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A study of a small scale model for the balancing 
of stocks, flexible recipe costs and service levels 
in a batch process industry 

W.G.M.M. Rutten and J.W.M. Bertrand 

Abstract: Process industries often obtain their raw materials from mining or agricultural industries. These raw materials 
usually have variations in quality which often lead to variations in the recipes used for manufacturing a product. Another 
reason for varying the recipe is to minimize production costs by using the cheapest materials that still lead to a satisfactory 
quality in the product. A third reason for using recipe flexibility is that it may occur that not all materials for the standard 
recipe are available. If variations in supply and demand are large. keeping sufficient safety stock to cope with these 
variations may incur prohibitive high costs. This means that the costs of keeping safety stock should be balanced with the 
costs of sometimes using more expensive recipes. The question now is for what situations and to what extent the use of 
recipe flexibility is justified. In this paper we study this question by means of a small scale model. For this simple situation 
we derive a decision procedure to balance safety stock costs and flexibility costs. This procedure is applied to a range of 
different situations. that are characterized by a set of parameter values. in order to determine for which situations recipe 
flexibility should be used. 

1. Introduction 

During the last decade, various articles have been published on production control in 
process industries. Most of these articles focus on the typical characteristics of process 
industry as compared to the discrete manufacturing situations. In this body of literature 
two extreme types of process industry can be distinguished; the process/flow industry 
and the batch/mix industry (Fransoo and Rutten 1994). Process/flow is defined as: a 
manufacturer who produces with minimal interruptions in anyone production run or 
between production runs of products which exhibit process characteristics such as 
liquids, fibres, powders, gases etc. Batch/mix is defined as a process business which 
primarily schedules short production runs of products (Connor 1986). In this paper we 
concentrate on the batch/mix process industry. 

Batch/mix process industries often obtain their raw materials from mining or from 
agricultural industries. These raw materials have natural variations in quality. For 
example, crude oils from different oil fields have different sulphur contents and different 
proportions of naphta, destillates and fuel oils. Oil refinery designs, production plans and 
operating schedules must account for this variability in crude oil qualities (Taylor et al. 
1981). May (1984) observed that material variability implies that the real characteristics of 
the material are usually not known until the production process is started. The specific 
quality of a batch of raw material sometimes even determines which product will be 
produced (Rice and Norback 1987). 

Variations in raw material quality often lead to variations in bills of material (or recipes) 
(May 1984, Cokins 1988). For example, variation in the moisture contents, acidity, 
viscosity or concentration of active ingredients in different raw materials may cause 
variations in raw material proportions required to make a finished product according to 
the quality specifications (Taylor et al. 1981). This variation in raw material quality is one 
reason for using recipe flexibility. 

A second reason for using flexible recipes is to minimize the total materials costs to 
produce the finished product. Then for each production order a recipe is determined such 

1 



that the finished product quality specification is met with a combination of available raw 
materials which produces least costs. For example, a pet food may have specifications for 
the minimum amount of protein, carbohydrates and fat per pound of pet food; however, 
the proportions of various materials may be varied depending on their current price, 
quality and availability. Here recipe flexibility is used to minimize product costs. 

A third reason for varying the recipe of a product is that at the time of production one or 
more of the raw materials which are required for the standard recipe are not available. An 
option could be to postpone production until all materials are available, but often this is 
not allowed because of the customer service required. Generally, the finished products 
are commodities which can be supplied by many manufacturers and for which a short, 
standard leadtime must be used in the market place to maintain competitiveness (Rutten 
1995). Thus postponing production often is not a realistic option. The other option is to 
produce the finished product with a different recipe. This leads to higher product costs 
since the recipe with the minimum costs will be the standard recipe. However this 
standard recipe can only be applied if all raw materials required are available. One way 
to avoid the use of alternative (and more expensive) recipes is to make sure that always 
sufficient materials are available, that is, work with high stock levels. How much stock is 
required depends on the variability in materials demand and supply over the stacked 
leadtime. 

So to avoid the use of alternative more expensive recipes always sufficient raw materials 
should be available to cope with the demand. This condition can be satisfied in either of 
two ways: 
1. The demand for finished products and the supply of replenishment orders can be 

predicted with certainty over a horizon which covers the production throughput time 
plus the raw materials replenishment time (the stacked leadtime). Implicitly we 
assume that all raw materials received are exactly according to their quality 
specification. Often however, raw materials have to be rejected or graded differently 
than ordered (May 1984). This supply uncertainty in the replenishment orders of 
specific raw materials must be added to the requirements uncertainty to get the total 
uncertainty that the materials planner has to cope with. 

2. Sufficient raw materials safety stock is kept to cope with the cumulated demand 
uncertainty over the stacked leadtime. In a commodity market, the customers usually 
demand short delivery leadtimes. Therefore, unless production and replenishment 
lead times are very short, the only means to avoid the use of alternative recipes is to 
have sufficient safety stock. 

In this paper we study the balancing of safety stock costs and costs of using alternative 
recipes for batch/mix industries with high customer service requirements. Thus we study 
the question under what conditions, or to what extent, raw materials safety stocks should 
be used to cope with uncertainty, and under what conditions, or to what extent, 
alternative more expensive recipes should be used. It will be clear that the answer to this 
question depends on: 
• the uncertainty in demand and supply 
• the costs of keeping safety stock 
• the costs of using an alternative recipe. 
We study this issue at the hand of a small scale model. In Section 2 we formulate a 
simple, quantitative model of the situation under investigation. In Section 3 we derive a 
decision procedure that balances safety stock costs and flexible recipe costs. Next in 
Section 4, we will apply the procedure to a range of different situations that may occur in 
practice, characterized by a set of parameter values, in order to determine for which of 
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these situations recipe flexibility should be used. Finally in Section 5, conclusions are 
given. 

2. The model 

Most companies that use recipe flexibility, manufacture many products and each product 
is constituted out of many raw materials. Determining the best recipe is therefore very 
complex and usually some kind of optimization technique is used. This complexity 
obstructs a dear analysis of the use of recipe flexibility. Nevertheless, the principle of 
recipe flexibility is that one raw material can be replaced by another raw material (Rutten 
1995). So in order to gain insight in when and how to use recipe flexibility, we study this 
issue at the hand of a small scale model, reducing the number of finished products and 
raw materials to the minimal amount possible. 

We study the situation with two finished products denoted by Xl and x2, and two raw 
materials denoted by a and b (see Figure 1). In standard recipes, product Xl uses (per unit 
of demand) one unit of raw material at and product X2 uses (per unit of demand) one unit 
of raw material b. However, product x2 can also be produced using raw material a (one 
unit per unit demand). Since we assume that alternative recipes are more expensive, the 
cost of raw material a will be higher than the cost of raw material b. Product Xl can only 
be produced using raw material aT hence there must always be sufficient inventory of raw 
material a. Normally, there will also be inventory of raw material b for product x2' but in 
case of shortness product X2 can also be produced out of a. If however product x2 uses a 
this may affect the service level of product Xl' We can hold sufficient inventory of raw 
material b to avoid the use of the alternative; this gives certain inventory costs. Or we can 
hold less inventory of b and use the alternative; this gives an increase in recipe costs. 
Consequently, one can make a trade-off between the inventory level of raw material b 
and the use of the alternative a in this situation. Instances of this simple model can still be 
found in practice; a higher quality material can replace a lower quality material, for 
instance in semi conductor industry (Flapper 1989). 

producte; 

raw materlale; coe;t a > cost 17 

Figure 1 Two products are produced using two raw materials. Product Xl uses one unit of raw material a per unit of 
demand; product x2 uses one unit of raw material b per unit of demand. However, product A2 can also be made from one 
unit of raw material a per unit of demand. 

3. A rule for balancing safety stock costs versus recipe flexibility 
costs 

In the situation studied, one can make a trade-off between the inventory level of raw 
material b versus the use of the alternative a. If we allow product x2 to take away 
inventory of raw material a, originally meant for product Xl' this should affect (decrease) 
the service level of product Xl' A situation in which no alternative recipes are used (only 
safety stock is used) is compared to a situation in which the above mentioned alternative 
is used. 
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It will be clear that when using the alternative recipe for product Xl two things will 
happen.First, in approximately 1 -a of the cases an out of stock situation for product Xl 

occurs and the alternative will be tried for. If successful, material a will be used for 
product x2 and this will decrease its availability for product Xl' This can lead to a 
reduction in service level for product Xl' The magnitude of the reduction depends on the 
level of safety stock. Secondly, using the alternative will result in an increase in the costs 
of product Xl' Suppose that producing product Xl out of material a costs p times the costs 
of producing it out of material b denoted by cb' Then under the conditions indicated the 
average costs for product Xl would be: axcb + (I-a) xp x cb' The increase in cost per unit 
then is: (p -I)x(I-a.). 

From the reasoning above it follows that when using recipe flexibility it is impossible to 
separately control the service levels of Xl and Xl just by manipulating the S-levels of a and 
b. For instance, we could decrease the Sb-Ievel such that the actual service level for 
product Xl! using recipe flexibility, is equal to 97% (suppose the target service level equals 
97%). This however will increase the number of occasions where a will be used for Xl and 
will decrease the availability of a for product Xl' Thus the service level for product Xl will 
decrease. Suppose we try to compensate for this by increasing the Sa-level to the extent 
that the service level of Xl is again 97%. Then the service level for x2 will increase also, 
because the probability of success when trying the alternative recipe increases. 

In short, there exists an interaction which leads to the a service level of product Xl being 
always larger than the a service level of product Xl' This phenomenon is illustrated in 
Table 1 which shows the actual a service levels of both products, the (relative) number of 
cases (#aU) where the alternative recipe is tried for, the mean fraction (fa) of material a in 
product Xl and the average material stock levels Inva and Invb' as a function of the S-level 
for material b. Since analytical results can not easily be obtained, simulations experiments 
are used for comparing the two situations. The characteristics of the simulations are given 
in the next section. 

Table 1 Simulation results when using recipe flexibility. The Sa-level is 2921, which is the 97% service level for product Xl with a 
leadtime of 4 periods. The Sb-level (denoted by S'b) is changed in order to decrease the a. service level of product x2. A complete list of 
the simulation characteristics is given in Section 4. 

a. service level p service level 
S' b Xl X2 Xl X2 fa(%) #all (%) Inva Invb 

2462 (85.0%) 95.61 98.65 97.58 99.31 3.79 8.67 1064 734 
2521 (87.5%) 95.85 98.90 97.71 99.44 3.19 7.36 1074 782 
2590 (90.0%) 96.07 99.16 97.84 99.57 2.58 6.02 1084 840 
2675 (92.5%) 96.30 99.39 97.98 99.69 1.96 4.64 1095 913 
2788 (95.0%) 96.53 99.61 98.11 99.81 1.33 3.20 1106 1014 
2967 (97.5%) 96.76 99.81 98.24 99.91 0.69 1.70 1117 1181 

One way to solve this control problem is to let the use of the alternative recipe per order 
depend on the cumulative measure of the service level, which is defined as the actual 
service level measured over the last 4,000 periods. If the cumulative service is below the 
target (97%) then the use of the alternative recipe is allowed for the production order 
considered. If not, then the alternative recipe is not used and the complete order is 
backlogged to the next period. Using this 'tuning' decision procedure, the control of the 
service levels is getting more complex. However, the performance of product Xl is much 
closer to the target. 
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Table 2 Simulation resuHs for the case with recipe flexibility and the luning procedure. The target a. for controlling the service level of 
product x2 is 97% in all situations. The situations are identical to the situations in Tabie 1. 

a service level j3 service level 
S' b Xl )(2 )(1 X2 fa (%) #811(%) Inva Invb 

2462 (85.0%) 95.70 96.94 97.62 98.37 3.45 7.56 1070 732 
2521 (87.5%) 95.96 96.96 97.77 98.40 2.78 6.08 1081 779 
2590 (90.0%) 96.22 96.98 97.92 98.39 2.09 4.56 1093 836 
2675 (92.5%) 96.48 97.01 98.08 98.41 1.39 3.02 1105 908 
2788 (95.0%) 96.73 97.06 98.22 98.45 0.67 1.42 1117 1008 
2967 {97. 5%} 96.97 97.56 98.37 98.72 0.02 0.05 1128 1174 

As is shown in Table 2, there is still interaction between the service levels of the two 
products, but the service level of X2 is under control. Therefore, for each order-up-to level 
of 5' b' the order-up-to level of 5' a can be determined experimentally (for instance via 
simulations) such that the a service level of product Xl is also equal to 97%, as is shown in 
Table 3. 

Table 3 Simulation results for the case with recipe flexibility and the tuning procedure. The S'a-Ievel is determined experimentally such 
that the a. service level of product Xl = 97%:1:0.05. The situations are identical to the situations in Table 1. 

a service level 
S' b S' a x1 x2 f8'(%) #8lt(%) Inva Invb 

2462 (85.0%) 3021 96.97 96.96 3.45 7.44 1166 733 
2521 (87.5%) 3003 96.98 96.97 2.78 6.00 1160 779 
2590 (90.0%) 2985 96.98 96.99 2.10 4.51 1155 836 
2675 (92.5%) 2967 97.04 97.01 1.40 2.99 1149 908 
2788 (95.0%) 2940 96.97 97.06 0.67 1.41 1135 1008 
2967 (97.5%) 2921 96.97 97.56 0.02 0.05 1128 1174 

Now suppose that we know all combinations of 5'a and 5'b (columns 2 and 1 in Table 3) 
that produce ax! = a

X2 
= 97% in a situation with alternative recipes. We compare these 

with the order-up-to levels Sa and 5b that lead to ax! = a
X2 

= 97% in the situation without 

use of alternative recipes (in the case considered in this section Sa = 5b = 2921). It will be 
dear that 5' a + 5' b < Sa + 5b, since with the use of the alternative recipe, some of the 
demand uncertainty for material a and b is common. Due to the use of recipe flexibility 
the total of required inventory decreases with an amount: 5b 5' b + Sa 5' a' 

This decrease in inventory must be valued and balanced against the increase in 
production costs, which can be modeled as: fa' x(p - 1) x Cb per unit x2, where fa' is the 
mean fraction of product x2 which is made of alternative material a when combination 
(5' a'S' b) is used. To obtain the annual increase in production costs we multiply this 
number by D

X2
' the annual demand for product X2' Thus the decrease of inventory can be 

balanced against the increase in production costs by the following equation: 

(1) 

The cost Ci consists of capital investment cost per year related to the value of the 
product, valued at the interest rate, plus the costs of the capital invested in inventory 
related infrastructure etc. (e.g. silos, pipes etc.). 

Since with each combination (5' a,S' b) a different fraction of alternative recipe use of fa' is 
realized, the entire range of combinations can be valued by determining out of all 
combinations (5' a , 5' b) that combination such that a x = a x = 97% for which equation 

I 2 

(1) takes a maximum value. 

" 
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If this maximum value is negative then it does never make sense to use the alternative 
recipe, for the increase in production costs is never offset by the decrease in inventory 
holding costs. However if this maximum value is positive then the use of alternative 
recipes can lead to a decrease in total costs, provided of course that the right combination 
of S' a and S' b is used. Figure 2 illustrates equation (1), for various combinations of (5' a' 
S' b) from Table 3 for several values of p. As can be seen in Figure 2, the maximum p for 
which it still pays to use recipe flexibility under the given conditions, equals 1.0254. This 
means that for this example the maximum difference in costs per unit between the 
standard and the alternative raw material, in case of variable recipe use, equals 2.54%. 
Since in the commodity market the profit margins are very small, even this small value 
can be of significant importance. 

t 
value 

equation 
(1 ) 

o 

-2,000 

-4,000 

(3,021), 
2.462 

(3,003), 
2,521 

p = 1.0150 

(2,985), 
2,590 

(2,967), 
2,675 

(S'8)' S'b 

(2,940), 
2,788 

(2,921), 
2,967 

Figure 2 Equation (1) for several values of the factor p (the price increase due to using the alternative raw material). The 
different (S~, S'b ) combinations are marked on the x-axis (the value of S'b is the controlled variable) and the y-axis gives the 
val ue of equation (1). The factor ci is calculated as the capital investment cost related to the product, valued at an interest rate 
of 15%. Factor cb equals 100 and annual demand for product A2 is taken 100,000 (250 days x 1.1) units. 

In Appendix 1 we show a method to determine the Pmax-value more accurate. The Pmax

value can be used to determine whether alternative recipes should be used under certain 
circumstances. Therefore in the next section, we will determine the Pmax-value for a range 
of parameters in order to determine when to use or not to use recipe flexibility. 

4. Different situations for using recipe flexibility 

4. 1. Simulation characteristics 
Since analytical results can not easily be obtained, simulations experiments are used for 
comparing the two situations. The simulations are performed using a program with the 
following simulation characteristics: 

• Every time period one order is generated for each product. The size of the order stems 
from an Erlang distribution with integer parameter n and scaling parameter A.. Thus 
mean demand (M) equals nil. and the variance of demand (0'2) equals n1A.2. The mean 
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demand for both products and the coefficient of variation (cr/Jl) are varied in the 
simulations. 

• Orders are numbered at generation, and all orders (inclusive backorders) are sorted 
on their number and will be considered for production in that order. Every time 
period, the order for product Xl is generated first and the order for product x2 is 
generated next. 

• If due to lack of raw materials, an order for product xl cannot be completely 
produced, the rest of the order is backlogged and has priority in the next period when 
competing for materials. If due to lacking materials an order for product x2 cannot be 
completely produced, the (rest of the) order is produced out of material a. If there is 
not enough material a, the rest of the order for product x2 is also backordered. There 
are no capacity limitations, only materials availability limitations. 

• Every time period both raw materials are reordered, according to an (R,S) inventory 
system (d. Silver and Peterson 1985). The order-up-to level S is derived from the 
demand function of the main product (Le. the S-level of raw material a is based on the 
demand parameters of product xl' and the S-level of raw material b is based on the 
demand parameters of product xz). 

• The replenishment lead time for both raw materials is fixed, but will be varied as a 
parameter in the simulations. 

• One simulation run includes a transient run of 5,000 periods (determined graphically 
as described by Welch (1983» and a subsequent simulation run of 500,000 periods, Le. 
the performance criteria are long-run steady state (Kleijnen 1987). The length of the 
simulation run is determined such that the variations of the performance criteria are 
very small, which is necessary for the tuning procedure described in the previous 
section. 

• Measured performance indicators are: the a and 13 service levels for Xl and x21 the 
fraction of product Xl made out of raw material a, the number of times product Xl tries 
for raw material a and the mean inventory levels. The a service level is defined as the 
number of times no stockout occurs and the 13 service level is known as the fill rate, 
the fraction of demand directly filled from stock. 

4.2. Experimental design and parameters 

In the first section we mentioned some potential factors that may influence the effect of 
recipe flexibility. Variations in raw materials quantity and quality were mentioned as a 
cause for using recipe flexibility. Also the leadtime of raw materials in relation to the 
lead time to customers was introduced. The necessary amount of safety stock to avoid the 
use of recipe flexibility depends on the variability of demand during the lead time and the 
target service leveL All these parameters together determine whether or not recipe 
flexibility should be used. The purpose of this section is to determine for the simple 
situation considered the dominant parameters and parameter values for which the use of 
recipe flexibility is econOmically justified. 

We distinguish uncertainty in demand and uncertainty in supply. Uncertainty in supply 
is modeled by two parameters; the variation in raw materials quality and the push of raw 
materials. These parameters are operationalized as follows. 

VARIATION IN RAW MATERIALS QUALITY 
In many process industries, raw materials are graded at arrival. For instance in the animal 
food industry, soya is used in which the fraction of protein is the main ingredient to 
classify soya. H 'soya class II' is ordered, the arriving replenishment lot can be in class I, II 
or III, where a higher class stands for more protein. Thus the grading process can yield a 
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lower, but also a higher quality than ordered. We still consider the case with two 
products and two raw materials and grading of raw materials is worked out as follows. 
Raw material a is reordered and at delivery we detect (with probability q) whether the 
raw material indeed is raw material a, or whether it can be classified as raw material b 
instead. The same procedure is followed for raw material b turning out to be a. To 
determine which raw material we received, we assume per raw material a 'Bernouilli 
process' with a probability q that the raw material received equals the raw material 
ordered and 1-q that it is not. 

PUSH IN RAW MATERIALS SUPPLY 

In some process industries a push in raw materials supply can be found. This results in a 
delivery of raw materials that were not ordered for (for instance in the Dutch 
cooperatives such as the dairy corporations). This push of raw materials will occupy 
storage capacity. These raw materials can be used for normal demand or as alternative 
raw materiaL In the latter case we again 'exchange' storage capacity for more expensive 
recipes. This means that in the model used in the simulations, a push-delivery of raw 
materials will be a delivery of raw material a. After a certain interval of stochastic length, 
a delivery for raw material a is generated which has not been ordered by the inventory 
control function. We model a restricted storage capacity by putting a restriction on the 
total economical inventory. The total economical inventory cannot become larger than the 
sum of the order-up-to levels of the raw materials. This creates a situation in which we 
must use the additional delivery in order to be able to reorder new raw materials; a push 
situation. The length of the interval between two push-deliveries is a random value 
within 80% to 100% of the leadtime in the current run. The size of the push-delivery 
stems from a function with the same parameters as the demand function for product Xl' 

UNCERTAINTY IN DEMAND 

Uncertainty in demand is modeled by two parameters per product, Le. mean demand and 
the coefficient of variation (cr/Jl) of demand. In this way the variability in demand can be 
simulated. Further parameters that are used are the lead time of raw materials and the 
target service level for measuring the performance. 

We determine for certain values of these parameters, the (S'al S'b) values that are required 
to realize the target service level in both products with use of recipe flexibility, and the 
(Sal Sb) values without recipe flexibility (fixed recipes). Next we determine the value of 
Pmax as described in Appendix 1. This yields the maximum per unit increase in product 
costs for which it still pays to use recipe flexibility. Next we change the parameter values 
and again determine the maximum per unit increase in product costs. The parameter 
values are varied with a high and low value, as given in Table 4. By calculating the linear 
regression parameters, we can determine the dominant parameters. 
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Table 4 Parameter values, as used in the simulations. 

1 
2 
3 
4 
5 
6 
7 
8 

Parameter 
Leadtime of raw materials (periods) 

Variation in raw materials quality 
Push in raw materials supply 

Mean demand product 1 (units) 
Coefficient of variation of product 1 

Mean demand product 2 (units) 
Coefficient of variation of product 2 

Target alpha service level 

Low (-) 
4 

Off 
Off 

400 
0.5 
400 
0.5 

97% 

High (+) 
16 

On (q = 0.90) 
On 

1600 
1.0 

1600 
1.0 

99% 

If we only use a high and a low value of each parameter and if we want no two-factor 
interactions to be confounded with the main effects, we have to use a resolution-IV 
design (Kleijnen 1987) which results in 16 simulation runs. Table 5 gives the complete 
design (where 5 = 123, 6 = 124, 7 = 134 and 8 = 234). For all these situations the 
applicability of recipe flexibility has been investigated. 

Table 5 A 284 resolution IV design for 8 parameters. 

Parameter 
Run 1 2 

1 + + 

2 + 

3 + 

4 
5 + + 

6 + 

7 + 

8 
9 + + 

10 + 

11 + 

12 
13 + + 

14 + 

15 + 

16 

3 4 5 
+ + + 

+ + 
+ + 
+ + + 

+ 

+ + 
+ + 
+ 

+ + 

+ 

+ 

+ + 

+ 
+ 

6 7 
+ + 

+ 
+ 
+ 

+ 

+ + 

+ + 
+ 

+ 

+ 
+ 
+ + 

8 
+ 

+ 

+ 
+ 

+ 
+ 

+ 

+ 

The standard formula l for calculating the order-up-to level assumes only demand 
uncertainty and no supply uncertainty. Therefore, this formula can only be applied to 
runs in which no supply uncertainty exists (runs 7, 8, 15 and 16). Due to the supply 
uncertainty, the Sa and Sb levels of the other runs have to be increased above normal, 
even if we use fixed recipes. So we first have to find the inventory levels that are 
necessary to achieve the target service level without using the variable recipe option (Sa 
and Sb)' Therefore, we simulated a situation with fixed recipes and used a double 
bisection search procedure until the service level of both products is within 0.05 of the 
target service. Table 6 gives the order-up-to levels calculated with the standard formulas 
and the order-up-to levels as found in the simulation. As is shown in Table 6, only for the 
four runs in which no supply uncertainty is present, (runs 7, 8, 15 and 16) the calculated 
order-up-to levels are equal to the simulated levels. The order-up-to levels which follow 
from the simulation will be used as the (Sal Sb) values in the calculation of the Pmax-value. 

1 The formula which is meant here is the integral from 0 to 5 over the demand distribution function. 
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Table 6 Order-up-to levels as calculated and as found in the simulation with fixed recipes. The last two columns give the a's that must 
be used in the standard fomnula to result in the s-Ievels from the simulation (columns 3 and 4), 

a of simulation S-Ievels 
S-Ievels from simulation a from according to the standard 

Calculated S-Ievels simulation (%) formula 
Run Sa Sb Sa Sb Xj X2 Xl X2 

1 44848 44848 45969 47972 99,04 98.98 99.28% 99.61% 
2 12738 3185 13710 3687 98.99 99,02 99,67% 99.91% 
3 33733 10221 32152 10252 97.00 96,99 92.77% 97.09% 
4 15938 11686 14114 12423 97.00 96,97 93,87% 98,59% 
5 33733 33733 36416 36361 97.02 97.02 99,49% 99,47% 
6 15938 3984 17572 3785 97.02 97.00 98.47% 95,88% 
7 44848 8864 44848 8864 98.98 99.05 99,00% 99,00% 
8 12738 18567 12738 18567 98,96 98.96 99.00% 99.00% 
9 10221 8433 10221 9270 97,01 97.01 97.00% 99,69% 

10 2921 15938 2379 23844 97,02 96.99 80.86% 99,91% 
11 8864 35456 8476 35456 99,03 99.01 97.29% 99.00% 
12 4642 4642 4190 4758 98.97 99,01 97.86% 99,18% 
13 8864 11212 9772 11846 98.98 99.00 99,94% 99.53% 
14 4642 12738 4526 15114 99.03 98.96 98.78% 99.94% 
15 10221 40886 10221 40886 96.97 96.97 97.00% 97.00% 
16 2921 2921 2921 2921 96,98 97,00 97.00% 97.00% 

4.3. Discussion of simulation results 

The 16 runs are each simulated for six different 5' b-values and these six results are used to 
determine the Pmax-value of a run. The complete results are given in Appendix 2. Table 7a 
gives the resulting Pmax-values per run and Table 7b gives the calculated parameter 
effects (linear regression parameters 13). 

Table 7 The Pmax-values and the calculated effects. 

a} The Pmax -values b) Calculated effects 

run Pmax parameter effect 

1 1,15073 0 1.0761 
2 1.10713 1 0.0191 
3 1.05562 2 0.0119 
4 1.02464 3 0,0079 
5 1,06269 4 0,0056 
6 1.04089 5 -0.0053 
7 1.15704 6 -0.0037 
8 1,05478 7 0.0012 
9 1.06343 8 0,0263 

10 1.10037 Two-factor confounding 
11 1.11321 12". -0.0048 
12 1,05697 13 ... -0,0073 
13 1.13244 14 ... 0,0058 
14 1.04666 15 ... 0.0095 
15 1,02635 16 ... -0.0033 
16 1,02502 17", -0.0051 

18 ... 0.0169 

Std.error 

Significant 
effects: 

1 
8 

0.0081 

leadtime 
target a 

As can be seen in Table 7a, the maximum difference in raw material costs may range from 
2.46% to almost 16% (15.7%, run 7) which is rather large for this kind of industries. 
Consequently, if the price difference is smaller than the Pmax-value, the use of recipe 
flexibility will show a decrease in total costs. In Appendix 3, an example is given in which 
the use of recipe flexibility gives an increase of profit of 4.3%. 
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As can be seen in Table 7b, only two of the eight parameters tum out to have a significant 
effect (significance level is 95%). A large leadtime for raw materials and a high target 
service level give the highest values for Pmax in the simulations (runs I, 7, 11 and 13); also 
see Table 5: in run 1 factor 1 is high, etc. The demand parameters do not have a significant 
effect on the Pmax-value. Also interactions seem unimportant. 

The third largest f3-effect (but not significant) is caused by the parameter that denotes the 
uncertainty in raw materials quality. This non-significance may be due to the relatively 
small variation in quality (only 10% (1 - q) of the delivered raw materials appears to be 
not right). However, if we simulate the system with a smaller q and hence a larger 
variation in quality, the situation in which fixed recipes are used becomes unstable (one 
raw material is almost unlimited in stock while the other raw material has an enormous 
number of backorders, due to unavailability of the raw material) and hence the (Sa' Sb) 
values could not be determined. From this we can conclude that when the variability in 
raw materials increases (lower q) the use of recipe flexibility becomes more attractive. 

In general the use of recipe flexibility will be soon profitable when a high service level is 
demanded and a long leadtime for raw materials exists. 

5. Conclusions 

In this paper we studied the balancing of safety stock costs and recipe flexibility costs for 
batch/mix industries with high customer service requirements. A simple, illustrative 
model was build to study the use of recipe flexibility. For this model a rule was 
developed that can be used to balance the safety stock costs and the recipe flexibility 
costs. 

Since the outcome of the balancing process heavily depends on the characteristics of the 
production process, we simulated the simple model for a range of parameters. For each 
parameter-setting we determined for which Pmax-value the use of recipe flexibility gives 
equal costs compared to using fixed recipes. The Pmax-value gives the price difference 
between the two raw materials used in the simulations and more general denotes the 
costs of using an alternative recipe. Two parameters turned out to have a significant effect 
on this price difference. These two parameters are the leadtime of raw materials and the 
target service level. 

In the first section we mentioned that this balance depends on: 
• the uncertainty in demand and supply 
• the costs of keeping safety stock 
• the costs of using an alternative recipe. 
Uncertainty in demand and supply were modeled as parameters in these simulations. 
The 'uncertainty' -parameters did not have a significant effect on the costs of using recipe 
flexibility. The costs of keeping safety stock were modeled as a parameter, ci,' This factor 
was not varied in the simulations because from equation (1) we can see that this factor 
has a linear influence on the balance. 

The costs of using an alternative recipe were denoted by the pmax-value, which gives the 
maximum price difference for which it still pays to use recipe flexibility. The maximum 
price difference found (15.7%) is rather large for this kind of industries. In the type of 
industry studied, the profit margins are very small and the raw materials used constitute 
a major part of the costs. Consequently, if the price difference in practice is smaller, the 
use of recipe flexibility will show a decrease in total costs. In general the use of recipe 
flexibility will be soon profitable when a high service level is demanded and a long 
lead time for raw materials exists. 

11 



In conclusion, under certain circumstances the use of recipe flexibility can lead to lower 
costs w,hen compared to using fixed recipes. For other circumstances, safety stock should 
be used. These conclusions are of course limited to the simple model and the numerical 
parameter values we used. Nevertheless, considering the results for this simple model, 
examining more complex and realistic situations can be argued. 
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Appendix 1 Determining Pm ax by quadratic interpolation 

Equation (1) is plotted for only a limited number of points. The Pmax-value is then 
determined such that the maximum of equation (1) equals zero. However, due to this 
approximation, the exact Pmax-value will be different from the one obtained. If we can 
express the complete equation (I) as a function of the SIb-level, then this function can be 
used to determine a more precise Pmax-value. 

In this appendix we will approximate equation (1) by a function fp(x), where x denotes 
the change in the Sb-Ievel, i.e. Sb - S'b' for a certain value of p: 

(2) 

If S'b is changed, two other variables in equation (1) will also change, i.e. the change in Sa
level (Sa - 5' a) and fa'. These two variables therefore are also defined as a function of x and 
they are denoted in equation (2) by g(x) respectively h(x). Since all other variables are 
known, the function fp(x) is defined when g(x) and h(x) are determined. 

In Section 2 we determined the p-value such that the maximum of equation (1) equals 
zero. The maximum of the concave function fp can be determined by differentiation. This 
will result in a value for x, xmax' which gives the maximum outcome of the function. The 
maximum of the function must be zero in order to find Pmax' Thus the function is 
calculated for xmax' and the expression fp(xmax)=O can be interpreted as an equation in 
which P is a variable. The p-value for whiCh the expression holds is then the Pmax-value. 

So, first we must define the function fp by determining the two functions g(x) and h(x). 
We assume that these two functions can be represented by a quadratic function: 

g(x) = gl + g2 x + g3X2 

hex) = hI + h2x + h3x2 
(3) 

The parameters of the functions g(x) and h(x) are approximated by a least squares fit of 
the pOints that are found by simulation. For example, we can plot the points measured in 
the simulation that was discussed in Section 2. The data were given in Table 3. In Figure 
3, these points are plotted and also the fit is given. A quadratic fit seems an allowed 
approximation. 

g(x) 

dSa 
40 

~ 
-80 

g1 = -3.682 
g2 = -1.05410-1 
93 = -2.289 10-4 

400 

i 
h(x) 

fa' 

Figure 3 The simulation results from Table 3 and the quadratic fit. 

3% 

2% 

1% 

x = dSb -----to- 200 400 

The second step is to determine the maximum of function fr. The maximum of a concave 
function can be determined by solvingfp'(x)=O. This results m: 
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Xmax 
= -(Ci + PCig2 - DxJp-l)h2) 

2(PCig3 - DxJp-l)h3) 
(4) 

The function (2) is calculated for this value of x, which results in the maximum of the 
function: 

(5) 

The third step is to determine the value of Pmax for which the maximum of the function 
equals zero. Since the factor P in equation (5) can be viewed as a variable, we can 
determine Pmax from equation (5) as follows: 

a (6) 

Note that equation (6) is a quadratic function in Pmax' If we calculate the Pmax-value for 
the simulation results that were given in the previous section, then we can use the 
parameters of g(x) and h(x) as given in Figure 6. Annual demand still is 100,000 (250 x J.l) 
units and the interest factor still is 15%. Solving equation (6) gives a Pmax-value of 1.0250, 
which is rather close, but different, to the value that was calculated in the previous 
section (1.0254). Figure 4 shows the plot of the function Ip together with the simulation 
results for the calculated Pmax-value. 

x = t,Sb III 
o 100 200 300 400 

-2,000 

-3,000 

Figure 4 Function of fp for the Pmax-value of 1.0250. Also the points as found in the simulation are given. 

In conclusion, a number of simulation results in which the 5' b-level is changed can be 
used to determine the parameters of the functions g(x) and h(x). Thereafter, equation (6) 
can be used to find the Pmax-value. 
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Appendix 2 Simulation results 

In this appendix two tables are given. Table 8 gives the complete output of the 
simulation, generated according to the resolution iv design that was given in Table 5. For 
each run of the design, six situations were simulated in which the S'b-Ievel was varied 
(calculated at a service level of respectively 85.0%, 87.5%, 90.0%, 92.5%, 95.0% and 97.5%). 

Table 8 Complete simulation output. 

a service level 13 service level 
run S' b S' a X1 X2 X1 x2 fa' (%) #alt Inva Invb 

1 34,011 48,562 98.96 98.97 98.97 98.98 6.58 6.30 22,100 9,547 
1 34,891 48,267 98.99 98.97 98,99 98.98 5.70 5.46 22,093 10,138 
1 35,923 47,972 98.99 98.98 99.00 98.98 4.86 4.61 22,075 10,892 
1 37,191 47,678 99.04 98.99 99.04 98.98 3.89 3.61 22,076 11,863 
1 38,882 46,950 99.01 99.00 99.01 99.00 2.87 2.63 21,739 13,165 
1 41,573 46,530 99.02 99.03 99.03 99.03 1.58 1.42 21,774 15,401 

2 2,462 13,877 99.00 98.98 99.35 99.36 5.68 8.94 7,768 1,675 
2 2,521 13,794 99.00 98.99 99.35 99.34 5.06 7.99 7,700 1,720 
2 2,590 13,877 99.05 98.99 99.38 99.35 4.51 7.17 7,806 1,765 
2 2,675 13,877 98.96 98.99 99.32 99.35 3.78 5.94 7,808 1,849 
2 2,788 13,877 99.01 98.99 99.36 99.36 2.97 4.71 7,837 1,933 
2 2,967 13,794 99.00 99.00 99.34 99.38 1.96 3.05 7,775 2,091 

3 8,503 32,626 97.00 97.01 97.89 96.99 4.84 4.31 7,774 2.238 
3 8,723 32,574 97.04 97.02 97.93 97.01 3.96 3.51 7,780 2,400 
3 8,981 32,468 97.00 97.05 97.90 97.07 3.07 2.68 7,734 2,598 
3 9,298 32,362 96.97 97.10 97.89 97.12 2.12 1.79 7,693 2,851 
3 9,720 32,257 96.97 97.20 97.89 97.23 1.13 0.91 7,655 3,205 
3 10,393 32,152 96.97 97.72 97.90 97.74 0.16 0.13 7,616 3,808 

4 9,849 14,573 96.99 96.98 97.01 98.28 5.53 10.03 9,422 2,796 
4 10,085 14,478 96.95 96.98 96.97 98.27 4.70 8.50 9,393 2,968 
4 10,361 14,478 97.04 96.99 97.05 98.28 3.83 6.89 9,460 3,176 
4 10,700 14,384 97.03 97.00 97.04 98.24 2.89 5.20 9,440 3,441 
4 11,152 14,294 97.02 97.01 97.03 98.27 1.89 3.30 9,431 3,813 
4 11,868 14,204 97.03 97.08 97.04 98.28 0.71 1.18 9,436 4,435 

5 30,620 37,598 96.96 97.01 97.65 97.82 4.21 6.53 9,845 5,772 
5 31,029 37,424 96.97 97.03 97.68 97.81 3.73 5.83 9,857 5,996 
5 31,504 37,330 97.05 97.03 97.77 97.79 3.24 4.97 9,916 6,318 
5 32,082 37,080 96.96 97.04 97.69 97.83 2.68 4.12 9,873 6,686 
5 32,843 36,998 96.98 97.07 97.66 97.80 2.03 3.02 10,003 7,240 
5 34,035 36,748 97.00 97.13 97.67 97.85 1.19 1.74 10,025 8,162 

6 2,907 17,682 97.05 97.04 97.03 97.01 4.15 3.79 9,727 3,564 
6 3,040 17,627 97.01 97.04 96.96 97.02 3.31 2.95 9,695 3,649 
6 3,197 17,572 96.97 97.07 96.93 97.05 2.49 2.18 9,663 3,767 
6 3,394 17,572 96.98 97.12 96.95 97.17 1.48 1.29 9,683 3,944 
6 3,661 17,572 97.04 97.28 96.99 97.25 0.58 0.49 9,703 4,202 
6 4,097 17,520 97.00 98.09 96.96 98.10 0.00 0.00 9,664 4,608 

7 7,655 45,128 99.01 98.98 99.00 99.36 2.53 5.04 18,612 1,233 
7 7,757 45,128 99.02 98.98 99.01 99.37 2.12 4.22 18,639 1,308 
7 7,876 45,128 99.03 98.99 99.01 99.38 1.70 3.38 18,666 1,399 
7 8,020 44,848 98.95 99.00 98.94 99.38 1.27 2.49 18,417 1,514 
7 8,211 44,848 98.96 99.02 98.95 99.40 0.83 1.60 18,446 1,676 
7 8,509 44,848 98.97 99.07 98.96 99.43 0.35 0.64 18,478 1,942 

8 11,627 15,483 98.97 98.80 99.33 98.80 8.31 8.69 7,692 5,029 
8 12,159 15,114 98.97 98.83 99.33 98.83 6.95 7.30 7,421 5,463 
8 12,790 14,746 98.99 98.87 99.36 98.88 5.57 5.85 7,153 5,992 
8 13,577 14,220 98.96 98.89 99.35 98.90 4.14 4.37 6,730 6,676 
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(l service level 13 service level 
run S' b S' a Xl X2 Xl X2 fa'(%) #aft fnva fnvb 

8 14,646 13,710 98.97 98.93 99.37 98.93 2.68 2.81 6,325 7,639 
8 16,387 13,216 99.00 98.99 99.44 98.98 1.14 1.14 5,941 9,268 

9 7,655 10,584 96.98 97.00 96.96 97.76 4.87 7.65 4,135 1,405 
9 7,757 10,540 97.00 97.01 96.97 97.75 4.44 6.85 4,133 1,465 
9 7,876 10,508 97.04 97.02 97.04 97.75 3.85 6.04 4,146 1,538 
9 8,020 10,436 96.98 97.03 96.96 97.79 3.22 4.90 4,121 1,635 
9 8,211 10,396 96.96 97.05 96.97 97.80 2.56 3.89 4,145 1,762 
9 8,509 10,348 97.02 97.08 97.02 97.84 1.56 2.29 4,179 1,978 

10 11,627 5,781 96.98 96.66 97.35 96.66 11.67 12.72 4,607 4,386 
10 12,159 5,375 96.96 96.71 97.33 96.73 10.16 11.11 4,390 4,728 
10 12,790 4,934 97.03 96.77 97.40 96.78 8.62 9.48 4,162 5,145 
10 13,577 4,314 96.98 96.81 97.37 96.82 6.91 7.61 3,776 5,697 
10 14,646 3,508 97.01 96.87 97.42 96.87 5.07 5.62 3,280 6,456 
10 16,387 2,794 96.99 96.97 97.64 96.96 2.98 3.13 3,014 7,751 

11 30,620 12,176 99.03 98.88 99.24 99.30 2.50 5.28 5,378 4,880 
11 31,029 11,808 99.01 98.89 99.23 99.31 2.09 4.45 5,118 5,181 
11 31,504 11,454 99.03 98.91 99.24 99.32 1.67 3.56 4,874 5,546 
11 32,082 10,909 98.99 98.91 99.21 99.32 1.25 2.67 4,441 6,011 
11 32,843 10,261 98.99 98.93 99.21 99.34 0.81 1.76 3,909 6,656 
11 34,035 9,196 98.98 98.99 99.21 99.36 0.34 0.77 2,969 7,723 

12 2,907 4,584 99.04 98.95 99.03 98.95 9.30 9.25 3,215 1,223 
12 3,040 4,526 99.02 98.96 99.02 98.95 7.83 7.76 3,185 1,328 
12 3,197 4,468 99.00 98.96 99.00 98.96 6.37 6.26 3,155 1,456 
12 3,394 4,410 99.00 98.97 99.01 98.97 4.82 4.69 3,127 1,624 
12 3,661 4,355 99.01 98.98 99.02 98.97 3.20 3.06 3,103 1,859 
12 4,097 4,300 99.04 99.01 99.05 98.99 1.41 1.30 3,084 2,260 

13 8,503 10,876 99.04 98.95 99.24 98.98 6.03 5.85 3,803 2,441 
13 8,723 10,710 99.00 98.95 99.21 98.96 5.30 5.11 3,707 2,591 
13 8,981 10,582 99.00 98.97 99.20 98.99 4.40 4.16 3,641 2,786 
13 9,298 10,390 99.03 98.98 99.24 98.99 3.54 3.34 3,538 3,015 
13 9,720 10,200 98.96 99.00 99.20 98.99 2.51 2.31 3,423 3,364 
13 10,393 10,016 99.03 99.03 99.26 99.05 1.38 1.23 3,337 3,938 

14 9,849 5,714 98.99 98.93 98.99 99.43 8.29 14.97 4,117 2,682 
14 10,085 5,576 99.01 98.93 99.03 99.43 7.42 13.44 4,076 2,838 
14 10,361 5,441 99.00 98.95 99.01 99.44 6.50 11.73 4,050 3,032 
14 10,700 5,246 99.01 98.96 98.99 99.44 5.46 9.85 3,993 3,274 
14 11,152 5,057 99.04 98.97 99.06 99.43 4.29 7.75 3,968 3,615 
14 11,868 4,816 99.00 98.98 99.02 99.44 2.84 5.02 3,955 4,197 

15 34,011 15,478 96.95 96.80 96.95 96.79 4.46 4.62 7,741 8,879 
15 34,891 14,742 96.97 96.83 96.97 96.83 3.63 3.75 7,224 9,538 
15 35,923 13,868 97.01 96.87 97.00 96.88 2.77 2.89 6,578 10,338 
15 37,191 12,734 97.02 96.92 97.03 96.94 1.88 1.99 5,678 11,367 
15 38,882 11,340 96.96 97.04 96.96 97.08 0.95 1.02 4,530 12,808 
15 41,573 10,348 97.00 97.68 97.00 97.71 0.11 0.11 3,754 15,258 

16 2,462 3,021 96.97 96.96 98.36 98.36 3.45 7.44 1,166 733 
16 2,521 3,003 96.98 96.97 98.37 98.37 2.78 6.00 1,160 779 
16 2,590 2,985 96.98 96.99 98.37 98.39 2.10 4.51 1,155 836 
16 2,675 2,967 97.04 97.01 98.40 98.42 1.40 2.99 1,149 908 
16 2,788 2,940 96.97 97.06 98.35 98.45 0.67 1.41 1,135 1,008 
16 2,967 2,921 96.97 97.56 98.37 98.72 0.02 0.05 1,128 1,174 
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Table 9 gives the values of 5' a and 5' b with their associated service levels and the value of 
fa', calculated from the approximations (equation (3» with p equal to the Pmax-value. 

Table 9 The values of the parameters at the 'Pmax -point'. The a·values are calculated w~h the ·standard'·formula. 

Run Pmax fs'(%) S' a a(S'J S' b a(S'b) 

1 1.15073 1.07 46,165 99.32% 43,438 98.50% 
2 1.10713 0.88 13,313 99.48% 3,499 99.77% 
3 1.05562 1.19 32,269 93.19% 9,687 94.83% 
4 1.02464 0.87 14,217 94.11% 11,747 97.18% 
5 1.06269 0.96 36,711 99.59% 34,444 98.06% 
6 1.04089 0,95 17,555 98.46% 3,545 94.02% 
7 1.15704 0.36 44,833 99.00% 8,505 97.48% 
8 1.05478 1.24 13,241 99.43% 16,220 97.32% 
9 1,06343 0.99 10,336 97.34% 8,730 98.57% 

10 1.10037 2.33 2,362 79.92% 17,631 98.51% 
11 1.11321 0.21 8,159 94.40% 35,167 98.79% 
12 1.05697 1.48 4,302 98.22% 4,076 97.41% 
13 1.13244 1.12 9,976 99.97% 10,623 98,05% 
14 1.04666 1.80 4,628 98.98% 12,762 99.03% 
15 1.02635 1.13 11,772 99.49% 38,498 94.51% 
16 1.02502 0.58 2,940 97.21% 2,805 95.31% 
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Appendix 3 Profit increase due to recipe flexibility 

In this appendix we will give an example of the increase in profit that can be achieved by 
using recipe flexibility instead of fixed recipes. For the example we will use run 13 from 
the design. 

The price difference that we will use for our calculations will be 2% (p = 1.02), which is 
founded on price differences encountered in practice. Furthermore, we assume that the 
product costs consist for 80% of raw material costs and that the profit margin used is 2%. 

SITUATION WITH FIXED RECIPES 
H only fixed recipes are used, then the S-levels from Table 6 must be used for calculating 
the inventory costs. The Sa-level for the example equals 9,772 units and the Sb-Ievel equals 
11,846 units. The interest factor is taken 15%, which results in annual inventory costs of 
DFL. 3,272.02. 

Since no alternative recipes are use, the recipe costs for product Xl will always be 1.02 per 
unit and the recipe costs for product x2 will always be 1.00 per unit. Mean demand for 
each product equals 400 units per day. We still have 250 days per year and hence the 
annual raw material costs are DFL. 202,000.-. 

Raw material costs constitute 80% of the product costs and a profit margin of 2% on the 
product costs is used. Considering the raw material costs, this gives a calculated profit of 
(202,000 / 0.80) xO.02 = DFL. 5,050.-. 

I 

Sb-Ievel ;; 90% 

1.13244 
(Pmax ) 

1.0683 

Figure 5 The function fp of the example for several values of p. The maximum of the function for a p-value of 1.02 is 
reached at an S'b-Ievel of 90% {8,981 units}. 

SITUATION WITH RECIPE FLEXIBILITY 
If recipe flexibility is used, then the S-levels must be set such that a maximum of the 
function!p is reached. The Pmax-value for this example is 1.13244, which is larger than the 
price difference used. Therefore, we must find the S-levels for which a price difference of 
2% gives a maximum in the function. Figure 5 shows the function for several values of p. 
As can be seen, the S'b-Ievel must be set at 8,981 units, which can be found in Table 8 (run 
13, third line). The corresponding 5' a -level equals 10,582 units. Thus, the annual 
inventory costs are DFL. 2,966.20. 
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The recipe costs for product Xl will always be 1.02 per unit, but the recipe costs for 
product X2 will depend on the use of alternatives. From Table 8 (run 13, third line) we can 
see that the use of alternatives is 4.40%. Hence the recipe costs of product x2 will be 0.956 x 
1.00 + 0.044 x1.02 per unit. The annual recipe costs in this case are DFL. 202,088.-. 

PROFIT INCREASE 

Comparing the two cases, we see that when recipe flexibility is used, the inventory costs 
decrease (3,272.02 ~ 2,966.20) and that the recipe costs increase (202,000 ~202,088). The 
total costs decrease by an amount of DFL. 217.82 when recipe flexibility is used. This 
means that in this example, the use of recipe flexibility gives an increase in annual profit 
of approximately 4.3% (217.82/5,050). 
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