"Natural Disasters, Technology Diversity, and Operating Performance™

Internet Appendix: A Simple Model

Consider a firm that produces two products, Product A and Product B. In this appendix,
we will examine how its ROA can be affected when it adopts a technology diversity strategy
or not with respect to natural disaster risks.

Production process. The firm has two production lines (Line A and Line B) dedicated
to producing Product A and Product B, respectively. We assume that to produce one unit
of output requires one unit of input (modelled by inventory in the firm) and one unit of
capacity.

When the firm does not adopt a technology diversity strategy, then the production line
of Product B can use neither the capacity nor the inventory of Line A. We therefore only
consider a symmetric case for production lines for the sake of simplicity. The capacity for
Line A and Line B are both K, and the firm holds I unit of inventory for Product A and
Product B, respectively. The production cost per unit (including the cost of inventory and
capacity) is c.

A technology diversity strategy, if adopted, is associated with the following costs and
benefits. First, we assume that the initial cost to adopt a technology diversity strategy is 7T'.
Second, technology diversity enables Line A to produce Product B at an additional cost
(and vice versa); we call switch of production ”cross-production.” Finally, when technology
is diversified, the products may pool raw materials or work-in-process together. For example,
firms can use the same raw materials or components to produce different products. In this
case, we consider all 21 units of inventory that can be used to produce either Product A or
Product B.

Product Demand. The demand for Product A (Product B) is modelled by a linear
demand function, p4 = aa—LB4q4 (pg = ap—LBpqs), in which p4 and pp represent the prices,
whereas g4 and ¢p represent the production quantities. For simplicity’s sake, we consider
as = ap = « (i.e., the total market size is the same for both products) but S5 > 4 to

capture that consumers are more price sensitive to Product B than Product A. The firm
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needs to decide the production quantities, g4 and ¢p.

Risk of Natural Disasters. Both production lines face the same risk of being hit by
natural disasters. Let x be zero or one: it is zero if the natural disaster does not hit the
firm, and is one otherwise. The extent that the production lines are damaged by a natural
disaster (assuming that the firm is struck by the disaster) is modelled by a random variable
7 € [0, 1]. The extent to which the inventory is affected (e.g., damaged by floods) is modelled
by 1 € [0, 1]. Therefore, the available capacity is represented by (1 —xz7) K, and the available
inventory is represented by (1 — xu)l.

Profit Maximization. Denote the profit for a firm that does not adopt a technology
diversity strategy as Ilp and the profit for a firm that does adopt a technology diversity
strategy as Il. We find the optimal production decision for both firms by maximizing the
respective profits.

Consider the firm that does not adopt a technology diversity strategy. The maximization

problem becomes,

maxIlo = (pa—c)aa+ (P — c)gs (1)
st. g4 < (1—2m)K, and gg < (1 —2an)K,

g2 < (I—ap)l, and gp < (1 —zp)l.

The four conditions show that the produced quantity cannot be higher than the available
capacity and inventory. As a side note, the optimal solution for an unconstrained problem
(without the conditions on g4 and gg) can be reduced to the solution of the traditional
problem, max(Py — ¢)g4 and max(Pg — ¢)qp, and they are ¢, = (o — ¢)/26, and ¢} =
(v — ¢) /20, respectively.

For the firm that does adopt a technology diversity strategy, the maximization problem
is more complicated. The total production quantity for Product A is ¢4, which includes the

quantity of Product A produced by Line A, ga4, and that produced by Line B, g4, at the



additional cost 0. Therefore, the maximization problem is,

maxIly = (pa—c¢)qa —dqap + (P — €)as — dqBa (2)

st. g4 < (1—2amK,qg < (1—2zm)K, and g4 + g < 2(1 —xp)I,

in which g4 = qaa + qap and g = qp + gpa. The optimal solution for the unconstrained
problem is the same as the one for (1): when the capacity and inventory are both sufficient,
the firm will not utilize the cross-production capacity as it involves an extra cost of §. In
this case, ¢ = (o — ¢)/26,4 and ¢ = (o — ¢)/2Bp, and qap = qga = 0. Note that we
exclude the cost of adopting the technology diversity strategy, T, in the maximization, as
this constant does not impact optimal quantity decisions, but rather only impacts overall
profits. Therefore, the final profit is Il — T

Next, we consider the ROA for both cases. ROA is calculated as the ratio of profits
to assets (including capacity and inventory) in the beginning of the period. Regardless of
whether a firm adopts a technology diversity strategy or not, the assets are the same for both
cases; hence, to investigate how technology diversity affects a firm’s operating performance
under natural disaster risks, we only need to study the order of the profit difference, II}, —1II7,,
and the adoption cost, T'

First, we show that II}. > IIf,. It is easy to see that the optimal solution to (1) is
a feasible solution to (2), as (2) is a relaxation of (1) by adding two degrees of freedom,
gap and gpa, and by relaxing the constraints g4 < (1 — zu)l and g < (1 — xu)! to only
ga+qgp < 2(1—xu)l. As aresult, the optimal profit for the firm with a technology diversity
strategy, II%., is always no lower than the one without such a strategy (i.e., II7)).

Second, as a technology diversified firm incurs a cost 7', we need to understand when a
technology diversified strategy can benefit a firm by exploring whether II% —1II7, is larger than
T or not. To understand the impact of various channels on the profit difference, we focus on
the following two scenarios: changing xzu under the condition that 7w < 1—(a—c¢)/(2K5,),

and changing x7 under the condition that xu < 1 — (a —¢)/(2184). The former scenario
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(xm <1— (o —¢)/(2KB4)) implies that the maximum capacity needed to produce optimal
quantities, which is (o — ¢) /234, does not exceed the remaining capacity, (1 — z7)K. Then,
depending on the impact on inventory (i.e., changing xu), we can see how the remaining
inventory affects the profit difference in Proposition 1. The latter scenario (zp < 1 — (a0 —
c)/(218,)) implies that the maximum inventory needed to produce optimal quantities, which
is (ae—c¢)/2p 4, does not exceed the remaining inventory, (1 —zu)l. Then, we can see how the
remaining capacity affects the profit difference by changing xu in Proposition 2. Although
the entire parameter spectrum includes more combinations than just these two, these other
combinations are simply more complicated versions of these two scenarios and does not

provide further insights. Thus, we only discuss these two scenarios for brevity’s sake.

Proposition 1 Consider xm < 1— (o —¢)/(2KS3,) and denote I = (1 —zp)I. The optimal

profit difference 11}, — 117, can be categorized into one of the four regions:

Region IT; — 115,
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Figure 1 illustrates Proposition 1 by showing that if the impact on inventory due to
natural disasters is low (i.e., in Region (I)), the benefit of inventory pooling will not be
realized, as there is still ample inventory available. However, when the risk of natural
disaster (zp) increases, the profit difference becomes an increasing convex function of zu in
Regions (II) and (IV), but becomes a concave function with the maximum occuring within
the range of Region (III). Finally, when xp = 1, as can be seen from the profit difference in
Region (IV), II}. — II7, becomes zero again.

Comparing the profit difference, I}, —1I7,, with the cost of adopting techonology diversity,

T (as shown in the dashed line), we can see that when II. — II¥ lays above the dashed line

11



)

am v

Figure 1: Change of IT}, — II7,

(i.e., I —IIf, > T'), then a firm with technology diversity performs better than one without
such diversity, and this can only happen when zpu is neither too small (when inventory
pooling has a small impact) nor too large (when there is no sufficient inventory to be pooled
in production). This proposition shows how the channel of inventory pooling can play a

role under the presence of natural disaster risks. Also, when T is lower, the likelihood of

I — T > IIf, is higher.

Proposition 2 Consider zju <1 — (o — ¢)/(218,). Denote K = (1 — 27)K and

. ) )
xw-mm(l—QKBA,l—QK(ﬁB_6A>>.

If 6 < (a—c¢)(Bg —Ba4) /By, the optimal profit difference 115, — II}, can be categorized into
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one of the five regions:

Region Il — IT¢
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Butif 6 > (o —¢) (Bg — Ba4) /Bp, then 1L, — 11, = 0, regardless of the range of xm.

Similar to Figure 1, Figure 2 shows the shape changes for Proposition 2. This scenario
represents the case when the additional cost for cross-production (i.e., §) is small.! This
proposition shows how the channel of cross-production can play a role under the presence of

natural disaster risks. Also, when 7" is lower, the likelihood of I, — 7" > II7, is higher.
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Figure 2: Change of IT} — II7,

"'When this additional cost is too high (6§ > (o —¢) (85 — B4) /Bg), then cross-production will be too

costly to be utilized by the firm (i.e. II} = IIY).
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Proof of Proposition 1. First, as the capacity is not constrained, the cross-production
quantities will always be zero (i.e., gap = gpa = 0). In the following, to separate the optimal
quantities, we denote (¢%, ¢50) as the production quantities for the firm without technology
diversity, whereas we denote (¢%, ¢5r) as the production quantities for a firm that does have
technology diversity.

In Region (I), it is easy to see that,

a—c a—c
* * * *
a0 = 28, = qar; and qpo = o5, ~ iBm
A Bp
as neither capacity nor inventory are constrained, and hence 115, — II7, = 0.

In Region (II), the previous quantities remain optimal for (2), but the dedicated inventory
for Product A is not sufficient for (1); hence, the firm can only process the inventory that it
has on hand,

. . a—c
da0 = (1 _$M>Ia and qpp = —25 ;
B

leading to the profit difference in the proposition.
In Region (III), (¢%0, ¢50) remains optimal for (1), but for (2), the quantity constraint

will be binding, and hence can be rewritten as,

maxIly = (pa—c)ga+ (pa —c)gs

st. ga+qp = 2(1 —zu)l.

By substituting the binding constraint, g4 + g = 2(1 — xu)I, into the profit function, we

obtain,

Iy =2(a—c) (1 —ap)l —285(1 —xp)l +4Bp(1 —xp)lqa — (B4 + Bp) (QA)2 .
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Using the first-order condition, we then have the following optimal solution,

28p(1 —ap)l 28,(1 —xp)l
PP | Sl VLN D C\ Sl
QAT BA +/BB an qBT ﬁA +/BB

At this point, we can see that the optimal price for the two products are the same, and the

optimal profit is

201 = 1 (- ) - Lol

Ba+Bp

thus leading to the profit difference in the proposition.
Finally, in Region (IV), (¢%r,¢5r) remains to be optimal, but because both inventory

piles are not sufficient to sustain the production for both A and B, we obtain
Cio =1 —2ap)I, and qpo = (1 —xp)l,
leading to a profit of
M =2(a—c) (L —ap)l — (Bs+ Bp) (1 —ap)’I,

and thus the profit difference in the proposition.

Proof of Proposition 2. First, we know that one of the cross-production quantities
will always be zero (i.e., if gap > 0 then gp4 = 0, and vice versa). Moreover, because the
price sensitivity of Product B is higher, we know that gg4 = 0.

Next, we analyze the firm with technology diversity. The optimization in this case can

be rewritten as

maxIly = (pa—c)ga — dqap + (P — €)qB

st. g4 < (1—2zm)K and ¢ < (1 —zam)K.

If cross-production is not optimal to use (i.e., gap = 0), then this optimization will be
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reduced to (1), and hence I} — II§, = 0. Therefore, we next find the range of parameters
that allows for cross-production.

When the capacity is not sufficient (i.e., zm > 1 — (o — ¢)/(2K3y)), then it is always
optimal to have g4 = (1 — 2m)K + gap. For Product B, we consider two cases: (a) (1 —
xm)K — qap > (a—¢)/(20g) and (b) (1 —am)K — qap < (a — ¢)/(28). For case (a), the

maximization problem becomes,

2

a—c

max Iy = (pa — ¢)ga — 0qap + u,
405

and ¢ = (o —¢)/(28p). By substituting g4 = (1 — 2m) K + qap, we obtain,

(a—c)

max Iy = ((a — ¢)— B (1—2m) K= 4qap)(1—2m) K+((0 — ¢ — 5)_6A(1_xW)K_ﬁAQAB)QAB+T
B

Taking the first derivative with respect to ¢45, we have the first-order condition as,

a—c—90
gap=—— — (1 — 21K,
leading to the optimal profit,
Ce— §)? Y
== (=0

A6 4 4P
For this cross-production quantity to be positive, we require

a—c—90

>1-—
T 2K 5,

By substituting g4p to the condition for case (a), we also require,

<1 a—c—0 a—c
z - — )
"= 4Kp 4K Pp
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Combining all conditions together, we know cross-production capacity is only effective when,

] a—c—5< <1 a—c—90 a—c
- < 7 — — .
2K0, - 4K 4 4Kfg

Therefore, only when the additional cost for cross-production is low,

HCCIUE)

will cross-production be effective.

In this case, because the parameters satisfy the following inequality,

a—c a—c—90 a—c—90 a—c a—c

1— <l——— - <l——nr—
2K 4 2K 4 - AK [ 4 4K By 2KBg5’

we have the optimal quantities and the optimal profit for the one without technology diversity

as,

* * a—==cC *
o = (1—2mK, qpo = —5— < ¢4, and

285

Iy = (O‘_C)(l—”)K—ﬁA(l—m)zK%ru

4P g

Combining these results, we then have the following partial table:

Region I}, — 115,

()i amr <1-— ’;;(cﬁ_j 0

a—_c— a—c— a—c a—c—4)?
(I): 1 — zKﬁj <zm<1-— 4KBA6 — ( 15 L (=) (1 —am)K + B,4(1 — zm)2K?

Next, for case (b), we obtain (1 — zm)K — gpa < (o — ¢)/(28p), which is equivalent to,

a—c—90 a—c

>1— _
o AKB,  4K@Bg

17



the remaining capacity of Line B is not sufficient to produce the optimal quantity for Product
B. Therefore, we can rewrite the optimization to gaa = (1 —am)K, ggp = (1 —am) K — qas,

and hence the optimization becomes,

maxlly = (a—c—G,4((1 —2m)K + qap))((1 —2m)K 4+ qap) — 0qap

== Bp((1 —a2m) K — qap)) (1 — 2m) K — qap).

Also, the first-order condition becomes,

Bs—Bar o
qAB_ﬂA‘i‘ﬂB(l o) K 2(Ba+Bp)

This cross-production quantity must be positive,

)
m<l— ———,
2K (Bp — Ba)
and also results in a positive ¢gp,
<1 0
xm — )
2KpB 4

In the feasible region, the optimal profit becomes:

Bp —Ba &

464Pp _
Bar ) LTI TG T A

I =
4 5,44'53

— AL (1 —2r)’K*+ |2(a—c) =6

Therefore, we can categorize the remaining regions as the second part of the table with
Regions (III) to (V).

Finally, if the extra cost of cross-production is too high,

(a—¢) By — B)
= A

then Region (II) will not adopt any cross-production, and hence IT}. — IIf, = 0. Moreover,
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the intersection of the condition for case (b) and the condition for cross-production,

a—c—90 a—c )

1— . <rr<l—
AKB, 4KBg - " 2K

(Bp = Ba)

is an empty set in this case, meaning that cross-production is not allowed and, hence, I}, —
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