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Abstract: This research focuses on quantitative analysis techniques for optimization of 

conceptual designs for products where lifecycle considerations are crucial. A product for 

which energy saving is practically mandatory, such as a major home appliance, was 

chosen, and the proposed procedure for minimizing the total cost through the product’s 
lifecycle focuses especially on the use and maintenance stages. A multiobjective 

optimization problem is developed to minimize two evaluative characteristics, the 

manufacturing cost of the product (I), and the sum of the energy and maintenance costs of 

the product over an assumed period of time (II), treating the longevity of specified 

portions of the product and energy consumption rate as design variables. The optimization 

simulation was carried out for a numerical example based on this model, and a Pareto 

optimum solution for costs (I) and (II) was obtained. Using this Pareto optimum solution, 

we analyzed the optimum values of design variables and clarified quantitatively how the 

design parameters affect the optimum solution. The proposed model demonstrates 

potential for use in decision making during the conceptual product design stage, when 

determining design variable values that meet desired lifecycle cost requirements is a goal. 

 
Keywords: Lifecycle cost, conceptual design, multiobjective optimization, Pareto optimum 

solution, saving energy consumption 

 

1. Introduction 

The issues of natural resources exhaustion and global environmental protection are 

increasingly important themes in present economic societies, and all countries should 

strive to improve the current situation. The amount of energy used including electricity is 

increasing as populations become more affluent, and the burgeoning use of fossil fuels is 

thought to be a major contributor to global environmental harm, not only in terms of the 

depletion of resources, but also global warming. Therefore, a reduction in the emission of 

greenhouse gases such as CO2 has been mandated in many advanced countries to protect 

global environments (Kyoto Protocol in COP3, 1997) and a new framework for future 

activities was approved in the Conference of Parties (COP13 held in Bali, Indonesia, 

2007). Responding to the above issues, “Sustainable Development” is receiving increasing 

attention, the aim of which is to deal effectively with the range of problems concerning the 

development of economic societies, while maintaining current lifestyles and implementing 

improvements for the future. To achieve sustainable development, societies must embrace 

a cycle-oriented approach, which is to say, we must limit as far as possible the habitual 

scrapping of mass-produced products, and encourage the repair and reuse, or recycling, of 
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used products. 

Systematized techniques treating the above issues are termed “Life Cycle 

Engineering” (LCE) [1]. This is a field of study where reductions in resource consumption 

and environmental impacts, as well as product value enhancement, result from a 

comprehensive and global examination of a product’s lifecycle that considers all stages of 

the product, its design, manufacturing, distribution, usage, collection, disposal, and 

recycling [2]. “Inverse Manufacturing” is a term for a process that starts with the collection 

of used products that are being reused or recycled, and proceeds to disassembly or 

deconstruction of products so that valuable component materials can be extracted. To 

support a stable and efficient production environment that integrates the recycling of 

materials, inverse manufacturing must be technically successfully as well as profitable. The 

recycling implicit in inverse manufacturing should not be conceived narrowly, simply in 

terms of the circulation route of raw materials, from producer, through manufacturer, 

consumer, recycler, and back to producer. Recycling can be more versatile and take 

advantage of more direct as well as intermediate circulation routes, reducing environmental 

impacts during both the production stage and the extended use of products. Such 

consideration of the entire lifecycle of products when they are designed usually provides 

direct economic benefits [3]. Much research has been done on LCE and Lifecycle Design 

(LCD), involving useful methods and ideas supporting LCD, such as Lifecycle Planning 

(LCP), Quality Function Deployment for Environment (QFDFE), and so on [4]-[7]. In 

addition, some research into quantitative lifecycle simulation and quantitative modeling of 

lifecycle costs has been carried out [8], [9]. 

Unfortunately, improving a product’s environmental impact and increasing corporate 

profitability are often thought to be mutually exclusive, as these embody trade-off 

relationships in lifecycle engineering problems. Therefore, the problem is largely one of 

finding the best balance between environmental and managerial concerns, and one goal is 

to construct a product design support system that adroitly considers both sides 

simultaneously. Current product design scenarios would benefit greatly from optimal 

design support systems that can concurrently consider evaluation characteristics pertaining 

to product lifecycle details, but research with quantitative analyses of optimizations that 

include such evaluation characteristics is quite scarce. 

Based on the background mentioned above, we employed a simple problem in this 

study, with a product’s lifecycle involving the three stages of manufacturing, use, and 

maintenance. A mathematical model was proposed for the optimization of the conceptual 

product design, and this model was used when simulating the optimization of lifecycle 

costs. The contents of this paper are arranged as follows: Section 2 provides an explanation 

of Lifecycle Design and the purpose of this study; section 3 explains the product modeling 

that incorporates a function for variable energy consumption; the optimization procedure 

using this model is detailed in section 4; a numerical example is presented in section 5; and 

section 6 presents our conclusions. 

2. Lifecycle Design and the Purpose of This Study 

In societies where the demands of sustainable development are increasingly important, 

product designs that only address product performance and manufacturing cost are being 

supplanted by better designs that consider the total lifecycle of the product. Such products 

often incorporate so-called “Life Cycle Design” principles where the stages of a product’s 

lifecycle usually start with its planning and proceed to its design, manufacturing, 

distribution, use, maintenance, abandonment and recycling [10]. A product design that 
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pays particular attention to the effective use of resources and to comprehensively 

decreasing its environmental impacts is often labeled “Environmentally Conscious Design 

(ECD)”, “Design for Environment” or “Eco-Design”, and these are included under the 

umbrella of LCD [11]. Though Design for Assembly (DFA) and Design for Manufacturing 

(DFM) have enabled reductions in manufacturing cost, improvement in quality, and 

shortened development times, the use of more comprehensive approaches has been 

increasing recently, where problems concerning a product’s lifecycle, that is, its 

maintenance during use, disassembly and recycling after use, are considered at the 

conceptual design stage, to address environmental issues that have become indispensable. 

These methods are generally called “Design for X (DFX)” [12]. The aim of LCD is to 

incorporate a systemized and detailed plan for the lifecycle of the product during the 

design stage, so that the needs of Inverse Manufacturing can be met. Yoshimura has 

described a product design optimization procedure that considers the product’s lifecycle 

[13] where details pertaining to the product’s lifecycle and its evaluative characteristics are 

first clarified, and the interrelationships of these characteristics are examined. Optimal 

design solutions can be obtained by optimizing the objectives concurrently after the design 

problem is formulated. In the current study, modelling and analysis follows the above cited 

optimization procedures while paying particular attention to lifecycle issues and details, to 

develop practical LCD strategies. 

This study focuses on the stages of product manufacturing, use and maintenance. 

Generally, to minimize the environmental impacts of using a product, it must be as energy-

efficient as possible, provide excellent reliability during long-term use, and minimize the 

generation of waste, however making products energy efficient and highly durable almost 

always results in higher manufacturing costs. Manufacturers must therefore carefully weigh 

their sales strategy for each product and set manufacturing cost targets that recognize and 

balance customer needs and willingness to pay for superior lifecycle performance. And 

finally, to support manufacturer decision making that leads to products that provide 

superior performance with less environmental impacts, a quantitative analysis method that 

can appropriately evaluate lifecycle details and costs is required. Toward this end, we 

developed a design optimization approach for a product having variable energy 
consumption that considers lifecycle details during the three stages of manufacturing, use, 

and maintenance. Hence the purpose of the study is to propose an optimization simulation 

procedure that models costs for these stages, to enable quantitative decision making that 

yields reductions in the total cost of a product’s lifecycle.  

3. Modeling of Products Having Variable Energy    Consumption 

3.1 Explanation of the Model 

We consider assembled products such as home appliances that have variable energy 

consumption, to evaluate the costs with respect to LCD at the stages of manufacturing, use, 

and maintenance. Here, “variable energy consumption” means that the mean value of 

energy consumed during a certain use period of the product is variable, that is to say, the 

product has an energy-saving function. To treat the model mathematically, the following 

assumptions are made concerning the composition and characteristics of the product.  

(1) The product is divided into a basic functional section and an energy-saving portion 

(henceforth, these names are used). The basic functional section is further divided into 

a portion not subject to failure, P1, and a portion subject to failure, P2. The portion 

pertaining to energy-saving functions, P3, is considered subject to failure. The numbers 
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of parts involved in these three portions are respectively 1 2 3, ,n n n , and the total 

number N of parts composing the product is given by 1 2 3N n n n= + + . 

(2) For the cost of parts, the average costs of parts in three portions, P1, P2 and P3, are 

respectively designated 1 2 3, ,p p p . Generally, parts costs increase as their durability 

becomes higher, so we assume that the cost of parts is proportional to their durability 

(this corresponds to MTTF, and is represented by the longevity l in the following), 

and that such costs increase as longevity is increased. Assuming that the longevity has a 

base value of 0l , and that the longevities of portions P2 and P3 are respectively 2l and 

3l , the average cost of their constituent parts can be represented as follows.  { }2 2 0 0 201 ( ) /p k l l l p= + − ×  (1)  { }3 3 0 0 301 ( ) /p k l l l p= + − ×  (2) 

where k  is a constant of proportionality and 20 30,p p are respectively the value of 

cost when 2l and 3l have the value 0l . The value of 0l is assumed to be the same for 

both the P2 and P3 portions. 

(3) Each portion of the product is assumed to consist of an assembly of parts, and the cost 

of assembly is obtained by multiplying the total number of the parts by the unit cost of 

an assembly operation. Assuming that this unit assembly cost is a constant, a  

(yen/piece), the total assembly cost of the product is given by a N× . 

(4) To calculate the energy consumption of the product, we introduce the energy 

consumption rate e  which is the energy consumed during a unit time. Here, when 

considering the energy-saving capability of a product, we assume that an increased 

number of parts controlling energy consumption must be installed to make a product 

which consumes less energy for a given operation, one which incorporates a high 

performance energy-saving function. This assumption is reasonable because the 

number of parts often tends to increase to achieve more complex control. We also 

assume that the degree of energy-saving is represented by the value of e  and energy-

saving is improved as the value of e  becomes smaller. Based on this idea, we assume 

that the energy consumption rate e  is correlated with the number of parts ( 3n ) of the 

energy-saving portion, and e , in watts, can be expressed as follows.  

 { }0 3 1 21 /( )e e n n n= × − +  (3) 

where 0e  is a constant and a base value of e .  

(5) When the failure mode of the product is assumed to be of the “exponential distribution” 

type, the failure rate λ  is constant, independent of time and the longevity is equal to 

the inverse of the failure rate. Therefore the failure rates of portions P2 and P3 are 

respectively as follows.  

 2 21/ lλ =  (4) 

3 3 31/ / 50l nλ = ×  (5) 

(Regarding Eq. (5), it is assumed that the longevity of portion P3 is 3l when 3 50n = , 

a base value, and the failure rate 3λ  increases proportionally with the number of parts 

3n  when 3 50n > ) Assuming that these portions are arranged in series, the failure rate 

λ  and the longevity L  of the product are represented as follows [14]. 

 2 3λ λ λ= +  (6) 
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1/L λ=  (7) 

(6) To model the cost of repair work in the event of failures in portions P2 and P3, the 

repair cost per event is assumed to be a constant value r (yen/occurrence), independent 

of the location of the failure or the method of the repair, for the sake of simplicity. 

3.2 Formulation of Lifecycle Costs 

Formulae for the objective costs pertaining to the product lifecycle are derived as follows, 

based on the assumptions in paragraph 3.1. 

3.2.1 Manufacturing cost 

The manufacturing cost pC  of the product is assumed to be equal to the sum of the cost 

of the parts and total assembly cost, as follows. 

1 1 2 2 3 3pC p n p n p n aN= + + +  

Here, we obtain the following equation by substituting equations (1) and (2) into the above 

expression and then substituting 3n  with e  obtained from (3). 

{ }

{ } { }
20 2 0 2 30 1 2 0 0 3 30 1 2 0

1 30 1 20 30 2

/ ( )(1 / ) / (1 ) ( ) /

(1 ) 2 (1 )( ) 2

pC kp n l l kp n n e e l l k p a n n e e

p k p a n k p p a n

= × + + − × − − + + ×

+ + − + × + − + + ×
 (8) 

3.2.2 Cost of used energy  

The cost uC  of energy used by the product is represented by the following expression, 

using a unit cost of energy α (yen/kWh) and use period of T (year). 

 uC T eα= ×  (9) 

3.2.3 Maintenance cost 

We assume here that product failure occurs as a consequence of part failure. Since the 

repair cost per event r  is constant, as mentioned above, and the number of failure events 

is obtained by /T L , the maintenance cost mC  for the simulated period of use T is 

represented as follows, using equations (3), (4), (5) and (6). 

 { }2 1 2 0 3/ 1/ ( )(1 / ) / 50 1/mC T L r Tr Tr l n n e e lλ= × = × = + + − ×  (10) 

As the above cost expressions reveal, there is a trade-off relation between the 

manufacturing cost and the cost of energy used, with the energy consumption rate e  as a 

design variable. There is also a trade-off relation between the manufacturing cost and the 

maintenance cost, with the longevity values 2l and 3l as design variables. 

 

 

 

 

 

 

 

 

 

The above relationships are shown in Table 1, and it can be seen that the cost of used 

energy uC is in a trade-off relation with the maintenance cost mC as well as the 

manufacturing cost pC with respect to the energy consumption rate e . This is because in 

Table 1: Relation between Objective Costs and Design Variables 

increasedecreaseincreasee  decrease

decrease―increasel3  increase

decrease―increasel2  increase

CmCuCpDesign Variables

increasedecreaseincreasee  decrease

decrease―increasel3  increase

decrease―increasel2  increase

CmCuCpDesign Variables

increasedecreaseincreasee  decrease

decrease―increasel3  increase

decrease―increasel2  increase

CmCuCpDesign Variables
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this model, an increase in energy-saving capability (i.e., a decrease in the value of e ) is 

achieved by increasing the number of parts in the energy-saving portion P3, as shown in 

equation (3). Therefore, the failure rate of the portion P3 increases as the value of e  

becomes smaller, and consequently the maintenance cost increases. 

4. Optimization Analysis 

4.1 The Analysis method 

To obtain optimal solutions that minimize the total cost through the lifecycle of a product 

as considered in section 3, the use of a multiobjective approach is recommended. The 

manufacturing cost, and the sum of the cost of the energy used and the maintenance cost, 

are selected as the two objective functions, and the problem is formulated as a two-

objective optimization problem. 

Minimize;       [ ]1 2,f fφ =  (11) 

 1 pf C=  (12) 

2 u mf C C= +  (13) 

subject to       1 0 2 0g l l= − ≤  (14) 

 2 2 3 0g l l= − ≤  (15) 

3 3 0g l T= − ≤  (16) 

4 00.6 0g e e= − + ≤  (17) 

5 00.9 0g e e= − ≤  (18) 

Both longevities 2l and 3l have the same lower bound 0l and the same upper bound 

T , and the energy consumption rate e  also has bounds calculated using a base value of 

0e  as shown in above expressions. Regarding (15), we assume that the longevity of 

portion P3 is greater than that of portion P2 because the P3 portion is the most important 

of all the portions, and the cost of the parts therein is also higher ( 30 20p p> ). 

Several methods have been proposed for solving multiobjective optimization 

problems [15]. Here, we use the so-called weighted coefficient method (“Weighting 

Method”) [16], as follows. If a weighting coefficient is represented as (0 1)ω ω< < , the 

objective function φ  is converted into a single objective function, as shown by the 

following expression. 

 1 2(1 ) (1 )( )p u mf f C C Cφ ω ω ω ω= + − = + − +  (19) 

The problem of minimizing the objective function in (19) should be solved under the 

constraints expressed in (14) through (18), while varying the value of ω  between 0 and 

1. This can be performed analytically by applying the Karush-Kuhn-Tucker (K-K-T) 

necessary conditions of optimality, since the objective function is a non-linear type, as 

shown in equations (8) and (10). The procedure is described in the Appendix.  

Here only one case among 21 cases explained in Appendix is discussed. When the 

values of all Lagrange multipliers ( 1,...,5)i iµ =  are equal to zero, following equation can 

be derived from (A9). 

 0
2

20 2

(1 )Trl
l

kp n

ω

ω

−
=  (20) 

Similarly, the following equation is derived from (A10) independently of the value of e . 
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 0
3

30

(1 )

50

Trl
l

kp

ω

ω

−
=  (21) 

By substituting (21) into (A11), the value of ω , ( )*ω , is obtained within the range of 

0 1ω< < , and 2l and 3l can be calculated from (20) and (21) using *ω . That is, when 

ω  is equal to the value *ω , and 2l and 3l are equal to *
2l and *

3l , equations (A9) 

through (A11) are satisfied independently of the value of e , implying that the value of e  

is indefinite. In addition, using (20) and (21), the ratio of 2l and 3l can be represented as 

follows, which is constant and independent of the values of k and ω . 

 2 20
3 2

30

/
50

n p
l l

p
=  (22) 

The other 20 remaining cases are examined to determine if some cases have practical 

solutions for the formulae in which concrete numerical values are substituted as shown in 

the following numerical study. The results are shown in Table 2, which only shows cases 

that have solutions. As a result, the optimal solution set for the problem involving the cases 

shown in Table 2 is represented schematically in Fig.1, the line connecting points A, Q, P, 

R, and B, with respect to the design variable space for the product longevity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2 Derivation of Pareto optimum solutions 

Optimum solutions using equation (19) are obtained according to the above procedure for 

the case where the value of ω  is changed sequentially between 0 and 1, and a Pareto 

optimum solution is represented by plotting the values of 1f and 2f in each case in a 2-

dimensional graph. For the numerical example described in the next section, the 

calculations to obtain the optimum solutions were executed by a computer.  

However, when the value of ω  is equal to 
*ω , and 2l and 3l respectively satisfy 

(20) and (21), the solution cannot be obtained by the weighted coefficient method because 
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Figure 1: Distribution of Optimum Solution  

in Design Variables Space 

Table 2: Cases with optimum solutions 

Case No. µ1 µ2 µ3 µ4 µ5 Remarks 

1 0 0 0 0 0 
l2 = l2*, l3 = l3* 

point  P 

9 0 0 0 + 0 
l2 > l2*, l3 > l3* 

line  PR 

10 0 0 + + 0 
2 3l l≠ , l3 = T 

line  RB 

13 0 + + + 0 
l2 = l3 = T 

point  B 

17 0 0 0 0 + 
l2 < l2*, l3 < l3* 

line  QP 

20 + 0 0 0 + 
l2 = l0,, 2 3l l≠  

line  AQ 

23 + + 0 0 + 
l2 = l3 = l0 

point  A 
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the feasible region of the Pareto 

optimum solutions has a slightly 

concave shape as shown schematically 

in Fig.2 [17], and the value of e is 

indefinite there in this model.  

Therefore, the Pareto optimum 

solutions when the value of e is 

intermediate were calculated using the 

Constraint Method. In the Constraint 

Method, the optimum solution is 

obtained as a single objective function 

by treating the other objective 

functions as constraints, except for one particular objective function [15]. 

Here, when values of e are intermediate, the optimum solution of 1f  (namely pC ) 

was obtained by solving a single objective optimization problem in which the value of 

objective function 2f  (namely sC ) is treated as a constraint, and the results are shown 

graphically in Fig.2, where uC + mC ( )sC=  is the abscissa and pC is the ordinate. Using 

this Pareto optimum solution, we can make decisions with respect to the problems of the 

degree to which the upper limit of pC can be allowed to reduce sC , and of choosing 

appropriate values of k  (a constant of proportionality pertaining to parts costs) and r  

(unit repair cost) as design parameters to obtain desired values for sC and pC , and so on. 

In addition, appropriate decision-making can be carried out concerning portion longevities 

and energy consumption rate, by considering these issues while viewing the figure for 

( )s pC C− , as well as the figure representing the optimal solution for the design variables, 

which will be explained in the next section. 

5. Numerical Example 

5.1 Simulation results 

To analyze the case study problem quantitatively, the number of parts and their costs have 

concrete values as product characteristics. For the sake of simplicity, other numerical 

values were set arbitrarily, though the value of 50 (W) set for e0, the reference value for the 

energy consumption rate, represents an amount of electric power consumed during a year 

of use that is close to that of an actual refrigerator. The design parameters used are as 

follows.  

1 400n = , 2 100n = , 1 100p = (Yen), 20 100p = (Yen), 30 150, 200p = (Yen), 

50a = (Yen), 0 50e = (W: Watt), 0.1314α = (kilo-Yen/W/Year) 

When these parameters are used, the expression of each cost in the lifecycle stage is 

as follows, using equations (8) through (10). The cost unit is kilo-Yen in the following 

expressions. The manufacturing cost is expressed as follows for the case where 30 150p = , 

when the value of 0l  is set to 2.5 years. 

 2 34 3 (10 0.2 ) 0.5(3 4) 5(35 17 )pC kl k e l k e k= + − + − + −  (23) 

Similarly, for the case where 30 200p = , 

Figure 2: Concave shape of Pareto 

optimal solution set 
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 2 34 4 (10 0.2 ) 0.5(4 5) 10(20 11 )pC kl k e l k e k= + − + − + −  (24) 

Next, the cost of used energy is, 

 0.1314uC T e= ×  (25) 

The maintenance cost is, 

 { }2 31/ (10 0.2 ) 1/mC Tr l e l= + − ×  (26) 

The numerical values used to analyze the influence of the design parameters are as 

follows. 

0.5,1.0, 2.0k =    1, 2, 3, 4, 5r = (kilo-Yen)   10,15T = (Year) 

For each model case in which these values were used, the Pareto optimum solution was 

obtained by solving the minimization problem formulated in equation (19), using a 

computer, and the results are described below.  

Pareto optimum solution curves for sC and pC when k is set to 0.5, 1.0, 2.0, r is 

held to a constant value of 2kilo-Yen, and 30 200p =  are shown in Fig.3. Another set of 

Pareto solution curves for sC and pC are shown in Fig.4, showing results when r is set to 

1, 2, 4 (kilo-Yen), k is held constant at 0.5 and 30 150p = . For following figures, 

30 150p =  is adopted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Design variable values in the Pareto 

optimum solution for sC and pC are 

shown in Fig.5, for three cases where 

1, 2k r= = kilo, 0.5, 2k r= = kilo and 

0.5, 1k r= = kilo. Fig.5 is provided for 

comparison with Fig.1, explained in 5.1 

above with respect to longevity.  

Next, the result of calculations 

yielding a Pareto optimum solution for a 

case having a 15-year period of use is 

shown in Fig.6, for comparison with 

cases having a 10-year period. Lastly, 

Fig.7 shows the Pareto optimum solution 

sets for two cases searching for the Figure 5: Optimum solutions of design variables 
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minimum total lifecycle cost for use periods of 15 years.  

 

 

        
 

 

 

5.2 Discussion 

A quantitative study for minimizing the manufacturing cost and the sum of the energy use 

and maintenance costs was achieved by obtaining Pareto optimum solutions via a 

simulation using this model, as shown in Fig.3 through Fig.7. The results obtained in this 

analysis are explained as follows. 

In Fig.3, with the value of k  varied, the Pareto optimum solution set shows a 

tendency for pC to increase as sC  decreases, and these decreases in sC  chiefly depend 

on energy-savings and increased longevity of portions subject to failure. The 

manufacturing cost pC increases dramatically when the portion’s longevity is increased 

(that is, as values of sC decrease) as the value of k  is increased, because the value of k  

represents the rate of increase in parts prices relative to longevity. But no increase in 

manufacturing cost can be seen in when sC  is at a maximum, because parts prices do not 

increase when the longevities are at a minimum ( 0l ) even if the value of k  is increased. 

Note that the central portion of the Pareto optimum solution curve in Fig.3 has a concave 

shape, as shown in Fig.2, and values here were obtained using the Constraint Method, as 

mentioned in 4.2. It can be seen that that portion of the curve migrates toward larger 

values of sC as the value of k increases, which is to say that the range where the optimal 

value of e is below 45 watts (implying that energy-saving is accomplished) is increased in 

the Pareto optimum solution. This is further discussed below, with reference to Fig.5. 

Pareto optimum solution sets when the value of the repair work cost per event r  is 

varied are shown in Fig.4. As the value of r increases, the Pareto optimum solution set 

shifts toward the direction of increasing values of sC due to the increase in the 

maintenance cost, and the range where the value of e is at a maximum value (45 watts, 

meaning that energy-saving is not accomplished) becomes larger as the concave portion 

migrates towards smaller values of sC . This is also discussed further below. It can 

therefore be understood that lengthening the longevity effectively decreases the cost sC  

while suppressing increases in the manufacturing cost to the degree possible in this range.  

The design variable values for the Pareto optimum solution set in three cases where 

1, 2k r= = kilo, 0.5, 2k r= = kilo and 0.5, 1k r= = kilo are shown in Fig.5. In this figure, 

the point where manufacturing cost is minimized is when the value of e  is largest and the 

Figure 6: Pareto optimum solution for Cp and Cs 
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longevity of the energy-saving portion is shortest. And in order to decrease the cost sC  

while allowing a rise in manufacturing cost, it is necessary at first to increase the longevity 

of the portion keeping the value of e  at a maximum value (i.e., there is no energy-saving) 

and when the longevity is such that * *
2 2 3 3,l l l l= = , the value of e  must be lowered to a 

minimum (30 watts) by energy-saving means. Fig.5 shows that in order to further decrease 

the cost sC , the longevities of portions P2 and P3 must be increased while keeping the 

value of e at a minimum. The portion of the curve where the value of e changes while the 

longevity is held constant corresponds to the portion of the Pareto optimum solution set 

that is slight concave, as mentioned previously. This portion moves in a given optimum 

solution curve, depending on the values of design parameters such as k  and r . That is to 

say, Fig.5 clearly shows that, where e  has intermediate values, the portion longevity 

decreases (i.e., values of sC  increase) when the value k  is increased from 0.5 to 1.0, 

and an opposite influence is seen (i.e., values of sC decrease) when the value r  is 

increased from 1 kilo-Yen to 2 kilo-Yen. These figures indicate that from the viewpoint of 

the optimal design variable values the concave portion of the Pareto optimum solution 

curve tends to move in the direction where pC  is smaller when k  is increased, and to 

where pC  is larger when the value of r  is increased, as shown in Fig.3 and Fig.4.  
Next, the Pareto optimum solution for a 15 years period of use, 1.5 times as long as 

the above cases, is shown in Fig.6. Pareto optimum solutions for two cases having 10 
years use periods (with a repair work cost per event of r =2 kilo-Yen and 3 kilo-Yen, 

respectively) are shown additionally for comparison. The value of sC is of course much 

larger for the 15 years case, since energy is used over a longer period. The higher value of 

pC  than for cases where the period of use is 10 years, where the value of sC  is at a 

minimum, is because a value up to 15 years can be assumed for the longevity of the P2 and 

P3 portions as design variables, and the cost of parts and the manufacturing cost are 

correspondingly increased.  
Lastly, the points where total lifecycle cost (namely, the sum of pC and sC ) has a 

minimum value are searched for by computing and represented in the Pareto optimum 

solution sets for two cases that have larger values of sC , due to the higher repair work 

cost of r =4 kilo-Yen and the longer period of use T =15 years, as shown in Fig.7. 

However, even in these cases ( k =0.2, 0.5), the total lifecycle cost minimum point lies in 

the region where the value of e  is at its upper bound, that is, energy-saving is not 

accomplished because the manufacturing cost increases dramatically when the value of e  

decreases. 

As described above, this model can be used to make appropriate decisions concerning 

the contributions of the usage and maintenance costs to the lifecycle cost, viewing their 

trade-off relationships with the manufacturing cost, if design parameters such as ,k r and 

T and the constraints of parts longevity and so on are suitably selected according to the 

details of the problem at hand. Thus, it appears that the proposed model can effectively 

assist decision making with respect to energy-saving issues for products having variable 

energy consumption at the conceptual design stage. 
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6. Conclusions 

The conclusions of our research are as follows: 

(1) We proposed an analysis model for minimizing the total cost of a product’s lifecycle 

considering the stages of product manufacturing, usage and maintenance, for products 

having variable energy consumption. 

(2) Under the constraints of design variables 2 3,l l  (the longevities as the average life of 

the portion of the product that is subject to failure, and the energy-saving portion) and 

e  (the energy consumption rate of the product), and assigning a period of use of 10 

years, a two-objective optimization problem in which minimization of the 

manufacturing cost and minimization of the sum of the cost of the energy used and the 

maintenance cost have a trade-off relationship was solved. 

(3) Pareto optimum solution variations were obtained and evaluated using simulations in 

which the values of k (the coefficient of parts price to parts longevity) and r (repair 

work cost per event) were varied as design parameters. The results gave useful insights 

into the effects that each design parameter has upon each objective cost, and such 

consequences could also be appreciated quantitatively. Furthermore, the Pareto 

optimum solution variation was evaluated by a simulation in which the use period was 

extended to 15 years, and a method to find the minimum value for the total lifecycle 

cost was shown in this case. 

(4) Using the proposed method, a product designer can appropriately decide initial 

manufacturing cost values and the sum of energy use and maintenance costs that 

minimize the total lifecycle cost during the product lifecycle, using an obtained Pareto 

optimum solution set. This model can also be used effectively to evaluate the degree of 

energy-saving, parts costs, parts longevity, and other aspects that are crucial to the 

conceptual design of high-performance products. 

Finally, we indicate directions for future research that may extend the proposed 

method. Although only the longevities of the parts are considered as design variables in the 

current model, practical maintenance costs are actually influenced by many factors, such as 

the position of parts and their configuration, or the methods used for checking system 

status and making repairs. More detailed examinations of models and formulations are 

required, so that these influences can be more precisely evaluated. In addition, with respect 

to the energy consumption rate, which was related to the number of parts in the current 

model, alternative representations, such as relating it to the cost of parts or assembly costs, 

may shed additional light on different aspects of this problem. Ultimately, the goal is to 

accurately represent manufacturing costs that result from the creation of products 

incorporating higher degrees of energy-saving features, and to verify that the developed 

models accurately describe real-world products.  

Appendix  

Procedure of deriving optimum solution: 

Lagrange multipliers ( 1,...,5)i iµ =  are introduced in the objective function of (19) and the 

constraints in (14) through (18) and Lagrangian Φ  are combined as follows.     

1 1 2 2 3 3 4 4 5 5g g g g gφ µ µ µ µ µΦ = + + + + +  

Then, the K-K-T necessary conditions are as follows. 

 1 2
1 2 1 2

2 2 2 2 2

0
g g

l l l l l

φ φ
µ µ µ µ

∂Φ ∂ ∂ ∂ ∂
= + + = − + =

∂ ∂ ∂ ∂ ∂
 (A1) 
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 32
2 3 2 3

3 3 3 3 3

0
gg

l l l l l

φ φ
µ µ µ µ

∂∂Φ ∂ ∂ ∂
= + + = − + =

∂ ∂ ∂ ∂ ∂
 (A2) 

 54
4 5 4 5 0

gg

e e e e e

φ φ
µ µ µ µ

∂∂Φ ∂ ∂ ∂
= + + = − + =

∂ ∂ ∂ ∂ ∂
 (A3) 

0i
i

g
µ

∂Φ
= ≤

∂
　   ( 1,...,5 )i =  

 0i igµ =    ( 1,...,5 )i =  (A4)～(A8) 

and  1 0,µ ≥   2 0,µ ≥   3 0,µ ≥   4 0,µ ≥   5 0µ ≥  

When equations (A1) through (A3) are rewritten using equations (8), (9), (10), and (19), the 

following equations are obtained.  

That is, from (A1)      1 2

2 2

(1 ) 0
p m

C C

l l
ω ω µ µ

∂ ∂
+ − − + =

∂ ∂
       therefore, 

 2
20 2 0 2 1 2/ (1 ) / 0kp n l Tr lω ω µ µ− − − + =  (A9) 

from (A2)            2 3
3 3

(1 ) 0
p m

C C

l l
ω ω µ µ

∂ ∂
+ − − + =

∂ ∂
          therefore, 

 2
30 1 2 0 0 1 2 0 3 2 3( )(1 / ) / (1 ) ( )(1 / ) /50 0kp n n e e l Tr n n e e lω ω µ µ+ − − − + − − + =  (A10) 

from (A3)         4 5(1 ) 0
p u m

C C C

e e e
ω ω µ µ

∂ ∂ ∂ 
+ − + − + = 

∂ ∂ ∂ 
      therefore, 

 { } { }1 2 0 30 3 0 30 1 2 0 3 4 5( ) / / (1 ) (1 ) ( ) / 50 0n n e kp l l k p a T Tr n n e lω ω α µ µ− + + − + + − − + − + =  (A11) 

Now, design variables 2 3,l l  and e  which satisfy the above equations must be obtained in 

all combinatorial cases where the value of ( 1,...,5)i iµ =  is positive or zero. The total number of 

combinatorial cases is 32 (= 25), but 11 cases can be omitted due to impossibility, such as 1 0µ > , 

2 0µ >  and 3 0µ > . Consequently, 21 cases remain to be investigated. 
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