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Quantitying the Economic Feasibility
of Additive Manufacturing: Simulating
Production Lifetimes in the Context of Spare
Parts Production

Jyrki Savolainen and Mikael Collan

1 INTRODUCTION

As discussed already in the preceding chapters, additive manufacturing
(AM) refers to the transferring of digital blueprints into a tangible objects
by 3D-printing [ 1, 2]. The economic feasibility of additive manufacturing
has been, and still is a question of discussion—however, it has become
clear that there are a number of specific instances, where additive manufac-
turing is able to create benefits that overweigh the involved costs.
Specifically in cases, where the to-be-manufactured items, typically parts,
require difficult to construct geometries, or that would benefit from hav-
ing cavities within the geometry, additive manufacturing has already
proven to carry considerable benefits. Discussion in the previous academic
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literature has not been very precise about quantifying the economics of
additive manufacturing and mostly the discussion has been done on a
project-based level, where feasibility of additive manufacturing has been
looked at from the point of view of the said projects [3-5]. Industrial
contexts that have been studied in this vein include hearing aid production
[6], chocolate [7], and military aviation [8].

All in all, the situation is quite unsatisfactory from the point of view of
better understanding the types of things that drive the economic feasibility
of'additive manufacturing in general and there seems to be as such a rather
clear need for straightforward quantitative analyses that would illustrate
what kind of potential and /or expectations one can make with regards to
the economics of additive manufacturing methods, perhaps not alone, but
as parts of manufacturing systems. Discussion of additive manufacturing
economics has mostly happened within the context of talking about busi-
ness models around additive manufacturing and more broadly manufac-
turing 4.0—this is also reflected above in the chapter of this book that
concentrates on the business models.

In this chapter we look at the quantification of the feasibility and the
economics of additive manufacturing from the point of view of spare parts
manufacturing that is we use it as the underlying context. The production
of spare parts for technically high-end industries such as the automotive
and the aerospace industry [8-11] is something that has already been
found economically viable, therefore it constitutes a good ground for
quantitative illustrations. Spare parts manufacturing is interesting also
from the point of view that the spare parts business has some distinct char-
acteristics, which make it fit especially well with additive manufacturing;:
there is a need for reducing lead times, for minimizing the supplier’s
inventory [12], and there is also the issue of extending the time original
equipment manufacturers (OEM) are able to offer spare parts support
[13, 14]. Typically the demand of spare parts is variable on the very short
time frame and the demand trend also changes with the lifecycle of the
items for which the parts designed, this is why manufacturers try to rigor-
ously minimize the spare part stock at hand, while they must be able to
deliver parts quickly on-demand. The speed requirement is accentuated in
situations where the parts-availability is contracted until years ahead.

Traditionally, spare parts inventory-issues are resolved by aggregating
demand and serving customers from typically country-specific stocks. As
spare parts, for example, for production equipment may be tailor-made for
customers and OEM-stock of these parts must be constantly held, this
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Table 1 Robust evaluation of economic and manufacturing issues regarding
additive and traditional manufacturing (based on previous literature)

Product/Part Additive manufacturing Traditional
manufucturing

Market segment (type) Niche Mass

Market potential Low High

Market volumes Medium to high Low to high

Market demand pattern Stable /uncertain/unitary Stable /uncertain

Product customization need High Low

Product’s value added (to customer) High Low

Product value versus transport cost Low High

Product size Small Large

Product’s geometric complexity High Low

Product’s structural integrity High Maximum

requirements

Manufacturing automation (today) Low High

Manufacturing phases >2 1

Raw material needed to create a 1 >2

product, n

Raw material’s machinability Low High

Raw material cost High Low

Raw material origin Synthetic Organic

Raw material’s natural form Powder Solid

Raw material’s ratio of material High Low

removal (solid only)

may mean that the total inventory holding costs of spare parts may be
considerably high. Another issue is that when centralized inventories are
used, the cost of logistics that is, transportation of spare parts, may be very
high, sometimes even higher than the cost of a single part. Table 1 pro-
vides a general summary of issues related to the economics and manufac-
turing of spare parts and products that have been considered important
from the point of view of manufacturing economics in the previous litera-
ture and for each of which a robust (linguistic) evaluation has been given
(also based on previous literature) both for additive and for traditional
manufacturing.

The list of issues and the “evaluations”, presented in Table 1, has been
collected and summarized from [13, 15-25] and makes for a rather com-
prehensive summary of the things that affect the economies of additive
manufacturing in the context of spare parts manufacturing, however the
list is most likely relevant also beyond this context. To explore the
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combination of item qualities, which make them economically viable for
AM-technology, we derive and use a simulation model that numerically—
instead of qualitatively (see Table 1)—deals with the critically important
variables. The type of analysis is of comparative type as, parallel to
AM-scenario, also the cost of conventional manufacturing is calculated.
Assuming an item’s quality to be independent on the way that how it is
made, it is highly unlikely that an endogenous transition to this new tech-
nology would realize without any of the underlying economic drivers,
which we now quantify in this research.

With the results from the model we take a stab at the discussion about
the “bigger picture” of the economics of additive manufacturing in the
context of spare parts manufacturing. The picture we paint is formed tak-
ing into consideration the uncertainty and the limited information sur-
rounding the studied six spare part lifetime strategies. The number of
previous studies, where simulation analysis is used in this context (eco-
nomics of additive manufacturing) is small. An exception to the rule is the
closely connected simulation-based research by [19] provides insight into
postponement strategies in the supply chain in connection with additive
manufacturing.

To the best of our knowledge, there is no previous research that would
explore the feasibility—and the economic space of additive manufacturing
in a similar way that is done here—this makes this research novel in this
respect. Here we limit our interest on the economic aspects of using addi-
tive manufacturing within the “production lifetime” of spare parts prod-
ucts (production)—more specifically we concentrate on the cost of
production aspect. We do not take positions with regards to the different
technical aspects and refer the reader interested in technical issues to see
[4, 20, 26-31]. We omit discussions about business models surrounding
and based on additive manufacturing as they are already discussed in detail
elsewhere in this book.

The rest of this paper is organized as follows: the following chapter
provides a high-level problem description together with the technical
details of the simulation model. then the numerical simulation results
from the simulation are presented with factor analysis concerning indi-
vidual variables. These numbers are supported by a detailed discussion on
the attained insights within the limits of the simulation. The paper is
closed by drawing some conclusions and discussing the results.



QUANTIFYING THE ECONOMIC FEASIBILITY OF ADDITIVE... 153

2 IDENTIFIED ADDITIVE MANUFACTURING STRATEGIES,
THE MODEL USED, AND THE SIMULATION SETUP

The managerial decision on what manufacturing technology is chosen for
a new manufacturing “project” is not a fixed one in the sense that the
answer is always “conventional” or always “additive”. The choice depends
on the situation—in a case, where there is no existing demand-base calls
for flexibility that is, the ability to be able to start small (“niche market”)
and then expand production later, in case the demand grows. In a case,
where the economics are clear from the beginning, with established mar-
kets and stable and strong demand, the easiest and perhaps the safest way
to go is typically to choose the use of conventional manufacturing meth-
ods. In cases where the demand is low and volatile in the starting phase,
then grows and stabilizes, and perhaps towards the end of the life-cycle of
the product deteriorates and becomes volatile again, one may consider
first using additive manufacturing, then switching to conventional and
back again at some point. This means that hybrid strategies are possible,
and may be the smartest choice. In this vein, for the purposes of this
research we identify six possible production strategies discussed in the pre-
vious literature on additive manufacturing:

Strategy 1—“Full TDM”, where traditional manufacturing methods
are used for the whole manufacturing lifecycle. This is the typical case for
products with existing and stable demand and the case, when additive
manufacturing possibilities do not exist.

Strategy 2—“Full AM”, where the production during the whole
manufacturing lifecycle is done by using additive manufacturing
technologies.

Strategy 3—“End of life AM”, where production is started with
traditional manufacturing methods and towards the end of life of the
product, when demand typically decreases until it disappears, production
is changed to additive manufacturing.

Strategy 4—“Bridge”, where the production is started with additive
manufacturing methods and if (when) it picks up in a way that justifies
using traditional (mass) production technologies and the connected
investments they are adopted.

Strategy 5—“Bridge + end of life AM”, where production is started
with additive manufacturing, then moved to traditional manufacturing
and again, towards the end of life changed to additive manufacturing.
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Strategy 6—“Other”, include more than two production mode
switching decisions and therefore does not fall into any of the
aforementioned categories.

Now, the goal here is not to test each one of the above strategies
separately, by creating a model for them, but to use a numerical simulation
to randomly create a large number of “production lifecycles” that exhibit
combinations of using AM and TDM during the lifecycle and to see which
strategies are manifested in the simulated lifecycles, under what kinds of
circumstances, and how often. Practically put, the simulation process to
create the production lifecycles is run in the following way for a single
lifecycle (scenario):

1. Random values are drawn for the product characteristics from the
given variable value ranges (that represent the uncertainty)

2. Month-by-month production-cost arrays for both the additive
manufacturing, cay, and the conventional manufacturing, ccy, of
the product are calculated. Cumulative values are calculated by
using a fixed demand pattern for 300 months (discussed in detail
below). For a more analytical description see Appendix A

3. For each month, we choose the smaller of the two simulated costs
[cam, Com] to arrive at copr that represents a “theoretically optimal
production mode” for each month. By adding the monthly copr
values the cumulative optimal lifetime cost is calculated.

4. The number of switching pointsis calculated; when cam(2) < com(2—1),
and cam(?) > cem(t + 1), or vice versa, and the timing of switching
with respect to the product lifecycle is observed (see Appendix B for
further details)

Put simply, we let the simulation model estimate the “optimal” use of
AM-technology by using a simplistic rule of “switch if the alternative is
cheaper” and explore the results to see whether the production mode
switches coincide with any of the above-listed strategies.

The “world” that underlies the simulation and to which the switching
rule is subject to consists of a single (fixed) demand-scenario. This is also
(and obviously) a simplification of reality, because in reality there may be
a virtually infinite number of possible demand scenarios—but for the sake
of illustration, we limit the realism of the simulation and use only one
demand scenario. This scenario is based on the idea that the underlying
product is a newly launched product, the demand of which has first a fast
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Fig. 1 The demand pattern used, visualized as a function of time. Left: Example
of total demand of spare parts plotted on a logarithmic y-scale. Rzght: Change-%

in demand

positive evolution and that the demand, after having peaked, declines less
rapidly. The demand pattern used here is “smooth” and does not include
any short-term variance that would in reality be typical of the demand for
a product. The demand pattern is visible in Fig. 1.

The rest of “the world” surrounding the product life-time is made of
eight variables, see Table 2, the values of which, together with the demand
curve can be used to determine whether the production cost is lower with
additive manufacturing or by way of traditional manufacturing. The vari-
ables represent issues that have in the literature been identified as impor-
tant from the point of view of adoption of additive manufacturing—the
selection has been made by the authors. To generalize the cost of additive
manufacturing is defined as a multiplier of traditional manufacturing

unit cost.

In the simulation each scenario (each production situation tested) is
randomly generated, by drawing a random value for each one of the input
variables. The initial variable value distributions are uniform that is, all
values are equally likely for all parameters. After the initial values are drawn
the “production” continues month-by-month following the demand
curve. What we effectively do is that we run a Monte Carlo simulation
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Table 2 Input variables and their limits, uniform distributions are used

Variable  Description Unit Min Max

il Installed base of existing equipment pcs 10 1000
atz=0

i2 Average part lifetime months 6 36

i3 Safety Stock requirement — [ratio] 0.01 1

i4 Relative direct cost of part using AM — [ratio] 1 10
vs. TDM

i5 Cost of part using TDM —[$/€/£, etc.] 10 1000

i6 Minimum lot size of TDM pcs 10 5000

i7 Relative cost of storing in TDM — [ratio] 0.01 0.1

i8 Riskless interest rate % 0.01 0.1

(MCS)—the number of rounds or “productions” used is 500,000. The
resulting input-output pairs are then studied by way of factor analysis (FA)
to identify the robust relative importance of each variable for the outcome.
As such the results are quite robust and general.

The Simulation Model Used

As discussed above, the main idea of using a simulation model is to perform
a robust comparison of the relative costs of additive manufacturing versus
conventional manufacturing and to see whether it is AM or TDM that
would be used in the production. In essence, the model calculates the
monthly production cost for the both production methods, based on
selected input variable values and a fixed demand curve. At any point of
time during the simulated production life-span, the preferred production
mode is explicitly given as:

IF [current AM cost] < [current TDM cost]
: THEN use AM ELSE use TDM. ()

We assume that the demand is fulfilled instantly when AM is used,
whereas in the case of TDM items must be ordered beforechand—a safety
stock requirement (i3) is used to buffer the demand in TDM, which
increases the total number of spare parts needed (for details see Appendix
A). Based on the relative cost of storing (i7) a total yearly inventory cost is
calculated, which is then evenly divided to months and used in the monthly
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Table 3 Outputs from the simulation model

Variable Description Unit
ol Initial mode of production, where 0 = TDM 0/1
and 1 = AM
02 Sum of AM months Months
03 Total number of switching points N
o4 Time of first production mode switch — (time)
o5 Time of the last production mode switch — (time)
06 Final mode of production 0/1
o7 Product volume N
o8 TDM total cost —[$/€/£, etc.]
09 AM total cost —[$/€/£, etc.]
ol0 Absolute cost difference, TDM vs. AM —[$/€/£, etc.]
oll Relative cost difference, TDM vs. AM %

EoL end of life, TDM traditional manufacturing, BrM bridge manufacturing

cost calculation. Riskless interest rate (i8) describes the opportunity cost of
having the money invested into product stock. As additional simplifica-
tion, we assume the production of spare parts to be fully contracted and
requiring no capital investment on the production equipment and that
there are no restrictions in the availability of the contracted capacity. No
obsolescence of stored products is assumed in modeling the TDM cost.
The list of outputs is shown in Table 3. Based on Eq. (1) we count the
total number of AM months (02) for each simulated production lifetime.
The information on the number of production mode switches during the
simulation is stored in output 03, outputs 0/-011 are calculated from the
simulation results. The focal output of this exploratory research is the
costs of AM compared to the costs of TDM over the production lifetime
and most importantly whether AM or TDM is used—the technology that
is used determines the additive manufacturing profile of the production
lifecycle that is compared to the six identified strategies. Also the (expected)
cumulative costs for both TDM (08) and AM (09) are calculated for the
simulation. To determine the “preferred mode of production” we have:

IF [cumulative AM cost | < [cumulative TDM cost | : THEN select
[Preferred mode of production | = AM ELSE TDM )
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The first and the last switching point times (04 and 05), together with
production mode information (ol and 06) are combined into an insight of
switching flexibility. These outputs indicate when, if at all, AM-technology
would most likely be used during the production lifetime. For simplicity,
we assume that the production mode (AM/TDM) can be changed. Costs
and delays and that the inventory carrying costs are not inherited, once
the production changes from TDM to AM. We observe that this is a non-
realistic simplification and do not claim that the model gives a fully realis-
tic picture of how switching could happen in the real world, where
hysteresis is typically present in switching decisions [32]. We point out
that the definitions used for the six reference-strategies are provided in
Appendix B.

3 SIMULATED RESULTS AND ANALYSIS

The simulated results for the 500,000 production lifecycles were
automatically processed according to the rules laid out in Appendix B and
matched to the six reference additive manufacturing strategies. The results
are visible in Table 4.

Based on the obtained results we are able to summarize some exploratory
insights. First, there seems to be potential to extend the lifetime of
products with AM-based spare part support—even in situations, where
the cost of AM is significantly higher than the cost of TDM (up to
5.76xx)—this is in line with Strategy 3, “End of life AM”. Second, Strategy
4 “Bridge”-manufacturing applications are found seem to be viable, when
a small installed base of equipment exists. We further note that investing
in bridge manufacturing effectively opens the option for end-of-life addi-
tive manufacturing. The combination of bridge—and end-of-life manu-
facturing that is Strategy 5, is visibly a more prominent manufacturing
strategy than bridge-manufacturing alone. Third, high-volume products
with reasonably small LOT-sizes that do not have manufacturing or inven-
tory cost disadvantages, seem to stay mass-manufactured that is, Strategy
1 is strong for products of this type.

Interestingly it seems that also high-volume products can benefit from
end-of-life AM that is, Strategy 3 is strong also there. Overall Strategy 3
and end-of-life production is the leading strategy in terms of where addi-
tive manufacturing seems feasible. Strategy 2, using additive manufactur-
ing for the whole production life cycle, seems to be marginal in terms of
how frequently it is feasible in the context of this study—only 0.12% of
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Table 4 Results of 500,000 rounds of simulations divided strategy by strategy
and mean values for the input variables and for the outputs

Mean values EoL TDM BrM + EoL  Others BrM Full AM
Sum of AM 26.82 0.00 59.84 16.00 2.00 301.00
months

Total Number  1.00 0.00 3.26 2.54 1.00 0.00

of Switches

Time of First 275.18 NaN 4.22 265.61 3.00 0.00
Switch

Time of Last 275.18 NaN 248.33 286.76 3.00 0.00
Switch

Final mode 1.00 0.00 1.00 0.33 0.00 1.00
(AM = 1;

Trad = 0)

Time of 1st NaN NaN 5.73 5.09 3.94 NaN
Switch (cumul.)

Volume, 7 32.83 32.21 12.21 26.76 3.50 29.74
TDM-cost, 16,742.15 1642277 6206.34  13,668.80 1749.90 15,371.64

21000 unit of

money

AM-cost, *11000 83,355.06 107,873.65 8904.56 60,140.40 4724.97 15,219.94
unit of money

Ditf AM vs. 66,612.91 91,450.88 20698.22 46,471.60 2975.06 -151.70
TDM, *1000

unit of money

Diff-% AM vs.  4.14 5.59 1.36 3.51 3.69 -0.01
TDM

EoL end of life, TDM traditional manufacturing, BrM bridge manufacturing

Bolded numbers indicate the most significant input variables based on the factor analysis

outcomes reflected this strategy. In these cases the cost of AM very close
to the cost of TDM.

To further study the flexibility to switch the production mode, some
key results are illustrated in Fig. 2. A great majority of the simulated pro-
duction lifecycles have between zero and two production mode changes
(96.87%)—we feel that this shows that the simulation model is in this
respect quite realistic. The remaining Strategy 6 that is, “other” scenarios
represent only 3.13% of the outcomes and seem to have an unrealistic
average of 18 production mode changes, where outliers have even many
tens of changes—as discussed above, this is a feature of the simulation
structure and can be explained by the fact that issues such as hysteresis are
not considered. The first transition from AM to TDM (or vice versa)
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|96.87% of cases

EolL, BrM+EoL, Other

10* Other 3.13%

Coservalions, n (430006)

Observations, n (430006)

[ W W W 40 S0 6 0 8 w0
Number of production mode switches per simulation, n

Fig. 2 Histogram representation of production-mode changes from the 500,000
simulation rounds. Observe that the y-axes are logarithmic. Lefi: # of mode
changes per simulation. Upper right: Timing of the first change. Lower right: Time
of the last change

occurs either in the start, or in the end of product lifetime. The timing of
the last change exhibits an interesting pattern that suggests that the timing
of the final production mode change in Strategy 3 (End-of-life AM)
depends on product-specific characteristics and the switch time ranges
from ~150 to 300 months and averaging for Strategy 3 at 274 months
(~8.5% of life left) and for Strategy 5 (Bridge + end-of-life) at 247 months
(~17.5% life left). The bridge-manufacturing period lasts on average only
four months (1.5% of life). These simulated change-times are dependent
on the inputs and especially on the demand curve, so they cannot be gen-
cralized and are quoted here for illustration only (Table 5).

Factor analysis of the results reveals that some included input variables
have only a small effect on the economic feasibility of AM (parts durability,
safety stock ratio, TDM unit cost, and inventory costs). On the other hand
the relationship between the cost of AM and the cost of TDM and the size
of the installed machine base (production volume) seem to be important
issues from the point of view of AM feasibility. These are, however, only



QUANTIFYING THE ECONOMIC FEASIBILITY OF ADDITIVE... 161

Table 5 Factor analysis of the input variables

Strategy 1 Strategy 2 Strategy  Strategy 4 Strategy 5 Strategy 6
Full TDM  Full AM 3 EoL BrM BrM + EoL Other

il Installed 0.043 —0.044 -0.086 0.997 0.997 —0.038
base

i2 Durability, -0.036 —0.015 0.076 0.069 0.156 0.021
months

i3 Safety stock —0.01 0.351 0.001 -0.206 -0.013 -0.014
ratio

i4 AM cost 0.095 0.997 0.997 -0.51 —0.481 0.916
multiplier

i5 TDM Unit -0.001 0.044 0.001 0.048 0.008 0

Cost

i6 TDM 0.997 0.05 0.134 0.177 0.143 -0.273
LOT-size

i7 TDM -0.223 0.239 0.136 0.232 0.103 —-0.108
Storage cost

ratio

i8 Riskless 0.001 0.285 0.002 -0.034 -0.005 0.009

interest Rate

EoL end of life, TDM traditional manufacturing, BrM bridge manufacturing

Value-range is [-1, —1], where values close to 1 and —1 indicate a strong relationship (direct or “inverse”)
with the Strategy. Inverse means here that large negative values mean that the small variable values link to
the specific Strategy. Strong relationships bolded, important relationships in italics

exploratory and illustrative results that are the results of the assumptions
used in the simulation model.

4 SumMAaRy, CONCLUSIONS, AND DISCUSSION

This chapter has discussed the economic viability and feasibility of additive
manufacturing as a part of the production lifecycle of spare parts produc-
tion. A simulation model was used to randomly create a large number of
different possible production lifecycles that were, with the help of a styl-
ized demand curve, analyzed for, when under the assumed circumstances
production would be made with additive manufacturing and alternatively
with traditional manufacturing methods. The resulting lifecycle patterns
of AM and TDM use or manufacturing strategies were compared to six,
from the literature identified strategies, and the relative frequency of the
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Table 6 Main findings for the six production strategies with frequency in the
simulations

Production strategy Strategy details, velative frequency in simulations
Strategy 1—“Full The main strategy for high-volume, cheap-to-store products
TDM” with reasonably small LOT-sizes; 14% of the cases

Strategy 2—“Full AM”  Strategy scems to be feasible only, when AM manufacturing
costs are ~equal to the costs of TDM; 0.12% of the cases

Strategy 3—“End of life Strategy for parts with relatively large LOT-sizes that are too

AM” expensive for large scale AM production. With declining
demand, the costs of holding inventories outweigh the costs of
AM-production; 68.5% of the cases

Strategy 4—*“Bridge” Strategy for niche-volume parts with very high durability and
large LOT-sizes. AM is feasible for a short period of time after
the product launch; 0.23% of the cases

Strategy Strategy for small volume, highly durable parts, which would
5—“Bridge + End-of-  require large LOT-sizes in mass production, but are relatively
Life AM” cheap to manufacture with AM; 14% of the cases

Strategy 6—“Other” Strategies for small to medium volume parts that are both

cheap to produce with AM and have a small LOT-size in TDM,
“the rest of the strategies”; 3.13% of the cases

six strategies was determined. Table 6 lists the main findings for each of
the six strategies.

The findings presented above are in line with what can be found from
the literature and quite strongly reinforce the notion that end-of-life use
of additive manufacturing is an economically viable and feasible strategy to
adopt the use of additive manufacturing in the production lifecycle of
spare parts. Factor analysis was used to find the most important variables
from the point of view of each one of the strategies—the main finding was
that the relationship between the cost of AM and the cost of TDM and the
size of the installed machine base (production volume) seem to be impor-
tant issues from the point of view of AM feasibility.

This research is exploratory and has numerous limitations—the
results are guided by the initial selection of variables, their value ranges,
and the fixed demand pattern used. The simulation was performed
purely with a simple cost point-of-view in mind and without taking into
account other factors. Issues such as design benefits and other added
value from AM, market dynamics, hysteresis, and many other possibly
important issues were left outside the scope of this research. This being
said, the research presented here is among the first attempts to quantify
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the feasibility of additive manufacturing in production lifecycles and as
such is a contribution to what we know about the economics of additive
manufacturing.

APPENDIX A

DEMAND MODELING/Actual and safety stock demand for spave parts
at time t:
[Demand actual, #] = [Installed base, 7] x [Part durability, months]
[Demand stock, #] = [Demand actual, #] x [Safety stock ratio]

e [Demand TOTAL, ¢] = [ Demand actual, #] + [Demand stock, £]

COST MODELING/Cost of conventional manufacturing:

Total cost of conventional manufacturing, Ceyy, is the sum of production
cost, stock holding cost and the opportunity cost of holding the stock:

Ccwm,p = [Production Lot-size, ] x [Demand TOTAL, ¢] x [ Production
cost CM, EUR /pc]

Cewm,s = [Stock size, pes] x [Stock holding cost, EUR /pc] + [Opportunity
cost, EUR], where

[Opportunity cost, EUR] = [Production cost CM, EUR /pc] x [Stock
holding cost, EUR /pc] x [Riskless Interest Rate |

¢ Ccum = ([Production Lot-size, 7] x [ Demand TOTAL, #] x [ Production
cost CM, EUR /pc]) + ([Stock size, pcs] x [Stock holding cost, EUR/
pcl) + ([Production cost CM, EUR /pc] x [Stock holding cost, EUR /
pc] x [Riskless Interest Rate])

COST MODELING/Cost of additional manufacturing:

Total cost of additive manufacturing does not include the costs
associated with production lot sizes and stocks:

Cam = [Demand TOTAL, ¢] x [Production cost, AM]

ArrENDIX B

Analytical definitions of the six production strategies
Strategy 1/2—“Full AM/TDM”:
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IF [Number of swithces] =0
AND [Final production mode] = [AM] (TDM)
AND | Initial production mode ]| =[ AM](TDM)

Strategy 3—“End-of-Life AM”:

IF [Number of switches] =1
AND [Final production mode] = [AM]
AND [Initial production mode] = [TDM]

Strategy 4—“Bridge Manufacturing”:

IF [Number of switches] =1
AND [Final production mode] = [TDM]
AND[Initial production mode] = [AM]

Strategy 5—“Bridge and End-of-Life manufacturing”:

IF [Number of switches] =2
AND[Initial production mode] = [AM]
AND [Final production mode] = [AM]

(8.3,8.4)

(8.5)

(8.6)

8.7

Strategy 6—“The remaining production strategies—others”, are
derived in two parts: (a) scenarios, where the number of production mode
changes is greater than two; and (b) cases that have two production mode

changes, but are not Bridge + End-of-life (AM start and end):

IF [Number of switches] > 2
and
IF [Number of switches| =2

(8.7a)
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AND [Initial production mode] =[TDM]|
AND [Final production mode] = [TDM] (8.7b)
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