock out. This in turn brings the concept of optimum reorder 
quantity. Since there are standard inventory models and methodologies available [5,17] to 
calculate the optimum reorder quantity, one can use those models available in literature 
appropriately with the consideration of the value of spare demand evaluated using 
equation (5) given above. In summary, on having obtained the expected inventory demand 
of critical spare parts for a given maintenance planning horizon as illustrated in section 
4.3, one can proceed with the inventory allocation for Category I parts.  

5.   Conclusion 

Allocation of the high value maintenance inventory for a typical aeroengine has been 
studied. At the outset, ABC analysis revealed that eight parts have accounted for 70% of 
the value and ten parts accounted for 20% and all the remaining parts accounted for 10% 
of the annual cost of spare part inventory. Subsequently the critical inventories were 
identified using VED analysis. Further, ABC-VED matrix was prepared and the most 
significant inventories were identified. The failure (replacement) rates of these eight 
critical parts were evaluated from the maintenance data. Using this approach, the expected 
demand for the critical spare parts was evaluated for a given maintenance planning 
horizon. The proposed method offers a provision to update the inventory demand rate as 
and when replacements occur and hence avoid the data obsolescence. The main 
contributions from this study include identifying the operationally significant, high value 
components and assessing their replacement rate based on the maintenance data. Also the 
number of spare parts required for a given maintenance planning horizon has been 
evaluated and a methodology for allocating the high value spares discussed. 
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