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Abstract This paper explores the repurchase and remanufacture decision of the
monopolist who produce a durable product that can be used for two periods. It turns
out that the remanufacture decision is profitable only when the production cost,
consumers’ opinion on the remanufactured product subject to some conditions. And
the revenue under remanufacture decision is increasing as the cost of new product
increases. We also find that, it brings market volume increase effect instead of can-
nibalization, which makes the remanufacture behavior beneficial to the monopolist.
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1 Introduction

For along time, remanufacturing has been popular globally. Because in some way it is
beneficial to reducing the natural resource usage and alleviate the environment bur-
den. It is estimated that the total annual sales in the US is $53 billion in 1997, covering
more than 72,000 remanufacturing firms. Also some famous companies, such as
BMW, IBM, DEC et al. have already proved that remanufacturing is profitable.

However, it is difficult to make the remanufacture decision for the insufficiency
of guidance that the managers can follow. All the mangers seem afraid that the
remanufactured product may bring the cannibalization effect since those product
has the similar or the same function as the new product. “Under which conditions
will the remanufacture decision brings more benefit than the cannibalization
effect?” More management acknowledges are needed for those managers to make
differentiated and effective remanufacturing decisions.

Therefore, the goal of this paper is to provide some useful guidance for the
manufacturer to make remanufacturing decisions. We will explore profitable con-
ditions for the repurchase and remanufacture decision by taking the following factors
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into consideration: (1) The cost of remanufactured product is lower than the new
product. (2) Remanufactured product usually have lower valuation from the con-
sumers. (3) The repurchased price of the used product is a decision variable, which
will have an impact on the supply of the remanufactured product in the second period.

There have been extensive researches on the remanufactured product. One of the
most important direction is that the probability of the remanufacturing. Ayres and
Ferrer [1] evaluates the economics of remanufacturing and points out some prob-
lematic issues specific to remanufacturing that have a substantial impact on prof-
itability. Ferrer and Ayres [2] analyzes the macroeconomic impact of remanufacturing
and confirm the intuition that it promotes demand for labor and reduces the con-
sumption of raw materials. DeboL and Van Wassenhove [3] makes research on the
pricing strategy and combined technology choice of the remanufactured product and
new product. Ferguson and Toktay [4] analyzes the remanufacture decision of the
monopolist when there is a third party that is remanufacturing. Heese et al. [5] explores
the effect of the remanufacture decision on the revenue. Guide and Li [6] points out
that the heterogeneity of the consumers makes a great difference to the monopolist’s
remanufacture decision. Another important stream is about studies on the pricing
decisions of the monopolist. Ding et al. [7] studies the pricing decision of the
monopolist under different market share from the perspective of the consumer. Liu
and Tan [8] studies the remanufacturing strategy for monopolist based on the con-
sumers’ type. Other related paper includes [9-13].

However, by summarizing the papers mentioned, it can be concluded that the
buy-back cost of used product from the consumer is not taken into the model as a
decision variable. In their model, they regard the volume of returned product as a
given variable, which has nothing to do with the buy-back price. However, in reality,
the volume of the returned products is greatly impacted by the price of the monopolist
announced. So in this paper, the writer try to answer whether the remanufacture
decision is still profitable when the buy-back cost is regarded as a decision variable.
And how the best solution changes when the given variables changes.

2 Assumptions and Consumer Utility Analyse

2.1 Summary of Nominations

The nominations in the paper is summarized as Table 1.

2.2 Model Assumptions

Assuming that the monopolist manufactures a durable product, which can be used
for two periods. Consumers who purchases the product in the first period can
choose to sell the used product to the monopolist or remain it to the second period.
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Table 1 Nominations in model

Parameters Definition

Cn Manufacturing cost of new product

cr Manufacturing cost of remanufactured product

0 Consumer value discount of used product at the end of first period
B Consumer value discount of remanufactured product

D1 Sales price of the new product

Pr Sales price of the remanufactured product

s The monopolist’s repurchased price of the used product

The salvage of the product at the end of the first period is 60 and is O at the end of
the second period.

As for the monopolist, the whole process can be divided into three parts. In the
first period, the monopolist announces the price of the product. Before the second
period begins, the monopolist decides whether to repurchase the used products from
the consumer and remanufacture. If the monopolist does make the remanufacture
decision, he will announce the repurchase price s and the price of the remanufactured
product p,. If not, the monopolist announces the price for the new product. As for the
consumer, they are heterogeneous with respect to their willingness to pay for the new
product. For simplicity, we assume it is €, uniformly distributed between O and 1.
The consumers arrive at the markets in two periods, N; and N, respectively in the
first and second period. The consumers buy one product at most and they decide
whether to buy according to the utility model. In the first period, if the consumer’s
willingness to pay is larger than the price, the consumer will buy the product. At the
beginning of the second period, the consumer will sell their used products to the
monopolist on the condition that s is larger. As the second period begins, the con-
sumer will make a decision between the new and remanufactures products after
comparing the utility they can obtain. The timeline is as Fig. 1 represents.

1.The monopolist announce p, 1. The monopolist announce p,

2. Consumer decide whether to buy 2. Consumer decide to buy new or

remanufactured product according to his
utility.

or not

time before the

The first period second period The second period

\

1. The monopolist announce §
2. Consumers decide whether to
resell their used product

Fig. 1 Timeline of the model
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2.3 Consumer Utility Analysis

The utility of buying the product in the first period is U; = 6 — p;. When
Uy =0—p; >0, the consumer chooses to buy the product. Consequently the
demand in the first period is

di =(1-p)N, (1)

At the end of the first period, the monopolist announces the repurchase price
s. Consumers’ restrictive value to the product is 60. When 60 < s, the consumer
chooses to sell their used product to the monopolist. Therefore, the collecting
volume of the used products at the end of the first period is

als) =Ny [ 160) =M= 1), opi<s <o @)

P1

At the second period, if the consumer chooses to buy the new product, the utility
is Uy = 0 — p,. On the contrary, for the remanufactured product, the utility is
Usg = 0,0 — p,. When Uy > Usg and U,y > 0, the consumer choose to buy the
new product. Thatis to say 0 — p, > 6,0 — p,. Itis easily to say thatif p, > J,p,, the
utility of buying new product is always larger than buying remanufactured product,
which will be of no sense in this paper. Therefore, we constrict the discussion under
the situation when p, <J,p;. The demand of new product in the second period is

o _P2 — DPr
d2n - <1 1— 5r)N2 (3)

When U,g > Uy and Usg > 0, consumer choose the remanufactured product.
Then the demand of the remanufactured product in the second period is

_pz_pr_&_érIJZ_pr (4>

b= T (1- 5,)5,N2

For consumers whose restrictive value less than & will buy nothing.

3 Model and Analysis

3.1 The Benchmark Case When the Monopolist
of No Remanufacturing

If the monopolist decide to not remanufacture, the demand of the new products in
the first period is dY = (1 —p;)N;. Demand of the second period is
dév = (l —P1)N2.
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The profit formula of the monopolist is
max ITy(p1) = (p1 — ca)(d) +dY) (5)
0 NP1 1 — Cu)\dy 2

So the solution is:

N c,+1 N cp+1 " (1 —Cn)Nl " (1 —C,,)Nz
P = ) Py = B ydp = ) ,dy = 3

N 1—c¢, 2
HN :%(N1+N2)

Proposition 1 When the monopolist did not remanufacture, the best solution is

2
Pl =p;= % The revenue is Iy = @(Nl +N2).

3.2 When Monopolist Decide to Repurchase
and Remanufacture

According to the former demand analysis, it is easily to obtain that the demand of
the new and remanufactured products is as the formula (1)—(4) shows. Then the
revenue formula of the two period is

prfl?;( H;‘(plvsapr) = (pl - Cn)dl - (S+Cr) ’ Qr(s) =+ (pl - Cn)dZn +pr
- min(g,(s), d2,) (6)

According to the relationship of the demand and supply of the remanufactured
products, it could be divided into two situations, da, < g-(s) and dy, > g, (s). In the
following analysis, the condition of dp, <g¢,(s) is taken as an example. When
dr- < q,(s), that is to say p, > 8,p> — (5 — p1) X (1 — 5,)6,.

Under this condition, the revenue of the moﬁopolist is

Ifna;f 7 (p1,s,pr) = (p1 — cu)di — (s+¢) - q,(s) + (p1 — cu)don +pr - dar  (7)
18Pr

st p,<dpa
op1<s<9d
N Nl
r>5r -\ _1_5r5r
Pr=0mp2 = (3 pl)NZ( )

The first constraint p, <d,p, guarantees that the price of the remanufactured
product won’t be too high to have no market. The second one dp; <s < assures
that the repurchased price is set among the bound of the consumers’ restrictive
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value for the used products. The third one p, > 6,p2 — (5 — pl) (1 — 0,)0, make

sure that the demand of the remanufactures product is no large than the supply of
the used products at the beginning of the second period.

When the variables are substituted into the revenue formula (7), the Hessian
matrix is

2N -EE N
;
H= N — 0
2N, __2N
-0, 0 (1=5,)0,

It could be easily proved that the Hessen matrix is negative. So the revenue
formula is negative and there exists the best solution.

In the following solution, we focus on the Lagrange Multipliers and on the
orthogonality conditions of the Karush-Kuhn-Tucker theorem. Parameters in the
equation meet the following inequalities.

0<d,<1 0<dé<l 6,>0 c,>c

The Lagrange multipliers and the Karush-Kuhn-Tucker optimality conditions
are:

s r 0:D2 — Pr
L(pr,s,p1) = (p1 — ) (1 = p1)N1 = (s +¢;) 'M(;*Pl)*(ﬁz *%)(1 11 — 5 )Nz +pr- ((1!)_25 )[75 N,

N «
+ 21(6,p2 — pr) + Z2(s — Op1) + A3lpr 7(>rp2+(5 1) — (1= 8,)8,] + 24( — s)

N,

L(p,, s 14cp—2p1+2 Ni(1—36,)5,
OLPSP) (145, 40— 2p) 4Ny D25y, M0
op1 1-9, N,
OL(p;,8,p1)  Na(=ca+p1) Nopr No(=pr+p16;,)
= - —+i3=0
ap, =05, (=005, (1=0ys 1*t5
OL(pr,s,p1) Ni(s+c¢,) Ni(1=6,)6,25
= —N (- _ =0
% 5 1((3 p1)+ 2+ N, — 4
»]71 ):
Az(s—ol)l) 0
; Ny
Aslpr — ,p1+(——p1)N (1-46,)9,]=0

Ja(6—5)=0

A, A2, A3, A4 are either zero or positive, as one of the most important property of
Lagrange multipliers. If 1, > 0, then s — dp; = 0, which means no consumer will
sell their used products to the monopolist and there would no remanufactured
product in the second period. Similarly, if 4; > 0, then J,p, — p, = 0, which means
all the consumer choose to buy the new product in the second period. In this
condition, there will be no difference with the remanufacture decision. Therefore,
there must be 4; = A, = 0. And it could be divided into four scenarios to examine.
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By analyzing, the best solution exists under the condition 44 = 0, A3 > 0, which
is
(2(1+ €2) (=N2 +2(1 + ¢, )N} (=14 8,)3, + NiNa (=3¢, — 2(3 4 5, — 0%) 4 ca(—20 + (=2 + 8)d, +26%)))
3, {—20(1 4 ca)N3 + N} (—1+468,)(0+ dcy +2¢, +26,)
=
A
NiNa[=30 — ¢,(24 5 — 20,) — 2, + 03, + 207 + dca( =3 +20,)]}
pr=
A
 =3{2(1+ c)NH—1+68,)3, + B+ NNy [5+ (=2 + )¢, +20, — 257+ C]}
- A
A = (—4ON2 + 4N} (=14 6,)0, + NiNa((—4 + 0)0 — 49, +40%))
B= Nz2 [0 = 2¢, + (0 +26,)]
C=c,[0— (—4+8)d, — 287

Because A3 > 0, there must be p’ = 6,p2 — (5§ — p1) Z\NL; (1 —0,)d, = 0, which
means the supply and demand of the remanufactured products are the equal. Then

pr<0,p2, since (5 —pl)%—;(l — 9,)0, > 0. Therefore, the best solution should be

subjected to the constraints s > dp; and s <9.
So the best solution subject to

Cpn 2 Cny Cn < Cy

o 0+ 2c¢,

‘=TS 2s,

- _ —(3542¢,)N3 + 2N} (—1+6,)0, + Ni\Na((=3 +6)3 4 (=2 + )¢, — 20, +25%)
: (=N +Ni(=1+38,))(2N{ 5, + N2 (3 +23,))

The optimized demand is as follows:

NiN>{d¢, + ¢, [20 — (=24 6)8, — 287] +2(5+ 3, — 07) }}
l =
A
Ny(26(—14¢,)N3 + N5, [2 — 6 — (=2 +8)cy — 2¢, +26,] +

p NNy { =204 6% + ¢, (0 — 20,) — 20, — 80, + 282 +2¢,[0 — (=14 6)4,]})
2 =
A
d. — Gu = NlNz(Nl +N2)(5+26‘,—+Cn(5 — 25,)
r = u - A
A = (—40NZ + 4N (=14 6,), + NiNo((—4 + 8) — 46, +46%))

Proposition 2 Only under the condition when 6+ ¢, <9, and ¢, € [¢,,Cy), the

remanufacture decision makes sense.
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Proof If 6 +c, > J,, then the inequality — ‘ifzz(f >1land ¢, >¢, = — ‘Z)fzz(f > 1
will hold. Since the manufacturing cost of product is between (0, 1). So there will
be no solution. Therefore, the converse to be true.

At this time, the monopolist best solution is:

(2(1+ ) (N2 +2(1 + ¢,)N}(—1 + 8,)3, + N1Na (=3¢, — 2(5+ 8, — ) + a(—20 + (=2 + 0), +257)))

P = A
3, {201+ c,)NZ + N?(—1+3,) (3 + ey +2¢,4+20,) +
NiN3[=38 — ¢, (240 — 28,) — 25, + 00, +28% + dca (=3 4 20,)]}
pr=
A
(- —o=20 + )N (=140,)3, + B+ NN [0+ (=2 + 8)c, +20, — 282+ C]}

A
A = (—40N2 +4N? (=1 4 8,)8, + NiNo((—4 + 8)5 — 45, +462))
B= sz[(s —2¢, + ¢y (04 26,)]
C = cyld — (—4+0)0, — 26%]

The optimized revenue is

— (N +N2)(3(=14¢,)* N2 — (=1 +¢,)* N2 (=14 6,)0, + NiNo (6 + ¢, + ¢
+8, =+ 20— (=14+0)8,) +cu((=248)5+ ¢, (8 — 25,) — (2+ )3, +252))))
(—4ON2 +4N?(=1+0,)0, + NiNa((—4 4 0)5 — 49, +452))

Proposition 2.2 proves that remanufacturing is profitable only when the consumers
remain a high value to the remanufactured product, which is bigger than the total
value of the salvage of the used product and the remanufacture cost. It tells us the
management sight that when the monopolist is making the remanufacture decisions,
he should not only consider the remanufacture cost, but also the popularity of the
remanufactured product among the consumers. Therefore, the monopolist can
disseminate the remanufactured product among the consumers to implement
repurchase and remanufacture decisions.
Comparing the revenue of proposition 1 and 2, we could obtain:

Lemma 1 If 6+ ¢, <0, and ¢, € [¢,,C,), then remanufacturing is always more
profitable. And the revenue advantage is bigger as the manufacturing cost of new
product increases.

Proof
[-TI-- NNy (Ny + No) (8 + 2¢, 4 ¢ (8 — 25,))*
% wk A(—40N3 +ANH=1+5,)8, + NiN>((—4 +0)6 — 45, +457))

Let Ny =1,N, =1;6=04,5, =0.7;¢, =0.2,¢, € [0.8,0.91], we can also see
this property as Fig. 2 shows.
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Fig. 2 The revenue gap [Ty
property as ¢, changes
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Lemma 2 [f the monopolist chooses to remanufacture, it could enlarge the market
quota and the increase effect is becoming more obvious as the cost of new product
increases.

Proof Let

_ 7 ! ! — NiNa(Ny +N2) (0 +2¢, +¢a(6—26,)) (2 + 6-20,)
dg =d,+d,+d, — (di +d>) _785N2;+28Nll2(712+ 5,05, + NNy (-4 + 6)6—45, + 437 hen

Cn € [Cn, €y, it 18 easily to prove that d, > 0. So the total demand is always bigger
for the new and remanufactured product than new products only. And

od, _ NiNs (N +N2) (6-20,)(2 + 5-20,)
Ter — TRONETENE (140,00, + 2N Ma((—d 1 0)o—da, 7aan) ~ 0> S0 the lemma could be
proved.

Solving the condition under the condition of d>, > ¢,(s), the same solution could
be obtain.

4 Solution Analysis

Let Ny =1,N, =1;0=04,6, =0.7;¢, = 0.2,¢, € [0.8,0.91] we could get the
property of the best solution p},p;,s* and the revenue.

From Fig. 3 we can see that the revenue is decreasing as the manufacturing cost
of new product increase. It is easily understood that when all the other parameters
remain unchanged, as the cost becomes larger, the profit of each product is
decreasing. Since consumers’ valuation is the same as before, the sales price did not
change.

Furthermore, we try to understand the revenue from the perspective of new
product and remanufactured product prospectively just as Fig. 4 represents. From
the graph, we can see that. Their margin profit are both decreasing as the manu-
facturing cost of new product increases. However, the decreasing rate of remanu-
factured product is slower than the new product. It give us the management sight
that for products with large manufacturing cost, remanufacture decision is more
beneficial and profitable.
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Fig. 3 The revenue property Revenue
as ¢, changes 0.020
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0.016 |
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Cn

Proposition 3 Under the situation 6 + ¢, <d, and ¢, € [y, 4], the monopolist best
solution p7,p;,s* increase as the cost of new product increase.

Proof The first derivative of p},p;,s* to ¢, is as follows:

Op;  —26N2+2N}(—1+6,)0, + NiNo[28 + (—2 + )3, + 257
Ocn  —40N2 +4N?(—1+0,)0, + NiNy[(—4 4 8)0 — 40, + 457

A = —46NZ +4ANH(—146,)8, + NiNa[(—4 +8)6 — 45, +457]

It is easily to see that A <0, the third item in the numerator can be simplified to
NN [=28 + (=24 8)8, + 207 = NiN2[25,(—1+6,) + (5, —2)] <0, so the

. . ap’
numerator is negative. Therefore 21 > 0 holds.

Fig. 4 Margin profit property Margin profit
as ¢, changes 0.10

0.09

margin profit of new product

0.08 |

0.07

0.06 | margin profit of remanufactured product

0.05F

082 084 086 088 090

- Cp
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Fig. 5 Optimized solution price
property as ¢, changes ¥
0.9 ;////pla
0.8f
0.7}
[ Pr
0.6F
0.5F

0.4f

0.82 0.84 0.86 0.88 0.90

% O(Ny +2N2)[=N2 + Ny (=1 +0,)]0,

dc,, - A >0
95" _[=N2 4+ Ni(=1+4,)](2N16, + Na(6 +20,)) _
dc, A

Just like the number analysis shows in Fig. 5.

Proposition 4 Under the situation 6 + ¢, <6, and ¢, € [¢,, 4], the monopolist best
solution py,p;,s decrease as the cost of remanufactured product increase.

Proof

opi 3, NiN
- 5 <0

dcr —4ON3 +4ANF(—1+0,)0, + NiN2[(—4+9)0 — 49, +45;]

Op; _ Ni[=Na(2+0) — 25, +2Ni (=1 +5,)3,

<0
Jde, A
85'* o 5[(5 — 2)N1 — 2N2}N2
e, A <0

5 Conclusion

After taking the buy-back cost of the used product, the problem becomes more
difficult and interesting. We can see that the remanufacture decision is profitable
only when the production cost, consumers’ opinion on the remanufactured product
subject to some conditions. And the revenue under remanufacture decision is
increasing as the cost of new product increases. We also find that, there is market
volume increase effect instead of cannibalization, which make the remanufacture
behavior beneficial to the monopolist.
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However, our focus on the supply side of the remanufactured product inspires

many questions for further research. First, when the monopolist repurchases the
used product, the buy-back price could be different for products of diverse usage
condition. Second, consumers without buying the product in the first period can
remain in the market until the second period. Third, the capacity constraints on the
new product can also be an interesting issue. Future study on these problems may
provide interesting new insights for firms that consider remanufacturing.
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