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Abstract

An investment decision involves different dimensions like, e.g., timing, size, and technology. Concern-
ing the latter, this paper focuses on volume flexibility in the sense that the investing firm can choose
between a dedicated technology, where the firm always has to produce up to capacity, and a volume
flexible technology where the firm can also choose to produce below capacity. The present paper con-
siders such investment decisions in a duopoly framework with demand uncertainty. Clearly, choosing
for a flexible technology has the advantage that the firm can adjust its production amount to different
demand realizations. On the other hand, choosing a dedicated technology implies that the firm is com-
mitted to produce a certain amount, which is advantageous from a strategic point of view. Our main
results are threefold. First, the equilibrium is sequential where under limited demand uncertainty the
first investor chooses for a dedicated technology, and the second investor takes the flexible technology.
Second, if demand is more uncertain, the first investor goes for the flexible technology, where the second
investor reacts by choosing the dedicated one. Third, in case the first investor chooses for a dedicated
technology, we show that the optimal time and size of the investment is not influenced by the follower’s
choice regarding a dedicated or flexible technology.

Keywords: Investment under Uncertainty, Duopoly, Volume Flexibility, Preemption

1 Introduction

The advancement in production technology has made production firms more efficient in coping with market
demand uncertainty. A significant advancement is the volume flexibility, i.e., the ability to operate profitably
at different output levels (Sethi and Sethi,|1990). There are different concepts regarding the volume flexibility.
In static models, |Goyal and Netessine| (2011)) takes the volume flexibility as to increase or decrease production
above and below installed capacity at a cost;|Stigler| (1939)) considers from economics perspective that volume
flexibility depends on the divisibility of the production plant, and a firm is less flexible if the average cost curve

is steeper around the minimum because it is more costly to deviate from the corresponding output level. In a

*Xingang Wen gratefully acknowledges support from the German Research Foundation via SFB 1283.
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dynamic setting, the volume flexibility is more popular as the concept of adjusting output quantities within
the constraint of installed maximal production capacity (Dangl, [1999; Hagspiel et al 2016; [Wen et al. 2017}
. It has also been established in literature that the volume flexibility is important and improves
the firm’s performance (Beach et al., |2000). In a market with two products, |Goyal and Netessine| (2011)

show that the volume flexibility combats the aggregate demand uncertainty. Hagspiel et al.| (2016]) and [Wen|
(2017)) conclude that the volume flexibility increases the value of the investment.
So far the discussion about adopting volume flexibility to combat the demand uncertainty restrains mainly

to a monopoly firm. It makes sense that a monopoly firm chooses this production technology upon investment
because it yields larger value. However, the strategic effect of volume flexibility is not very clear.
tries to gain insight about the influence of volume flexibility in a duopoly setting. He concludes that volume
flexibility benefits not only the firm adopting it, but also the other firm without volume flexibility. The
intuition is that volume flexibility has a buffer effect on the stochastic prices in the sense that the output
is adjusted to a volatile market demand. So the the changes in the market price is less dramatic. Whereas
this is based on the assumption that volume flexibility is assigned to the follower, i.e., the second investor.
But it is not very clear whether the leader (first investor) being dedicated (without volume flexibility) and
the follower being flexible (with volume flexibility) is an equilibrium outcome, if they have the choice to be
volume flexible. A main reason the investigation is insufficient in the direction is stated by

“We impose that the firm always produces up to capacity. Relaxing this constraint is doable in a monopoly
framework , but complicates the analysis considerably in the model with two firms.”

Within this research work, we take on the challenge and answer the question that, if the volume flexibility
is an endogenous decision, i.e., firms can choose whether to be volume flexible or not upon their investments,
what is the equilibrium outcome under demand uncertainty in the dynamic setting. In particular, we consider
the firm having irreversible capital investment projects to obtain a production plant, and the market demand
for the potential product is stochastic. The firm has to decide when to invest, and in case it does invest,
whether to be volume flexible and its maximal production capacity. A larger capacity is associated with
larger sunk investment costs. This is a real option problem because the firm constantly forecasts the future
demand and compares the decisions of investing now and delaying investment. So this paper has connection
to the following streams of literature.

Dynamic investment under demand uncertainty. The traditional real option models considers investment

timing as in |Dixit and Pindyck| (1994). Later on the capacity choices are incorporated into firm’s investment
decisions, which can be found in the research by Dixit| (1993)), Bar-Ilan and Strange| (1999) and Décamps et al.|
(2006)). The general conclusion is that market uncertainty induces the firm to invest later and with a larger

investment capacity. [Huisman and Kort| (2015) extend the firm’s investment decision of timing and capacity

to a duopoly setting, which has motivated flourishing literature studying firm’s strategy interactions. These

interactions focus mainly on investment decisions to deter or accommodate the competitor’s market entry,

especially under some specific market conditions such as capacity expansion (Huberts et al., 2019)), and the

potential competition from a third firm (Lavrutich et al., 2016). An overview on this stream of literature
has been conducted by Huberts et al.| (2015), Trigeorgis et al. (1996) and [Trigeorgis and Tsekrekos (2018).

The underlying assumption of these literature is that the firm utilizes all the invested capacity during its

production, i.e., without volume flexibility. Whereas the main contribution of this paper is to consider also
the choice of volume flexibility apart from the investment timing and capacity. Besides, given the complexity
of the analysis, the interaction between the duopolistic firms focuses mainly on the preemption/deterrence
investment decisions.

The value of commitment in competition. Commitment has been considered valuable because the inability
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to back down poses a credible threat during competition and confrontation (Cong and Zhou, 2019; |Schelling),
1980; [Fudenberg and Tirole) 1991). For instance, the incumbent with excessive capacity can commit to
an expanded output so as to deter the entry of its competitor (Spence, 1977). So far the literature about
commitment finds itself mainly in the setting without uncertainty. When there is market uncertainty, the
investigation about commitment have been conducted by (Anand and Girotraj, 2007) and (Anupindi and
Jiang, 2008]), and they support that as long as there is competition the commitment is valuable. Their
analysis bases mainly on a static setting. A common approach is to carry out analysis for the stages both
before and after the uncertainty is resolved. |[Cong and Zhoul (2019)) consider duopoly competition on a
Hotelling line with uncertainty about the customer distribution. Before the uncertainty realization, both
firms decide on their rigidity or flexibility, simultaneously or sequentially. After the uncertainty about
customer distribution is realized, the flexible firm can reposition itself on the Hotelling line and the rigid
firm cannot, and the two firms compete on prices. In their model, both firms choosing flexibility can arise in
the equilibrium if it yields larger payoff than rigidity for both firms. They find that under larger uncertainty,
rigidity softens competition and generates commitment value, and flexibility generates option value. Both
values can spill over to competitors. There are several differences between the present paper and (Cong
and Zhou, |2019). The present paper studies a dynamic and continuous time model, which allows richer
observations about the interactions between two firms, i.e., the timing decisions and preemption analysis.

We show that both firms choosing flexibility is not an equilibrium in dynamic setting.

Follower

Dedicated Flexible

S

5 Dedicated | Huisman and Kort| (2015) | Wen, (2017)

m - - - — - —
o

Flexible This paper This paper

Table 1: Extension to previous research work.

The main contribution for this paper is to analyze duopoly firms’ volume flexibility decision in dynamic
investment under uncertainty. So it naturally extends the research work featuring dynamic investment
without volume flexibility by |[Huisman and Kort| (2015). Specifically, in addition to their model where both
the leader and the follower are dedicated (symmetric firm rols), we conduct analysis for other different firm
role combinations, see Table E| Another difference is that to answer our research question it is sufficient to
anlyze only the non-simultaneous investment, i.e., the deterrence strategy as in [Huisman and Kort| (2015).
In particular, we derive the investment decisions of both the leader and the follower for the corresponding
exogenous firm roles. The dedicated and flexible firms’s value are then compared between different settings.
This allows us to rule out both firms choosing volume flexibility as an equilibrium output. The preemption
analysis is conducted for different demand uncertainty levels between a flexible and a dedicated firm. Our
result shows that when the demand uncertainty is low, the firm choosing dedicated production invests first
and the second investor chooses volume flexibility. When the demand uncertainty is high, it is the other
way around. Both the dedicated and the flexible firms need balance the effects of investing earlier or later
than its rival. Investing earlier brings monopoly profits, which is good. On the other hand, when investing
earlier than the flexible rival the dedicated firm has to invest a relatively small capacity, which constrains

its market share and benefits its rival. When investing later than its flexible rival the dedicated firm can

1 Part of the analysis for dedicated leader and flexible follower can also be found in |Wen| (2017).
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benefit from the buffer effect of its rival’s volume flexibility.

The structure of the paper is as follows: Section [2]introduces the model. Section [3]derived the investment
decisions under three different exogenous firm roles. Section [4] applies numerical examples and shows that
when uncertainty is low the equilibrium outcome is dedicated leader and flexible follower, and vice versa

when uncertainty is large. Section [5| concludes.

2 Model Setup

Two firms need to make investment decisions to enter a market with volatile market demand. The investment
decisions not only include the timing and the size of the investment, but also the volume flexibility, i.e., the
capability to produce below its investment capacity after investment in case the realized market demand is
low. The volume flexibility decision at the moment of investment is irreversible, and once the firm chooses
to be non-flexible (dedicated), the firm utilizes all its production capacity and produces always a constant
output. Denote by Ky > 0 and Kr > 0 the capacity of the first investor (leader) and the second investor
(follower) respectively. For both firms, the unit cost for capacity investment is § > 0 and the unit cost for
production is ¢ > 0. The price at time ¢ > 0 is p (¢), and in an inverse demand structure when both firms
are active the price equals to
p(t) = X(O) (1= 1(Qu(t) + Qr(1) ),
where 77 > 0 is a constant, Q, (t) < K, denotes the production output for firm s € {L, F'} at time ¢ if firm
s is flexible, Qs (t) = K, if firm s is dedicated. The stochastic process {X (¢)|t > 0} follows a geometric
Brownian Motion (GBM), i.e.,
dX(t) = uX(t)dt + o X (t)dWy,

in which X (0) > 0, pu is the trend parameter, o > 0 is the volatility parameter, and dWW; is the increment of
a Wiener process. This inverse linear demand function has among others been adopted by [Pindyck| (1988)
and [Huisman and Kort| (2015). Both firms are risk neutral and discount against rate r that is assumed to be
larger than . This is to prevent that it is optimal for the firms to always delay the investment (see|Dixit and

Pindyck} [1994). From now on the argument of time is dropped whenever there can be no misunderstanding.

3 Investment Decisions under Exogenous Firm Roles

This section analyzes three models where the volume flexibility is designated exogenously to the leader or the
follower or both. In particular, they are an extension to the model proposed in [Huisman and Kort| (2015)),
where both firms are dedicated. In the following analysis, we use superscript “fd” to denote the model of a
flexible leader and a dedicated follower, and “df” the other way around. The subscript of “f” and “d” then
represent the flexible and the dedicated firm in these two models. Furthermore, we use superscript “ff” to
denote the model of a flexible leader and a flexible follower, and subscript “L” and “F” to represent the
corresponding leader and the follower. For each model, we analyze the firms’ optimal investment decisions,
i.e., the investment capacity K% and the investment threshold X% with 4, € {d, f} and s € {d, f, L, F}.
Note that the investment happens when X (t) reaches X/ for the first time from below, and we assume
X (t=0) < X9 holds, i.e., neither firm invests at time ¢ = 0.

3.1 Dedicated Leader and Flexible Follower

In this model, the leader always produces up to capacity after investment, i.e., ng = Kjf , and the follower

can produce below capacity, i.e., Q?f < K}lf .
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3.1.1 Flexible Follower’s Investment Decision

Given that X (¢) = X and the leader has installed a capacity size Kjf , denote W?f (K jf XK ;lf ) as the profit
for the flexible follower after investing a capacity K}if . The follower’s output maximizes its profit flow that

is equal to

df ( g-df dfy _ df df df
Ty (Kg, X, K} )—0<5?fa§K?f<X(1—n<Kd —|—Qf))—c)Qf.

Because 0 < Kjf < 1/n, the optimal output level for the follower is

0 0<X <X{,
df* ( p-df afy _ — KY d d
QF (KG X, Kj) =55 -~ Xj<X<Xp (1)
df daf
K¢ x> x4,
where the two boundaries are [
x#— —° — and X% - c .
AN nKjf 2y nKjf — 277K;lf
The follower’s corresponding profit flow is given by
0 0<X <X¥,
df* ;74 d X—c—nXK¥)?
(X ) = § B K) x4 < x < x4, (@)

X (1 — K — i ) KY — k¥ X > x4,

The flexible follower’s investment decision is solved as an optimal stopping problem and can be formalized
as

oo
sup E [ / mr(KY, X (1), KY) exp(—rt)dt — 6K eXp(—rT)‘ X(O)} , (3)
T>0,K¥ >0 T

conditional on the available information at time 0, and T is the time of the investment, i.e, the first time that
x(t) reaches its investment threshold, and K ;lf is the acquired capacity at time 7. Denote by V; (X, Kjf , K?f )
the value of the flexible follower, and it satisfies the Bellman equation
1
V¥ — ¥+ —E[dv{). 4
TV T+ dr [ f ] (4)
Applying Ito’s Lemma, substituting and rewriting lead to the following differential equation (see also, e.g.,
Dixit and Pindyck| (1994))
2v/df ( p-df df df ; 7-df df
102X28 V(K X, KY) +pX8Vf (Ki, X, KY)
2 0X? 0X
Substituting into and employing the value matching and smooth pasting conditions at X?{ and X?];

d, dj dj d, d, dj
— VKT X K + 7P (K X, K{) =0, (5)

yield the follower’s value after investment as given by

d, d, d
ViKY, X, KY)

LI(KY, K{)XP 0<X <X,
I df [ qedf (1-n{)x  c(1-nkf) e af a
M (K7 K )X+ My (K XP + S nt s — =™+ mxoaneny X < X < X5,
cK¥  XK¥(1-nK¥ _nr¥
Ndf(Kjf’K}if)Xﬂz _ Tf + f ( ;77: Ay ) X > X?é;

2 X?fl
can be no mistandanding.

is a function of K:iif and Xj,l]; is a function of Kjf and K?f. We drop the arguments for the boundaries when there
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in which 3; and f3; are the positive and negative root for the quadratic equation 8(3 —1)0?/2+ uB —r =0,
and the expressions of L(Kjf, K;ff)7 M, (Kfilf, K]‘ff), Mg(Kjf), N(Kjf,K?f) can be found in the Appendix
If K4 =0, then the model reduces to a monopolist with volume flexibility as in [Wen et al.| (2017)) .

The follower does not produce right after the investment if X < X%. Thus, L(Kgf , K}if )X A1 is positive
and represents the option value to start producing in the future as soon as X (t) reaches X}l{. M, (Kjf, K?f)Xf81
is negative and corrects for the fact that if X (¢) reaches X?J;, the follower’s output will be constrained by
the installed capacity level. Mg(Kjf )X ?2 has both a negative and a positive effect. The negative effect
corrects for the positive quadratic form of cash flows even when X (¢) drops below X}i{ in . The positive
effect comes from the option that the follower would temporarily suspend production for a too small market
demand. When o2 < r + u, the negative effect dominates the positive effect, and if 02 > r + u the positive
effect dominate N (Kjf , K}lf )X P2 is positive and describes the option value that if the demand decreases,
i.e., X(t) drops below X?’;, the flexible follower produces below full capacity. The optimal investment de-
cision is found in two steps. First, given Kjf and the level of X (t) = X, the optimal value of K is found
by maximizing VJﬁif(X7 Kjf,K?f) — 0K, which yields K?f (Kjf,X). Second, for a given capacity size K,
the optimal investment threshold X }if (Kjf , K) for the follower can be derived. Combining K?f (K 3f ,X) and

X }if (Kjf , K) yields the optimal investment decision that is summarized in the following proposition.

Proposition 1 Let

o 2(A-p?)@rop) —AVIAA ) ) A_(Qér(r—u)—uc)Q
A—(2r—p)? c ’

(7)

and given that the dedicated firm has already invested capacity Kq € [0,1/n), there are two possibilities for

the follower’s investment decisions:

i. Suppose p > dr%/(c+6r), or both r — ¢/§ < p < 6r%/(c+dr) and o > &, then the follower produces
below capacity right after investment. For any X > X}i{, the optimal capacity K}i-f(X, Kjf) that
mazrimizes Vfdf (X, K:iif, K}if) - 6K?f is given by

1
1 c 26 (B —B2) |Pr
KN KY x)= 0,— [1—npr¥ - = | 2L 72 8
f( d > ) max 7277 nngy X C(1+,31)F(62) ’ ()
and the optimal investment threshold X}if*(Kgf) satisfies
B2

c(1=nkd) P(ar) (X (1-nK])
4nps c
2

+— - + =0,
dn | B r—p r B X(r+p—o?)

— KK, X)

where

28 p-1 B+1
FB) = T or—p r+p—o? (10)

Compared to |[Hagspiel et al.| (2016), the dominance of positive and negative effect can be determined in this paper. This

is probably due to the fact that I adopt a multiplicative inverse demand structure, and they study an additive inverse
demand function.
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ii. Suppose p < r —c/d, or bothr —c/§ < u < 6r?/(c+ dr) and o < &, then the follower produces up to
capacity right after investment. For any X > X?{, the optimal capacity K?f(Kjf,X) = max {0, kr}
with ky satisfies

B2

g (o) (X (L2 —nl)\ T X (o k)

2(B1 — f2) ¢ T p r

and the optimal investment threshold X;lf*(K;lf) satisfies

B2
F /3 X 1+ 148
0477(511) (c) <<1 K ‘Cilf) 2 (1 21 }lf( jf’ )= 3f) 2)

(12)
d d d d d,
(ﬂl — 1)X y Kff(devX) (1 - 77de - UKff(deaX)>

+

c df ¢ gdf _
5 e~y - (S+0) kP (K x) =0

3.1.2 Dedicated Leader’s Investment Decision

The leader takes the follower’s decisions into consideration when deciding on the market entry, and the

leader’s maximization problem is given by

sup F

T
/ (Kfilf (1 - anf) X(t) — chf) exp (—rt)dt — 5K§f exp (—r7)
>0,K¥ >0

o0
n / (Kjf (1 Ky Q¥ (kY x¥ KV )) X(t) - cK¥ ) exp (—rt)dt| X (0) = X |,
T

where T is the leader’s investment timing, and T is the moment that the flexible follower invests. Note that
T > 7 for the non-simultaneous investment between the leader and the follower.

The leader’s investment value is generated by the leader’s profit flow. Before the follower’s entry, the
leader is a monopolist in the market. After the follower’s entry, both firms are active in the market, putting
an end to the leader’s monopoly privilege. The follower might not produce, produce below, and produces up
to capacity after its investment. Thus there are three cases for the leader’s profit flow. For the given GBM
level X and the leader’s capacity size K;lf , the leader’s profit flow W;if (X, Kgf ) is given by

K (1-nK{) X - ok 0<x<x¥
d d K% d d d
(X K]) = B (X —nxKY ¢ X <x <Xy,

XK§ (1-n (K + K7 (5))) —exd X = X

Then the value function of the leader after the follower’s investment can be derived as being equal to

df (1 _ df df
(K x4 KLU ok 0<X <X,
XK¥ (1-nK¥ cKY
VIx, KTy = { MIT (KT X+ MT (KT xP2 4 g((H:’) 7) S XP <X <X, (13)
af (4 _ daf _ df * df L podf
N’df(K;lf)Xﬂz + XK (1 nKj,Han (&3h) _ (’Iid X > X}i];

The expressions of LY (Kfilf), M(ff(Kjf), MY (Kjf), N (Kjf), and their signs can be found in Appendix
For X < X %, the demand is so low that the follower’s production is temporarily suspended. However,
the dedicated leader still produces at full capacity. In the leader’s value function, £% (Kgf )X 5B corrects
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for the decrease in the leader’s value when the follower resumes production in the future. This happens as
soon as X (t) becomes larger than X%. For X{?{ <X < X?);, the follower produces below capacity right
after investment. Mff(K;lf)XfBl corrects for the fact that if X (¢) reaches X%(Kjf,K?f*(Kjf)), then the
production of the follower is constrained by its installed capacity, hence the value of the leader increases.
The term /\/lgf(Kjf)Xﬁ2 corrects for fact that when X (t) falls below X%7 a negative Q?f* enlarges the
leader’s profit. Whereas this cannot happen in reality, which requires a negative Mgf (Kgf ) to correct this.
For X > X?;, the follower produces up to capacity right after investment. The term N'¥ (K jf )X B2 corrects
for the fact that when X (¢) drops below X;l];, the follower produces below capacity, and the value of the
leader would increase.

Before the follower invests, the leader’s value function consists of two parts: One part represents the net
present value of the monopolistic profit flow, and the other part corrects for the decrease in leader’s value
when the follower invests and ends its monopoly privilege. Assume the leader invests at X, let the leader’s

value before the follower’s entry be

df df
Ky <1_77Kd )X cKjf

d, d, f d,
Vdf(X,de):Bdf(de)Xﬁl-i- p— .

3

where BY (Kgf ) has different expressions for the two cases, i.e., the follower produces below and up to ca-

pacity right after investment. E|

In case that u > dr%/(c + 67), or both r—¢/§ < u < 672 /(c + r) and o > &, the flexible follower produces
below capacity right after investment. The value function of the leader before and after the follower’s entry

equals to

f 1_77Kgf)

d, *
BY (kY)x6 4 Kil X - <Ky X < x{ (K],

Vdf(Xa de) = H ar af * (14)
T M o (e x4 B x - SR x> X)),
with
daf ( pedf a afy (xdr* BB B gt )P
B () = MK + Mok ) (XF(R0) T+ S (xPTRD))
(15)
K§ (1-nKg)

1-p1
XU (KU ) ,
sy (7D
according to value matching condition at X}if *(Kjf ) that satisfies (9)).

In case that pu <7 —c¢/§, or both r —¢/§ < u < §r?/(c + dr) and o < &, the flexible follower produces up
to capacity right after the investment. Given that the leader invests at X, the leader’s value function before
and after the follower’s entry can be written as

K (1—nK¥ *
BY (k) x6 4 Ka (r,n i)y gV X < X4 (KY),

df (4 _ af _ daf * ¢ prdf *
Ndf(Kjf)Xﬁz + Ky (1 anT,ZKf (Kg ))X _ ngf X > X}if (Kfilf),

vIX, K] = (16)

4 B(K;if) and E(Kjf) are different. According to Dixit and Pindyck (1994), the fundamental component in the leader’s
value function, i.e., (Kjf (1 - anf> X - Kgf) /r, is generated by the profit flows. L(Kgf)Xﬁl describes the deviation
of Vddf (X, K jf ) from the fundamental component due to the possibility that X will move across the boundary X%(K jf ).
B(Kfllf)XB1 describes the deviation of Vddf (X, st) from the fundamental component due to the possibility that X will

move across the follower’s optimal investment threshold X;lf "
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with
d; d, d,
nK{ KY (K f)de*l 5

BY (i) = N X ) -

(K), (17)

according to the value matching condition at the flexible follower’s investment threshold X?f *(Kjf ) that
satisfies equation . The leader’s investment decisions are described in the following proposition (see
Appendix |Al for the proof).

Proposition 2 The dedicated leader’s optimal investment threshold Xf;f* and investment capacity Kjf* are

a*  (B+D(r—p) rc

Xo = B —1 (7 + 5) ’
a* 1

Kio = (B +1)n

When compared to the leader’s entry deterrence strategy by Huisman and Kort| (2015), Proposition
suggests that the follower’s volume flexibility does not influence the leader’s investment decisions. The
intuition is as follows. The capacity decision is from a long-run perspective. Because the leader commits
to a certain output, the flexible follower has to adapt to this fixed output level. In this sense, the long-run
perspective is the same for the dedicated leader regardless of the follower’s flexibility. The timing decision is
from a short-run perspective, i.e., to find a sufficiently large enough market demand for a given investment
size. In the non-simultaneous investment, the dedicated leader finds the same demand level for the same

size of investment regardless of the follower’s volume flexibility.

3.2 Flexible Leader and Dedicated Follower

This section analyzes the model where the leader can produce below capacity right after investment, Q}cd <
K }cd and the follower produces up to capacity after investment, di =K 5 d

3.2.1 Dedicated Follower’s Investment Decision

Given that the leader is already in the market and producing Q;d when the follower enters the market at

X, the follower’s instantaneous profit equals to
d d d d d d d
QYL Kl X) = (X (1-n@)' + Kf) —¢) K[, 0@ < K]

In fact, the leader adjusts its output immediately from the moment of the follower’s investment on to

maximize its instantaneous profit such that
X (1-nif?) -
2nX

QMK X) =

There are three cases/regions for the leader’s output: no production (Q;d = 0), producing below capacity
(0< Q}td <K J’:d), and producing up to capacity (Q?d =K }cd) These three regions are characterized by the

GBM level X, and the follower’s instantaneous profit in each region is given by

K] (x (1-nkf") - ¢) X < xle
fd
xR = L (x (1K) o) Xft<x <X

0O 1o)X
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where
fd _ ¢ fd _ c

=——F and X, =
a = _and a2 = _nK(Jifd —QUK,{d

are the boundaries for the three regionsﬂ By comparing the dedicated follower in this model with the
dedicated leader in subsection the instantaneous profit functions are the same. This is because once
both firms are active the market, the economic condition becomes similar for both models in the sense that,
the dedicated firm produces a constant output and the flexible firm adjusts its output according to the
demand fluctuations. As shown in the follower’s profit function, the dedicated follower could influence the
boundaries of regions, but not in a direct way as the dedicated leader influencing the boundaries of the
flexible follower in subsection [3:1] When the flexible leader makes investment decisions, the leader knows
that the dedicated firm will enter the market later. The more the follower invests, the more installed capacity
of the leader would remain idle once the realized market demand is small. So the follower can influence the
leader’s capacity choice and thus the boundaries of the regions, implying the follower’s value function is
differentiable at X L’;ld and X 52(1 , and takes the form as

_nKfd
LKL KX+ K] (X(l L

30

T—p

) X <X}
2(r—p) 2r

d d d _pKfd
VIMET X K] = § A KD X0+ ] x4 ] (XD ) X< x < x14,

d d d
K{—nK]") XK}
T—p

1— :
NIUKT KD XP 4 (1= — <K} X > X},
where £F4() = LF (), MIY() = MY (), MUY = MP () and NT9() = N¥(.). This is because these
coeflicients correct for the changes in the dedicated firm’s value function that are caused by the flexible firm
adjusting its output. They are identical regardless of whether the dedicated firm is the leader or the follower.

The dedicated follower’s investment decisions are presented in the following proposition.

Proposition 3 Given that the flexible firm has already invested with a capacity size de, there are two

possibilities for the dedicated follower’s investment decisions:

1. The flexible leader produces below capacity Tight after the follower’s investment, i.e., Xﬁ(Kﬁd(K;d, X))

X < Xg;(K;d,Kgd(K}cd,X)), where Kf;d(Kj:d,X) is the follower’s investment capacity for a given
X, and equals to

—c o fdgofd —c
2 if kd( (K} }5)() > 5
d/-fd L, X(1-2nKi?)—c e
KK X) = R X) i SR < R X < e (18)
XKy otherwise
nX ’
and kgd(K}cd,X) satisfies the implicit equation that
1—2nK1% — (81 + )nk 1- 1)k X (1 2nk
nky = Bt D MI I pyxon g L P2 Dk o g XU Z20k) e 5
k (1 _ 277[(}‘(1 _ Uk) k(1 —nk) 2(r — ) 2r
For a given K, the investment threshold ng(K]’:d, K) makes it hold that
XK —1)(1—-nK K
2(6 — o) M (R % T DB SR g 0. 19)

5 The boundary Xgld is a function of K(J;d, and Xj; is a function of Kjfd and Kr{d. We drop the argument for the boundaries

when there can be no misunderstanding.
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262 1. The flexible leader produces up to capacity right after the follower’s investment, i.e., X > XC{;(KJ’:d, K(];d(K}Cd, X)),
263 where Kgd(K]{d,X) 1s the follower’s investment capacity for a given X, and equals to

X(I—QnK;d)—c
nX

X(l—QnK}vd)—c

if KJYKTX) > e :

d d - fdy_
KUK X) = QAR X) i 0< kYK X) < % , (20)
0 otherwise ,
fd/p-fd . o .
and k) (Kf , X) satisfies the implicit equation that
d d

ONTUK]" k), X(1 =K} - 2nk) e

—_— X" 4 0=0.
ok r— U T

264 For a given K, the dedicated follower invests at a threshold level X({d(K]{d,K) that satisfies

(5~ OXK (1=nK{" ~0K) 5 k(e 1 o)

T—Hu r

(B — Ba) N )X P2 + —0. (21

x5 Combining Kgd(K}cd, X) and ng(K}cd, K) yields the optimal investment decision K({d* (Kj:d) and ng* (K}cd)
%s  for the dedicated follower.

267 Note that even though the dedicated follower’s value function takes similar expressions as the dedicated
%8 leader’s value function in subsection it generates different investment decisions for the dedicated
20 follower. This is because in subsection the dedicated leader’s investment capacity Kjf influences the
a0 flexible follower’s decision K}lf and X;lf , which has to be taken into account by the leader. However, the

on  analysis of the dedicated follower here takes the flexible leader’s capacity K }cd as given.

a2 3.2.2 Flexible Leader’s Investment Decision

oz As a designated leader, the flexible firm invests before the dedicated firm. After its investment, the flexible
o leader becomes a monopolist. This monopoly period ends at the dedicated follower’s time of investment,
as assumed to be 74. The follower’s investment naturally decreases the leader’s profit flow. If the leader were
o dedicated, the decrease would be due to the shrink of market share. However, for a flexible leader, the
an - decrease could also be because of its output adjustment.

278 There are in total three possibilities for the leader’s instant profit change at time 745. Denote by 7, the
a0 moment right before the follower invests and 7';_ right after the follower invests. Then the possibilities are
20 demonstrated in Figure|l| For the flexible leader, given that it produces below capacity (“LB”) at Tj , the
21 leader might have been producing below (“LB”) or up to capacity (“LU”) at 7, . Given that the leader
2% produces up to capacity (“LU”) at time 7, the leader must also be producing up to capacity (“LU”) at 7 .
23 This is because X (7, ) = X(7) = X(74), if the leader produces up to capacity right after the follower’s
2 investment, the market demand must be sufficiently high such that it also produces up to capacity before

25 the follower’s investment.

11
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Figure 1: Possibilities for the leader’s instant profit changes at the follower’s investment timing 7.

So we can derived the leader’s output Q;d as given by

(1—nKj*"(KIN) X (r])—c X(r7)—c
LB, ——= LB,
7_; : Q}Cd _ X (1)) and 7 : Q}‘d — ) mX(7) (22)
Kl LU, K1 LU.
The corresponding leader’s profits after and before the follower’s investment are equal to
((nr? (G ") X (r) =) LB
d;nFd a* d - ’
T QP XD KTy =4 e (23)
K/ ((1 — K1 - K] (K] )) X(rf) - c) LU,
and ( e
X (14 )—c
, Aol LB
— d d — T )
Tyt TI'fc (Q; 7X(7'd ) = Xy ) (24)

K1 ((1 - nK;fd) - c) LU.
To derive the flexible leader’s value function, we first need to calculate the Expected Change in the leader’s
Profit flow (ECP) caused by the follower’s market entry. For a given GBM level X, ECP is denoted by

B -
ECPfd(X,Kjfd)=< X )) E-, UO (w}fcd(Qfd,X(t))—w]fd(Qfd,X(t),KC{d*(K]fd)))exp(—rt)dt],

(25)
where E., calculates the expected changes in the flexible leader’s profit flow from time 74 onﬁ In particular,
74 is the dedicated follower’s investment moment, i.e., the first time that X (¢) reaches de*(K}cd). The
stochastic discount factor (X /X (K ]’:dl))ﬁ1 discounts this expected change back to a point in time after
the flexible leader’s investment and is characterized by X|’| In ECP/ d(X , K }cd), it holds that

o [ (@1 X0 - (@I X0 [ ) ) exp rte]

fd* fd fd* fd %
R (RS (2 - i (kS ) - 2) if 7, LB; 7} : LB,
K14 1—17de d* d cKk1?
3 %,L”Xg (Kj) — = L N
o 1 (1—nK ¥ (K1) X7 (k1Y) 2 2e(1-nKSt (i) ifr; : LU; 7] : LB,
o rn (rtu—o®) XJT(K]T) r
nX3 (KLY pd o pd* o fd o
dr—u ! K)J: Kg (K]{ ) if 7, : LU; T;_: LU.

We use the following lemma to summarize how the expected profit changes depend on the flexible leader’s
investment size K }[d.

The calculator E¢ denotes the expectation operator conditional on the available information at time ¢.
7 Please find detailed explanation by [Huisman and Kort| (2015)).

12



23 Lemma 1 At the dedicated follower’s investment threshold ng*(KJde), it holds that for the leader’s expected
24 change of profits, i.e., ECPfd(X, K]{d), such that

205 o If the leader produces below capacity both at T; and at T;_, then

dECP/*(X, K{%|r; : LB;7/ : LB)

dK{?
(ox Y\ (2 —mrd ™ ) X[k ALY
XJT (K 2(r — ) 2r dK T
PO (G- ) (2 nk T EE) XITEE g\ axg” g
XJT(KLY A(r — p) 2r dK T
206 o If the leader produces below capacity at T, and up to capacity at 7'2', then
dECP/(X, K]|7; : LU;7{ : LB) X o ¢ dE]? (K1)
FTRL ~\ X (k) o X\t g
¥ d ¥ ¥
X" (K[ s ra o rayy YA (K7
T CRE ! +(1—an (K] )) e
axfU KD g : : :
1—2nKi%) —p(2—nKJ¥ (K1) K17 (K1?
T s (1= 2a ™) o (2= i ) K

dxJ"(K{Y) 1 (B +1 2 )
) X (B fd12 - T (1—2nKJ{d—nK£d (K;’d)) .
dK] U (r4+p—o?)XJ" (KM rXg" (K9

207 o If the leader produces up to capacity both at 7; and at Tj, then

dECP/4(X, K{%|r; : LU;7; : LU) < X & y nKI X (K1) y ARV (K]
d
)

fd = Fa* o f _ 7d
dK7 x50 (K7 r—p dK]

KJ (K14 K7 (K1Y ax i (ki
L Ba (fdf)_(ﬂl_l)>< (;d*( J;d)x 4 (fdf)
K} X7 (K1) K]
208 Right after investment, the leader adjusts the output according to the market demand. There are three

200 regions characterizing the leader’s output levels, i.e., no production, producing below, and up to capacity.
s We denote the boundaries for the these three regions as X = ¢ and XP = c/ (1 — 277K]{d). For the non-
sn  simultaneous investment, the boundaries are the same as that of a monopolistic flexible firm in [Wen et al.
s (2017). This is because the flexible leader remains a monopolist until the follower’s entry. In this sense, the
w03 flexible leader’s value function is to some extent also similar to that in |Wen et al| (2017). The difference
ss is due to the entry of a dedicated follower that decreases the leader’s value at the moment of the follower’s
35 investment.

306 If the leader invests at a GBM level X and X < X, the leader does not produce right after investment.
sr In the monopoly model by [Wen et al.| (2017)), the flexible firm’s value function at the moment of investment
s consist of two terms: a positive option value correting for that the flexible firm resumes production once
w0 X(t) reaches XP from below, and a negative term that represents the investment cost. According to Wen
a0 |et al| (2017), the flexible firm already does not invest in this region. In our model, there is an additional
sn negative third term that corrects for the decrease in the flexible leader’s value due to the follower’s entry.

sz So the flexible firm does not invest in this region in our model either.
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If the flexible leader invests at a GBM level X and XP < X < XP| the leader produces below capacity
right after its own investment. Then there are two possibilities for the leader’s output at the follower’s
investment threshold de, i.e., at time T;_S if Xgld < X({d < Xgi;d, then the leader produces below capacity
at Tj pif X gd > X gg , then the leader produces up to capacity at Tj . Note that the dedicated follower does
not invest when the leader suspends production, i.e., X < X 5 d <X gld , as shown in the proof of Proposition
[l In the following analysis we leave out this possibility.

If the flexible leader invests at a GBM level X and X > X2, the leader produces up to capacity right
after its own investment. Then the two possibilities for the leader’s output at time 74 are the same as above.

We analyze the leader’s investment decisions based on cases of whether the leader produces below or up
to capacity right after its investment. Within each case, we distinguish right after the follower enters the
market, whether the leader produces below or up to capacity.

Case 1: flexible leader produces below capacity right after investment, i.e., X < X < X0

The flexible leader’s value right after its own investment is
1 X 2¢ c?
VIYxX, K1Y = M{Y(KIY X5+ M{ixP ¢ — -t
7 7o) i (K3 + My +477 — 7“+X(r—|—u—02)

> — BCP/Y(X, K17), (26)

where the first three terms represent the value for the flexible firm producing below capacity right after
investment according toWen et al.| (2017)), and led(KJ{d) and MQfd have the expressions as M{if and Mzdf in
the analysis of the dedicated follower in Appendix |A| with X¥ and X2 substituting X% and X % The last
term in the value function denotes the decrease in the leader’s value function due to the follower investment
a* d
at X0 (K1%).
*

Given the flexible leader’s profit change at X, (J; d (K J{d), we can derive the leader’s investment decisions as

in Proposition[d] The expression of the flexible leader’s value functions and the proof of the proposition can

be found in the appendix.

Proposition 4 When the flexible leader produces below capacity right after investment, there are two pos-
sibilities depending on whether the leader will be producing below or up to capacity right after the follower

invests.

i. The leader will be producing below capacity right after the follower invests. For a given X > ¢, the flex-

ible leader’s corresponding investment capacity K}cd(X) is such that K]{d(X) = max {k}cd (X), g(;XC ,
where k‘;d(X) is such that:
o If the leader produces below capacity right before the follower invests, k]{d(X) satisfies
(B + 1) F(Bs) <X(1 - 2nk)>5l 5 dECP/Y(X k|r; :LB;7] :LB) . @)
2(81 — B2) c dk ’
o If the leader produces up to capacity right before the follower invests, k}cd(X) satisfies
c(B1 + 1)F(B2) (X(l - 2nk))51 5 dECP/Y(X k|ry :LU;7f :LB) 0 (28)
2(P1 = Ba) c dk '

For a given capacity size K, the corresponding investment threshold X}cd(K) satisfies the equation of

X\ X(B—1) 26 A(Bi+1) 3
<c) cF(p1) + r—p r +X(r+u—02)_46ﬁmK_0' (29)
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s 1. The leader will be producing up to capacity right after the follower invests. For a given X > ¢, the

346 flezible leader’s corresponding investment capacity KJ):d(X) eugals to KJ{L{(X) = max {k}cd(X)a g({Xc }’
7 where k:]]:d(X) satisfies the implicit equation as
(1 + B1)F(B2) (X(l _ 277]41))’61 sl _dECPfd(X7k|T; : LU;Td+ : LU) —0 (30)
2(B1 — B2) c dk '
38 For a given K, the flexible leader’s corresponding investment threshold Xjfd(K) also satisfies equation

29).

w0 Combining K}Cd(X) and Xde(K) yields the flexible leader’s optimal investment decision de* and X}cd*.

3.

r
©°

1 In Proposition 4] the flexible firm’s investment threshold X;d(K) for a given K, i.e., equation , is the
2 same as that in the monopolistic model with volume flexibility in Wen et al.| (2017). This implies that if
13 the flexible leader invests with the same capacity, i.e., dECP/ d(o) /dk = 0, then the investment timing is the
s same regardless of a follower or not. The intuition is that for the given capacity size, the leader’s investment
35 timing has no effect on the optimal reaction by the dedicated follower (see Huisman and Kort| (2015)), and
6 it depends only on the leader’s investment capacity. In other words, timing decision is from the short-run
7 perspective, and the negative correction in the leader’s value due to the follower’s entry does not influence the
s flexible leader’s timing decision.However, because the follower’s market entry decreases the flexible leader’s
s expected profit flow, i.e., ECP/? > 0, the duopoly flexible leader invests with a capacity that is smaller than
0 the monopolist.

361

s» Case 2: flexible leader produces up to capacity right after investment, i.e., X > X%

363

s The value of the flexible firm right after investment equals to

X(lan}cd)Kjfd K1
r—p o T

VI ) =N X

s where the expression for N/4(K ]]: d) is similar to N% as in the analysis for the flexible follower in Appendix
366 with XP and XZP substituting X}l{ and X;IJ;. Similar as in Case 1, the first three terms represent the
7 leader’s value if there would be no potential follower, and the last term corrects for the fact that, the flexible
s leader’s value decreases when the follower invests at threshold X gd*(K }cd). The flexible leader’s optimal

0 investment decision can be found in the following proposition.

s Proposition 5 When the flexible leader produces up to capacity right after investment, there are two pos-
s sibilities depending on whether the leader will be producing below or up to capacity right after the follower

32 tnvests.

373 1. The leader will be producing below capacity right after the dedicated follower invests. For a given
37 X > ¢, the flexible leader’s corresponding investment capacity KJ’fd(X) equals to min {k;d(X), )2(77}6}
375 where k;:d(X) is such that

376 o [f the leader produces below capacity right before the follower invests, k}cd(X) satisfies that

=0.(31)

(1 + Ba) F(B1) (X (1— an)>"2 X(1—-20k) ¢ dECP/*(X,k|r; : LB; 7/ : LB)
- - -5
2(61 — fB2)

c r—p r dk
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o [f the leader produces up to capacity right before the follower invests, k:]fd(X) satisfies that

c(1+ B2)F'(B1) (X (1-— 27’]]6))'62 n X(1-2nk) ¢ 5 dECPfd(X,k|Td_ : LU; 7/ : LB)
2(81 — B2) c r— [ T dk
For a given K, the corresponding investment threshold X}cd(K) makes it hold that
SFB) ((X\PT (x0T (B - 1)1 - nK)XK  Bi(c+ro)K
okl S el Sl s + - =0. (33)
anX c c r— U T

1. The leader will be producing up to capacity right after the dedicated follower invests. For a given X,

the flexible leader’s corresponding investment capacity K]{d(X) equals to min{k}cd(X), g{n—xc} where
k}cd(X) makes it hold that

(B2 + 1)F(Br) (X(l - 2%))52 N X(L—2mk) ¢ o dECP/(X, k|r; :LU;7) : LU)
C

2 = o) =0 (34

For a given K, the flexible leader’s corresponding investment threshold X}cd(K) also makes equation
hold.

Combining K]{d(X) and X]J:d(K) yields the flexible leader’s optimal investment decision K){d* and X]Jctd*.

r—p r dk

Similar as in Proposition [4] for a given capacity size K, the flexible firm’s investment threshold is the

same as that of a flexible monopolist.

3.3 Flexible Leader and Flexible follower

In this subsection we consider both the follower and the leader can adjust their output according to the
market demand. Then there are three regions for each firm concerning their output right after investment,
i.e., production suspension, below-capacity production, and up-to-capacity production. These three regions
are characterized by two boundaries for each firm given the current market demand. Because of the symmetric
unit production cost, these four boundaries are reduced to three. In the following analysis we first analyze
the flexible follower and then the flexible leader. Because there are multiple combination possibilities for the
two firms’ output, especially the leader’s output right before and after the follower invests, we would like to
only specify firms’ value functions. Interested readers can refer to the Appendix [C| for the derivation of the

firms’ optimal investment decisions.

3.3.1 Flexible follower

Suppose the flexible follower invests at time 7. From time 77 on, both firms are active in the market
and can adjust their output within the constraint of installed capacity sizes. A smaller capacity implies it
is relatively easy to reach the constraint, and vice versa. There are in total two cases depending on the

comparison between the leader and the follower’s investment sizes.
Case 1: K{,f > K{f

This case is when the follower’s invests a capacity that is no smaller than the leader’s capacity. Denote
the three boundaries in this case as

c

Xl =¢ Xxl= and X} =

1—3nK]!" 1— K/ — oKl
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It holds that when X < X 1{:{ , both firms suspend their production. When X € [X l’;{ , X l{:é), both firms
produce below capacity. When X € [X {,’;,X {,’g), the leader produces up to capacity but the follower
produces below capacity. When X > X I{:g, both firms produce at full capacity. According to the analysis
in the Appendix [C] the flexible follower’s value function after investment for a given GBM level X and the
leader’s capacity size K zf is equal to

VA Y X K

Lip(KI K1) X6 X < Xx{i,

Mgy (K KJDXP 4 M1psXP 4 L (% + X — 1) X < x < x{f,
T M (KL KX 4 M1 X 4 L X(ljifif)2 + X — 26(1‘ZK£f)) X < x < x¥f,

N1p(Kf? KfF)x0 4 XU onls]) | erc! X > xf,

The expressions of the coefficients LlF(K}jf, Kl{if), Mlpl(Kzf, Kl’;f)7 M1ps, and NlF(KJJ;f, Kj;f) can also
be found in Appendix |C| The option values in each region corrects for changes in the value, i.e., when X (¢)
hits the boundaries the follower’s production suspends or becomes constrained by capacity. Note that at the
boundary of X I{:’;, the leader produces at full capacity, which does not generate extra option value for the

follower, and the follower’s value function is continuous at the boundary but not differentiable.

Case 2: Kif > KI{:f
In this case the leader installs a larger capacity than the follower. The corresponding three boundaries

characterizing the follower’s producing below or up to capacity after its investment time 7z are

_c
1-3pK i’

c

ff_ ff_
Xip1=¢, Xjip= 1—77K};f—277K{f.

and Xﬁ =

If X < XH, both firms suspend their production. If X € [XH, X%), both produce below capacity. For
X e [X g , X }jg ), the follower produces up to capacity while the leader produces below capacity. If X > X g ,
both produce up to capacity. The follower’s instantaneous profit lead to the follower’s value function in the

stopping region as given by

L2p (KL X X < Xx{1,

M2y (KE)XP 4 M2ppX P 4 L (X - 22 e ) X < x < xf,
N2p(K{)XP Xip <X < X[,

ffoprff ffy
VF (KL 7X7KF )_ K};f X(lanIf,f) c

2 r— o
XKL (1=nk ]! —nk[)  cxlf

N2p (KL )xP 4 228 X > x17.

The expressions for coefficients Ly (K};f), M2F1(K£f), M2py and N2F(K£f) are given in the Appendix
[C] Different from Case 1, the coefficients for the option values here are independent of the leader’s capacity
size K {f . This is due to the fact that the leader has a larger capacity than the follower and thus requires a
larger market demand to produce at full capacity, i.e., the follower will be already producing at full capacity
then. From the follower’s value function, we could derive the follower’s investment decisions, which are

summarized in the corresponding proposition in Appendix [C}

3.3.2 Flexible Leader

The flexible leader has monopoly profits before the follower enters the market. Its instantaneous profits

right after investment are not affected by the potential market entry of the follower. Same as in subsection

17



Figure 2: Possibilities for the leader’s instant profit changes at the flexible follower’s investment timing 7p.

a3 the flexible leader’s value takes a similar functional expression as that of a monopolistic flexible firm
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in [Wen et al|(2017). The follower’s entry only generates a negative correction term in the flexible leader’s
value function. In particular, there are in total 9 possibilities for the leader’s expected change of profit flows
(ECP) at the flexible follower’s time of investment, denoted by 7. These possibilities are illustrated in
Figure[2, where 7;" with i € {L, F'} denotes the point in time right after the leader’s (L) or the follower’s (F)
investment, and 7, denotes the point in time right before the follower’s investment. “LB” and “LU” imply
the flexible leader produces below capacity and up to capacity. “FB” and “FU” denote that the flexible
follower produces below and up to capacity. The possibilities of the value functions are indicated by three
time points 7,7 — 7, — 7/. The blue (red) lines connect the combination that the leader produces below
(up to) capacity right after its own investment at time TZF. For instance, “TZF :LB;7p - LU,T; : LB, FB”
is a possibility that, the leader produces below capacity right after its own investment, and produces up to
capacity right before the follower’s investment. Right after the follower’s investment both the leader and the
follower produce below capacity.

To derive the leader’s value function, we first need to calculate the Expected Change in the flexible leader’s

Profit flow (ECP) due to the follower’s market entry after the leader’s investment. Similar as in subsection

uo [3.2] denote this ECP for a given X as

450

451

452

453

454

455

B1
X o0 *
) B [ (e X @ xo i ) exp<_:;$t] ,

where 7r£f (Qéf, X (t)) represents the instant profit at time 77, and 7r£f (Q{f, X(t), Kf;f*(Kg)) represents
the instant profit at time 73 . The calculated expression for the expected term in can be found in

ECPH (X, K{7) = (

Appendix [C] In order to navigate these 9 value functions for the flexible leader, we group them based on
whether the leader produces below or up to capacity right after its own investment. So we distinguish the

following two groups.

e The leader produces below capacity right after its own investment, i.e., TEL : LB, then the leader’s value

18



456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

is given by

1 X 2c c?
VI Ry = M () x4 X% = <T_M RS g,

7 ) — oK —BCPH (X, K{T).
U

In the value function, M/ (K{%) and MJ/ have similar expressions as M{¥ and M in Appendix
with X and X2 replacing X% and X;l];. The expression of ECP/f (X, K {f ) is conditional upon the
leader and the follower’s output at time 7, and T;. The conditions are listed in the following Table

Table 2: Output possibilities for the leader and follower at time 7, and T;,f

+
T LB
77 :LB;7f :LB,FB | 77 : LU; : LB,FB | 75 : LU;7/ : LU, FB

According to Proposition |§| in Appendix T;';_ :LB,FU and T}r : LU, FU are not possible.

e The leader produces up to capacity right after its own investment, i.e., TZ_ : LU, then the leader’s value

function equals to

X (V=i )KL et

VI KT = N X% + p— ,

— 0K}, —ECP (X, K]7),

where N (K £f ) has the similar expression as N in Appendix With XP and XP substituting X%
(X, K £f ), conditional on the leader

and the follower’s output at time 7, and T;. These conditions are summarized in Table

and X%. There are six possibilities for the expression of ECP

Table 3: Output possibilities for the leader and follower at time 7, and T;

TZ_ : LU
Tp : LB;TF :LB,FB | 75 : LU;T; :LB,FB | 75 : LU;T; :LU,FB
7 :LB;74 : LB,FU | 7 : LU;7/ : LB,FU | 7 : LU; 7/ : LU,FU

4 Equilibria under Endogenous Firm Roles

In this section, we analyze the equilibrium outcome when two firms in the duopoly setting can choose their
volume flexibility at the moment of investment. Given the complexity of the analysis, we have to resort to

numerical examples.

4.1 Asymmetric production technologies

We explore for a given exogenous leader, either flexible or dedicated, which production technology the
corresponding follower chooses, i.e., which technology yields a larger value for the follower. Because our
ultimate purpose is to analyze the preemption game in the duopoly setting, we consider only the non-
simultaneous investment between a leader and a follower in this subsection. For a given leader’s production

technology, we observe the following figure.
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(c) Dedicated follower dominates
flexible follower when the leader

is flexible and K{,ﬂf < Kif.

Figure 3: Parameter values are r = 0.1, u = 0.03, n = 0.05, ¢ = 2, § = 10 and X, = 3.

The analysis of a dedicated leader and a dedicated follower is carried out by [Huisman and Kort| (2015]),
and (Wen| (2017). The investment decisions for the dedicated leader and the flexible follower can be found
in subsection [3.1] We compare the two different followers’ values in the Figure which shows that given
a dedicated leader, the flexible follower’s value is larger than the dedicated follower’s value, i.e., it is better
for the follower to choose the volume flexibility if the leader chooses to be dedicated.

In order to conduct the analysis of a dedicated follower dominating a flexible follower, we can compare
the value of a dedicated and a flexible follower at the moment of their corresponding investment for a given
K, i.e., assume the same size of investment by the leader regardless of whether the follower is flexible.
However, the follower’s production technology inevitably affects the leader’s capacity choice. So it is difficult
to assume a representative size of capacity for the leader in both models. In our analysis we compute also
the flexible leader’s investment decision. In particular, we consider that the leader’s optimal investment
should be such that the corresponding output generates the largest net present value. Then we compare
the dedicated and flexible follower’s investment value under their corresponding leaders’ optimal investment
decisions. If the follower’s value in model “flexible leader and dedicated follower” (FD) is larger than that in
the model “flexible leader and flexible follower” (FF), then we can conclude that for a given flexible leader,
For the FD model, both the leader and the follower
investment decisions can be found in Appendix [B] For the FF model, the firms’ investment decision can be
found in Appendix [C}

We distinguish two cases in FF model, based on the difference between K l{f and K £f . Figure [3b| depicts
for the case of K {?f >K }jf , and shows the dominance of a dedicated follower for a given exogenous flexible

a dedicated follower dominates a flexible follower.

leader ﬂ The dedicated follower corresponds to the flexible leader in FD model and the leader produces up
to capacity right after its own investment. The flexible follower corresponds to the flexible leader in the FF
model and the leader produces up to capacity before the follower’s investment.

Subfigure [3c¢| compares for the case of K };f < K ff in FF model. It is shown that the dedicated follower
dominates the flexible follower when the leader is flexible. Note that there are jumps in the follower’s values.
This is because for each o, the leader compares which scenario (up-to or below-capacity productions at 7';'_,
7, and 7;, see the appendix generates the largest value. When the flexible leader’s production changes
at 0 = 0.049 from Tj : LB to Td+ : LU, the dedicated follower’s value jumps upwards, which seems counter-

intuitive. Apparently, the flexible leader has different investment capacities between these two scenarios.

8 Note that is under the condition that the flexible follower produces below capacity right after investment in FF model,

ie., T}' : FB, because the flexible follower does not produce up to capacity right after investment, as proved in Appendix

&
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Between these two scenarios, the flexible leader invests less when it produces up to capacity both before and
after the follower’s investment. From the dedicated follower’s perspective, this is better because the follower
only needs the leader to provide the buffer effect.

4.2 Preemption analysis between a dedicated and a flexible firm

In this subsection, we analyze the preemption game between a flexible and a dedicated firm. For the flexible
firm, the calculation of the preemption point is where the firm is indifferent from being a leader and being a
follower. When the flexible firm is the follower, the parameter values define whether it produces below or up
to capacity right after its investment. However, when the flexible firm is the leader, we have no knowledge
if the parameter values still define its output quantity right after investment, and the leader’s investment
depends on which case yields larger value. So we first conduct the preemption analysis for the scenario of a
consistent flexible firm, that is if the flexible firm as a follower produces below capacity right after investment,
as a leader it also produces below capacity right after investment. Then we analyze for the scenario where
the flexible firm is inconsistent, i.e., as a follower it produces below capacity right after investment, but as
a leader it produces up to capacity right after investment.

According to the analysis in subsection[3.2] there are three cases for the flexible leader’s output right before
and after the follower’s investment, i.e. at time 7, and T; . “LB” indicates the flexible leader produces below

capacity and “LU” indicates up to capacity. These three cases are listed in the following Table

Table 4: Flexible leader’s output possibilities at the dedicated follower’s investment time 74

TJ:LB;T;ZLB T;ZLU;T;:LB TJ:LU;T;:LU

When we take into account the flexible leader can produce below and up to capacity right after its own
investment, we have to distinguish 6 cases in order to calculate the consistent flexible firm’s preemption
points, and 6 cases to calculate the inconsistent flexible firm’s preemption points. In all the cases, the
flexible firm’s preemption point X }D makes it hold that

B1
d d df ¢ -4 df ¢ - df ¢ -4 df ( -d
VI R = (XF X)) v () X RE (), kP (X))
and the dedicated firm’s preemption point X f satisfies the equation that
B1
VI K () = (X8 xqta]oa)) v e o), X ), < ).
. fd 1 df 1 df fd . .
The value functions Vel Ve, Vs and V;" can be found in the subsections and

4.2.1 Consistent Flexible Firm

The consistent flexible firm produces below capacity right after its own investment.

The firms’ preemption points are illustrated in Figure [d] The three subfigures correspond to the three
cases in Table[dl As shown in the subfigures, the dedicated firm has smaller preemption points when the
market uncertainty is relatively low, i.e., 0 < 0je(1,23}. For relatively larger o, i.e., 0 > 0jc(123), the
flexible firm has smaller preemption points. The jump in the flexible firm’s preemption points at oy in
Subfigure [Ab] is due to that the boundary solutions are encountered for the dedicated follower’s investment.
Given that the firms are asymmetric in our model, the preemption, especially by the dedicated firm is more

about the strategic interaction and taking advantage of the other firm’s volume flexibility. Our intuition is

21



537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

that the dedicated firm has to balance two effects: If it invests earlier than the flexible firm, it can benefit
from a monopoly profit until the flexible firm invests, but it has to invest a smaller size that limits its market
share in the future; If it invests later than the flexible firm, it can invest with a larger capacity and the
flexible firm’s volume flexibility provides a “buffer effect” against the demand fluctuations. The flexible firm
also needs to balance the trade-off effects between investing earlier and later than the dedicated firm. If it
invests earlier, the flexible firm can have some monopoly profits. If the firm invests later than the dedicated
firm, then it can invest a larger size, which is good for the flexible firm given that the dedicated firm has to

invest earlier and less to become a leader.

R S.t——\ .
-- Flexible -- Flexibe |  __o-=="77 / Flexible
5.1 "
— Dedicated — Dedicated | el Dedicated
e \ - 4.6\ T
46
4.6
4.2 4.2t
4.2
3.8t 38 3.8F
015 018 021 024 027 gy 032 0.15 0.18 0.21 0.24 027 g, 0.31 015 018 021 024 0.28 0.31
a a a

(a) 7; :LB;7, : LB (b) 7, : LU;7f LB (¢) 7y : LU;7) : LU

Figure 4: The preemption points for the flexible and the dedicated firms when the flexible firm produces
below capacity right after its own investment. Parameter values are r = 0.1, u = 0.03, 0 = 0.1, n = 0.05,
c¢=2,and ¢ = 10.

With Figure |5l we show the dedicated and flexible firms’ value as functions of ¢ in the preemption games
for the three cases described in Tabl where the leader invests at the follower’s preemption points. H
Subfigure [5al shows that the dedicated firm prefers to be a leader if o < 07. However, by comparing o1, o2
and o3, it is obvious that when o > o3, it is possible for the flexible firm to preempt the dedicated firm. For
flexible firm depicted in subfigure being in the case of 7, : LU; 7'01+ : LU always generates larger values,
and it prefers to be a follower when o < o3, and to be a leader when o > o3. Subfigure [bc] compares the
preemption points for both firms given that o > o3. It shows that the flexible firm has smaller preemption
points. Overall, if the consistent flexible firm produces below capacity right after investment, an equilibrium
outcome where firms choose their production technology upon investment is: When 0.147 < ¢ < o3, the firm
choosing dedicated production becomes the leaderm When ¢ > o3, the firm choosing flexible production
becomes the leader, and the flexible leader produces up to capacity both before and after the dedicated
follower’s entry.

9 Note the jumps in the flexible firm’s value functions at o1 and og are because of the boundary solutions when calculating

the optimal investment decisions. Especially when the boundary solutions are encountered in the calculation of one firm’s
preemption, but not in that of its opponent’s preemption, then the equations in the analysis of the firm being the leader
and being the followers are different.

10 Please check the appendix for the analysis of how the dedicated leader switches among different preemption points in the

three cases.
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Figure 5: The dedicated and flexible firm’s values in the preemption games for cases in Table El Parameter
values are r = 0.1, p = 0.03, 0 = 0.1, n = 0.05, c =2, § = 10 and X, = 3.

The consistent flexible firm produces up to capacity right after its own investment.

The flexible firm producing up to capacity right after investment implies that, the market uncertainty is
small such that the firm can utilize all its production capacity then. Recall from the previous case, i.e., the
flexible firm produces below capacity right after investment, that the dedicated firm preempts the flexible
firm if the market uncertainty is small. This holds for all the three cases listed in Table[d] as shown in Figure
[(l So when the firms choose the production technology upon investment for o < 0.147, we conclude that the
firm choosing dedicated production becomes the leader, and the other firm chooses volume flexibility and

becomes the follower.

0.04 0.06 0.08 0.10 0.12 0.14
a

Figure 6: Preemption points comparison for cases in Table@ flexible firm (dashed line), dedicated firm (real

line). Parameter values are r = 0.1, p = 0.03, 0 = 0.1, n = 0.05, ¢ = 2, and § = 10.

4.2.2 Inconsistent Flexible Firm

In this subsection we consider that the flexible firm is not consistent with its production right after investment,
i.e., if as a follower it produces below capacity right after investment, then as a leader it produces up to
capacity right after investment, and vice versa. With Figure [7] we show that the the dedicated firm always
preempts the inconsistent flexible firm in the equilibrium, i.e., it has a smaller preemption points for a given
o. This is different than that for a consistent flexible firm, where the flexible firm preempts the dedicated
firm under larger market uncertainty. The reason is that the inconsistent flexible firm has larger preemption
points than a consistent flexible firm, especially when there is more volatility in the market. Note that when

X is below the preemption point, firms prefer to be the follower. Otherwise, they prefer to be leader. When
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the flexible firm is inconsistent, i.e., as follower it produces below capacity right after investment, but as
leader it produces up to capacity right after investment, the inconsistent flexible firm needs a larger market
demand to become the leader because it produces up to capacity right after investment in a more volatile

market.

7.0
6.5H
6.01
55
5.0
45
4.0f=
35

0.16 0.18 020 0.22 024 026 0.28 0.04 0.06 0.08 0.10 0.12 0.14
ag ag

(a) Flexible follower below capacity right after in- (b) Flexible follower up to capacity right after in-

vestment vestment

Figure 7: Comparison of the flexible and dedicated firm’s preemption points for an inconsistent flexible firm:
flexible firm (dashed line), dedicated firm (real line). Parameter values are r = 0.1, 4 = 0.03, o = 0.1,
n =0.05, c=2, and § = 10.

In Figure[§|the value of the flexible firm is compared for being consistent and inconsistent. The jumps in the
flexible firm’s value functions are due to the dedicated firm’s investment as a leader switches among different
preemption points. This switch is further explained in the appendix. For a given o, if being consistent
generates a larger value for the flexible firm, then the flexible firm chooses to be consistent. Otherwise, the
flexible firm chooses to be inconsistent. When the flexible firm as a follower produces below capacity, as
depicted in subfigure the flexible firm switches between consistent and inconsistent for different os, but
the dedicated firm always preempts the flexible firm. When the flexible firm as a follower produces up to
capacity, as displayed in subfigure [8a] the flexible firm chooses to be consistent when o > 0.207. Note that
the consistent flexible firm preempts the dedicated firm when o > 0.2556. So the choice for the flexible firm
to be consistent does not influence our preemption conclusion, i.e., when the market uncertainty is small,
a dedicated firm preempts a flexible firm; when the market uncertainty is large, a flexible firm preempts a
dedicated firm.
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Figure 8: Value comparison between an inconsistent flexible firm and a consistent flexible firm. Parameter
values are r = 0.1, 4 = 0.03, 0 = 0.1, n = 0.05, ¢ = 2, § = 10 and X (0) = 3.

5 Conclusion

Volume flexibility is a technological advancement that allows firms to adjust output levels optimally according

to the market demand change. This research considers firms’ investment decisions under demand uncertainty

consist not only the timing and capacity, as suggested by (Huisman and Kort| 2015)), but also whether to be

a flexible firm with volume flexibility, or a dedicated firm without volume flexibility.

This paper analyzes investment decisions for duopoly firms in exogenous firm roles where the volume
flexibility is assigned upon investment, i.e., dedicated leader and flexible follower, flexible leader and dedicated
follower, and flexible leader and flexible follower. For a flexible firm, the analysis distinguishes whether the
firm produces below or up to capacity right after its own investment. In particular, if the flexible firm is the
first investor in the market, the analysis takes into account different situations of the leader’s output based
on whether it produces below or up to capacity right before and after the corresponding follower’s market
entry.

The result of the analysis supports that both firms being flexible is not an equilibrium outcome. This is
because given that the leader is flexible, a dedicated follower dominates a flexible follower. The intuition is
that one firm being flexible is enough in generating the buffer effect for the firms in the market. Given a
flexible firm and a dedicated firm, preemption analysis is carried out and this research concludes that when
the market uncertainty is low, in the market equilibrium the leader is dedicated and the follower is flexible,
and vice versa when the market uncertainty is large. This outcome is due to the buffer effect generated by
the flexible firm. When uncertainty is low, the value of the commitment by the dedicated firm outweighs the
buffer effect on market price under uncertainty. When uncertainty is large, the buffer effect become more
attractive for the dedicated firm.

One limitation of this work is the assumption of the symmetric unit cost for investment. One would
expect volume flexibility is more expensive to adopt. However, by assuming the symmetric cost allows us
a clear picture about the influence of volume flexibility. Besides, our final conclusion is still robust given
that the volume flexibility costs more, i.e., the dedicated firm would still preempt the flexible firm under low
uncertainty, and probably a larger uncertainty is necessary for the flexible firm to preempt the dedicated
firm.
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Another limitation is that firms only invest once. In fact, multiple investment options or capacity ex-
pansions can also be considered as an operational flexibility. It would be interesting to explore how the

operations flexibility influences the preemption between firms under demand uncertainty.
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Appendix

A Dedicated leader and flexible follower

Expressions of LY, M{if s Mgf and N¥: The coefficients for the option values in the value function
Vﬁf(Kjf,X, K?f) are equal to
—B1— —B1-1
df 1-d df [ -df 7-d
L (Y k) = (ng(de,Kff)) ) ,

s 5 (%
(e

NS LK) = 2;: B T () ).
AF —B1-1
MRS KY) = 477(51@2) (x?;mzf,z«;lf)) ,
2 —B2—1
Ml = s ()

Proof of Proposition The optimal investment capacity of the follower for a given X maximizes the
value at the moment of investment. Taking the first order partial derivative of Vf 4 (K jf X, K ?f ) with respect
to K ?f yields the equations of and for the follower produces below and up to capacity right after

investment respectively. Assuming the value before investment has the expression of AX;lf o (K[‘iif ,K), the
optimal investment threshold X}jf (Kjf , K) for a given capacity size K and the leader’s investment capacity

Kjf satisfy the following value matching and smooth pasting conditions:

AXP =VY(K{ X, K),
praxit —ovP (kY X K] [oX.

Thus, X;lf (Kjf , K) satisfies the following implicit equation
X
Vi X ) = vl (kY XK fox (36)

The implicit equation leads to equation (9) and (12). For the region where 0 < X < ¢/(1 — nKp),
equation implies that 5K§ff = 0, so the flexible follower does not invest in this region.

Note that in the monopoly case by [Wen et al.| (2017)), whether the flexible firm producing up to capacity
depends on the parameter values. Similarly as for the follower in the duopoly situation, if the firm produces
below capacity right after investment, then Q?f*(Kj;d, X) < K}if*(KL’;d, X), i.e.,

1 4 C 20 (81 — fB2) 7 X(1-nK)") -
2 (l B (cF<ﬁ2)<1+B1>> ) g 21X

It is equivalent to

20(B1 — B2) < cF(B2)(1 4+ Br), (37)

which is the same as in the monopoly case. Furthermore, it can be deduced that

20(B1 — B2) = cF(B2)(1 + B1) (38)

defines Region 3, where the firm produces up to capacity rlght after investment. The definitions of Re-

—— and K FABS fn <~ — Kd , equation , and Region 3 where X >

gion 2 where X > 7 and

1— nK 1—17Kd
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af
K?f < ;(n}c — %, equation , for the flexible follower firm are the same as that for the flexible monopoly

firm in [Wen et al.| (2017).

Expressions of L¥(K¥), MT(K¥), MT(K¥), N¥(KT): Employing value matching and smooth
pasting at X = ¢/(1 — nKjf) and X = ¢/ (1 — anf - 217K?f*(Kjf)>, it can be derived for a given Kjf €
[0,1/n) that

7ﬁ2
K%Y pi—1 p ¢

gy = 0 (aot ay (e )

2( d) 208y — Po) \ 7 —p T 1—7]Kjf
VLT TS — (62_1_62) C h

v 2B \r—n ) \T kg — k(D))

oy = G- - : .

R A iy M W e Lk —amfT(k)) )

Ndf(de) _ CKjf (ﬁl 1 - ﬁl) . —B2 B c —B2
¢ 2061 = B2) \r—p 7 1KY 1— k¥ — 2K (K

In order to check the signs for Edf(Kjf), M‘ff(Kjf), /\/lgf(Kgf), and Ndf(Kjf), first analyze the signs of
(B=1)/(r =) = B/r = 7= for B= By and § = B>,

r(r—mu)
Ifu20,thenu52—r<0becauseﬁg<0.Ifu<0,thenu52—7"=u(§—;‘2—;— (5—5‘2)24—?;),
with § = 2 = 2 > 0. From (5= 25— 2) = (3= £4)" = % = —2 4 23 > 0, we get ufy — 7 < 0. So,
fa-1 _ B
TQ_H £2<0

If o <0, then upfy —r < 0. If o > 0O, thenuﬂ1—r:u<é_k‘2_r+ (;—ﬁ)z—klzg),with

2
%,%,ﬁ < 0, because r > pu. From (ﬁJr%f%) 7(%—%)27%:5—5 > 0, it holds that
upr —r <O0. SO,%—%<O.

Thus, it can be concluded that when 0 < K% < 1/n, then £4(K%) < 0, M¥ (K¥) > 0, M¥ (K¥) <0,
N (KT > 0.
To derive the optimal investment decision, we first note that
BCH) 1ok Bk
= 7 )
dK¥ K (1-nK)

Next, we analyze the entry deterrence (non-simultaneous) and accommodation (simultaneous) strategies for

the dedicated leader, which include the optimal investment capacities and optimal investment thresholds.

Proof of Proposition |2 We derive the leader’s investment decisions based on whether the flexible follower
produces below or up to capacity right after its investment.

Casel: The flexible follower produces below capacity right after investment, i.e., y > 6r2/(c+ o), or both
r—c/d <u<dr?/(c+6r) and o > 5.

The investment capacity K;if (X) for a given level of X maximizes Vddf (X, Kjf ) and satisfies the following

equation .

L K%Y 8K 1- 2Ky
Zf d Blzf d Bl(Kjf)Xﬂl 4 #X _c 6=0. (39)
Ky (1-nKj) TR :
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Suppose the investment threshold of the dedicated leader is Xjf *. The leader’s value function before and
after the investment is as follows

AKX X < x¥,

o (1 _p g K « «
Bl(Kjf)X61 + K, (i—ZKd )X N Iid X;lf <X < X}if (K(liif),
ME ()X 4+ M (KX

K% (1—nKd) cKY¥ df
+ d2<rf,ﬁ)d X — = — 0K,

vilx, k) =
x> xP Ky

The value matching and smooth pasting conditions at the investment threshold Xjf (K) for a given capacity
size K lead to

df _ B r—p rc
XIE) = 57 < 1 (;+5). (41)

Substituting Xjf (K) into , the optimal investment capacity Kjf " and investment threshold Xjf " can
be derived as

. 1 (B D(r—p) rc

KY = - x¥ LTV T (Z45).
¢ (Br+1)n 4 B —1 <7’ )

Case 2:The flexible follower produces up to capacity right after the investment, i.e., u < r —¢/d, or both

r—c/d <u<dr?/(c+6r) and o < 5.

To derive the optimal investment for the dedicated leader in this case, we first derive that

dBo(KY)  1—nKY — pinKy

= Bo(K.
dK Ky (1-nKy) ‘

If the leader applies the entry deterrence strategy and invests at Xjf *, then the value function before and

after investment is

AKX P X < x¥
d d K¥(Q—nKg¥ K * *
Vdf(X7 de> _ Bz(Kgf)Xﬁl + d (;‘72 d )X _ i Td f_ 5K;if chllf S X < X}if (K(Llif)7 (42)
d o KX QnKY ¥ (k) KY df* ( g4
Ndf(de)Xﬁz 4+ Zd dr—u i ey _ ¢ v X > Xff (de).

The optimal capacity by the dedicated leader for a given X, Kjf (X), can be derived by taking the first order
condition with respect to Kgf , which satisfies equation
(1=K — Bk ) X 1—2mKY ¢
) - Bo(K¥y+ —12d x S _5-0. (43)
de (1777de) r—p r

For a given capacity level K, from value matching and smooth pasting at the investment threshold Xjf (K),

which reads

XH00 = G e () 4

Combing and yields the optimal investment decision under the non-simultaneous investment as

af* 1 arx B+ 1D)(r—p) rc
K =gy X = (Gr)
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B Flexible leader and dedicated follower

Proof of Proposition 3} In order to analyze the dedicate follower’s investment decision for a given flexible
leader’s investment capacity K ]J:d, we assume the follower’s value before investment is denoted as A(’;dX b
Then for the three regions, i.e., the leader is not producing, producing below capacity and producing up to
capacity when the follower enters the market, we can derive the follower’s optimal investment decision: the
capacity decision K 5 d*(K }cd) and the threshold decision X 5 d*(K ]Jf d) for each region separately.

Region 1: K 5 4> )f] ~ - Given a capacity size for the dedicated follower K L{ d, the value matching and smooth

pasting conditions imply an equation that £ K}® (£+6)=0,ie, K 74— 0. So the dedicated follower does

not investment in this case.

d
X(1-2nK{")—c

Region 2: X < Kglcd < );;(C Note that
dMit 1=K — (B + K
_ fd
WP K[ (12K =)
AMET 1= (B D
- i
dK}? K{* (1= nK]")

Maximizing Vdfd(KJ’;Ul,X7 Kgd) with respect to KC’;d by taking in the boundary solutions yield the invest-
ment capacity K lefd(K ]{d,X ) for a given X as in equation ‘ For a given K, the investment threshold
ng(KJ]:d, K) as in equation can be derived.

S Lo
Region 3: Kf;d < )((12:7;{” In this region it holds that

1-82
ONTd 1 51—1_51) _ fd ¢
oK]?  2(B1 — B2) ( r—p v (1= v i) 1K}

1-P2
— (1= 2K f (B + 1K) ‘
< RSN (B2 Nk, 1—77K£d—277K]]:d

Similar as in Region 2, the follower’s capacity Kgd(K}cd, X), i.e., equation , for a given X is calculated by
maximizing Vdf d(K ]J: d7 X K 5 d) with respect to K (’; 4 wile taking into account of the boundary. The investment
threshold X 5 d(K J]: d, K) as in equation is from the value matching and smoothing pasting conditions.

Proof of Lemma The influence of the flexible leader’s investment capacity K }cd on the expected change
in profit ECPfd(Kf) can be derived by taking the derivative of ECPfd(KJ{d) with respect to de, where

the follower’s investment decision ng*(KJ]:d) and K(J;d*(KJJ:d) are as in Proposition

Proof of Proposition EI: Assume the flexible leader’s value before investment is given by Ay X B, Given
that the flexible leader produces below capacity right after its own investment, its value function at the

moment of investment is equal to

1 X 2 2
Vfd<X,K§d):Mfd<de)Xﬁl+M{dXﬁ2+( -= -

dn \r—p T+X(r+u—02)
This value depends on whether it will be producing up to or below capacity right before and right after the

> — 0K {1 — ECP/*(X, K]?).

dedicated follower enters the market, i.e., at time 7, and 7, .
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i. When the flexible leader produces below capacity at at time T;_, ie., 7'; : LB, ECPf"l(X7 K]]:d) =
ECP/?(X, K}Cd|7-d_ : LB; 7, : LB) if it also produces below capacity at time 7, ; and ECP/?(X, K;d) =
ECPfd(X, K}cd|7'd_ : LU; T;_ : LB) if it also produces up to capacity at time 7, .

#5. When the flexible leader will be producing up to capacity at at time T;_ , le., Tc'l" : LU, then in the
leader’s value function ECP¢(X, K}cd) = ECP/Y(X, KJde’TJ : LU;7f - LU).

In the value functions, the coefficients for the option values are

~1-B1
fdy oy CF(Ba) c ra_ ¢ TPF(B)
Mt (Ky7) = An(B1 — B2) (1—2nKJ{d> and Mz7= '

For a given X, the flexible leader’s investment capacity K J{d(X ) maximizes the value at the moment of in-
vestment. Taking the first order condition of fo d(X , K JJ: d) with respect to K }cd yields the equations of ,
and . For a given capacity size K, the corresponding investment threshold X ]{d(K ) can be derived
by the value matching and smooth pasting conditions and X }cd(K ) satisfies regardless of whether the

flexible leader will be producing below or up to capacity when the dedicated follower enters the market.

Proof of Proposition Suppose the flexible leader’s value before investment is A¢X 1. Given that the
flexible leader produces below capacity right after its own investment, its value function at the moment of

investment is equal to

X(l— de)de 1
Ny i _ch

VIYX, K[ = N(&[Y X% + — 6K{ - ECP7Y(X, K]7).

T— U r

Same as in the proof of Proposition 4| In the leader’s value function ECPfd(X, K}cd) also depends on its

output at time 7, and at time T;r, implying three possibilities the same as in Proposition 4} In the leader’s

value function, the coefficient for the option values is

—1-PB2
fay  CF(B) C1-Bs c
MUK = (B —pa) \° 1— 2K

For a given X, the flexible leader’s investment capacity K J{d(X ) maximizes the value at the moment of in-
vestment. Taking the first order condition of fo d(X K ]{ d) with respect to K ){d yields the equations of ,
and . For a given capacity size K, the corresponding investment threshold X de(K ) can be derived
by the value matching and smooth pasting conditions and X }cd(K ) satisfies regardless of whether the

flexible leader will be producing below or up to capacity when the dedicated follower enters the market.

C Flexible leader and flexible follower

C.1 Flexible follower

Case 1: The follower invests a larger capacity that the leader, i.e., K};f > Kff.
Right after the follower’s investment at time 7, the flexible follower’s profit for a given X and K if is equal
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731 to

0 if X < X1I,
ffi-ff ffy (X(lan{f*WQ{?f)*C)Q{vf ifXI{i{ §X<Xléj2ta
T (K, X, Qp ) = £f f o S £f
(X1 =nK7" —nQF) —)QF  if Xih < X < X33,

(X(1 =K} —nkf) - oK} it X > X[

w2 From the follower’s profit we can calculate the follower’s optimal output quantities in each case, and they
73 are given by

0 if X < X7/,
X—c : fr Ir
O (KIT x) — 4 I% if X[ <X < X[,
FRL X=XnKil—e o ff o x o xII
27X F2 = F3»

K1/ if X > x11.

e  From the follower’s optimal output, we can characterize the boundaries for the follower as

C

XIf =¢ and XIf = .
F1 F3 l_anf_2nK£‘f

s In order to characterize the other two boundaries, we also need to get the expressions of the leader’s optimal

s output quantity and it is equal to

0 ifX <X,

QY (X Kl = X5 it X[ < X < X},

KIT it x > xi

s Thus, it can be derived that

pg L —
R

s  Expressions of Llp, M1py, M1p;, and N1g: To derive the coefficients of the option values, we apply
70 the value matching and smooth pasting conditions at the boundary X 1{:{ for regions X < X {?{ and X 1{"{ <

w0 X < X{;é, and at the boundary X};g for regions X{,é <X < Xl{:g and X > Xl{:é Then we can derive the
1 following expressions.

e = g (H)
N E) = gt O (s () o (i) )
Le(Kf Kf) = fm<4(&%ﬂ{)_ﬂl_l9(X£§)_ﬂ1_1).

2 For the calculated coefficients the option values, we can further derive the follower’s investment decisions
73 based on both firm’s output quantities right after the follower’s investment.

794
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Proposition 6 The flexible follower enters the market and produces below capacity right after investment
when p > 6r%/(c+dr), or both r —¢/§ < u < §r?/(c+dr) and o > &. Given that the flexible leader is
already active in the market and has invested a capacity size Kff, the flexible follower’s investment decisions

are as follows.

i. The leader is producing below capacity when the follower invests: For a given GBM level X, the
follower’s investment capacity K{,ﬂf (Kif,X) s given by

Yy e e (Bitle (28, fo—1  Pptl ~h
max{KL’Qn (1 nkjy X<2(61—62)5<r r— i 7“—1—,u—02>) . (45)

For a given K > Kif, the follower’s investment threshold is Xl{if(K}jf, K), which satisfies equation

1 (2516 _(Bi-DX (Bt1)e?
O\ r T — L X(r+p—o2)

(B1 — Ba)M1pa X P2 — ) — B1dK =0. (46)
1. The leader is producing up to capacity when the follower invests: For a given GBM level X, the
follower’s investment capacity K};f(Kff, X) mazimizes the value at the moment of investment and has
the same expression as equation . For a given capacity size K > Kff, the follower’s investment
threshold X{,ﬂf(K]{f,K), according to the value matching and smooth pasting conditions, satisfies the

implicit equation,

2
g L (e onkl)  GonX (oKt ) 4 e
(B1 = o) M1p2 4y r B r—p _X(T+M—U2) (47)

—p10K =0 .

Combining K};f(Kff, X) and X};f (K{f7 K) yield the follower’s optimal investment decision K{;f*(Kif) and
XE .

Note that the follower’s investment decision should make it hold that X l{;f *(K £f ) € [X {7{ < X %) when
the leader is producing below capacity and X {;f *(K £f ) € (X {,’;, X 1{:];) when the leader is producing up to
capacity. If the derived X I{:f *(K if ) is larger than the upper bound of the corresponding interval, then the
follower does not invest in the corresponding scenario. Furthermore, Proposition [f] shows that for a given
GBM level X, the flexible follower’s investment capacity is the same. The intuition is that when the flexible
follower firm produces below capacity right after investment, the firm’s instantaneous profit is only influenced
by the instantaneous demand, rather than the firm’s capacity size. This implies that the decision about the
capacity is from the long-term perspective, which is the same regardless of whether the leader is producing

below or up to capacity when the follower invests.

Proof of Proposition [6}
Flexible follower does not produce right after investment: X < X};{

For a given K {f , the follower’s value function before and after investment is given by

AX B if X < x4/ (k17

fo(Kfvaijf): .
ot r Lip(KH KXo — sk i x > X7k .
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The follower does not invest in this region because the value matching and smooth pasting conditions do
not hold unless K IJ;f =0.

Flexible follower producing below capacity right after investment: X{;{ <X < X%

For a given K7y RSN suppose the follower’s value before and after investment takes the following form

37]X ?

AXH if X < x4 (k17
VINEY X KLY = { Mgy (KT KED X P+ M1y X P2

1 X c? 2c ff
+% (T—N + X(r+p—0a2) 7) - 6KF

if X > x4 (K17

For a given X, taking the first order condition of VPJ: f (K {f , X, K I{:f ) with respect to K I’;f and the boundary
condition that K I{:f > K {f yield equation . For a given K > K ff , the follower’s investment threshold
X };f (K) is derived by the value matching and smooth pasting conditions at the threshold, which leads to
equation . Moreover, becaus the leader is producing below capacity when the follower invests, when
K7 (KI7) > K17 it holds that

s X - i 1 _ (Brtle (28 Bo—1 B+l ~1/A
K, 73 ~ — K (X)<6X<2X+C 3¢ (2(5152)5< ror—p r+ua2)) '

Because K/ (K17, X) > it can be derive that

377X7
1 Bi+De (28 fo—1 B+l \\ V) X-c
6X<2X+C—3 <w(r_rﬂ_7“+,u02>) >377X

— (51+) (252_521_ Ba+1 >>1.
2(B1 — B=2)0 \ r r—pu T+ p— o2

This condition is the same as the definition for which the flexible firm produces below capacity right after

investment as in the monopoly setting.

Flexible follower producing below capacity right after investment and flexible leader is producing up to capac-
ity: X5 < X < e/X}

For a given capacity size by the leader K if , the follower’s value before and after investment is assumed

to take the functional form as

AXP if X < X (ki)
Vlf:f(Kif,X,K};f): J\/[h«“l(K(if,I(Jgrff)))(ﬁlJrJWleXB2 ( " ifX>Xff*(Kff)
1 X(1-nKy’ 2 2¢(1-nK ff = *F L .
T ( f‘*uL T XGTa—o?) T ) ~OKF

At a given GBM level X, the follower’s investment capacity K {;f (K {f ,X) maximizes the value at the
moment of investment. Taking the first order condition of ng (Kff, X, K{;f) with respect to K7f)K and
the boundary condition that K }’;f > K ff lead to equation . For a given capacity size K > K if ,
the follower’s investment threshold X l{:f (K if ,K), according to the value matching and smooth pasting
conditions, satisfies the following implicit equation (47). Note that when the leader’ is producing up to

35



848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

capacity and the follower produces below capacity right after investment, given that K Iéf > K £f , we have
the following inequality,

Klf;f(Kgf,XbX(l*nK{f)*c (BL+1)e (2/32 Bo=1  Ba+1 >>1.

2nX 281 —B)6\ 1 r—p r+p—o?
This is the same definition for the region that the flexible firm produces below capacity right after investment

in the monopoly setting.

Flexible follower producing up to capacity right after investment and the flexible leader is also producing up
to capacity: X > Xf;é

For a given K {f , the follower’s value function before and after investment is supposed to be equal to

AXP if X < xH" (ki)
. . FF(1 g ff e f S .y . ek .
N1p(iH Kix8  XKE QoK onke’) ek speff g x> X1 (KT

T— T

VY XK =

The second order derivative of Vlff with respect to K j;f in this region is

Vi BB+ ( c

1-p2
= : — F(B1)B2(B2 — 1)XP272>0.
oKl B1 — Ba 1nK£f2nK§f> (Br)fa )

Given that in this region K £f < K I{:f < (1 —nK {f ) /(2n), the flexible follower would invest for a given

X with capacity size (1 —nK {f ) /(2n), because this capacity generates the highest value of +00. But the

corresponding investment would be delayed infinitely. So the follower does not invest in this case.

Case 2: The follower invests larger capacity that the leader, i.e., K l{if <K zf .
Right after the follower’s investment at time 7, the flexible follower’s profit for a given X and K {f is equal
to

if X < X}1,
(1-nQff —nQff) — )@ ux{l<x<x]f,
(1=l —nkf) - o) Kl i xff<x<xf]

0
(ct1, X, Qf) = Ejﬁ
(X (1=t —nf?) o) KEF it x = x]]

The corresponding optimal output maximized the follower’s profits in each region and is as follows:

0 ifX<XxJl,

QF (KN X)=q X5 it x[{ <x<x]],
KI5 it x > xI1 .

So we can get the boundaries for the follower to suspend production, producing below capacity and to
produce up to capacity, and they equal to

c

X/ =¢cand X/ =~
L1 L2 1_377K£f
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The leader’s profit in different regions is given by
0
ol (x, K ]7) = E

The leader’s optimal output is denoted as

X (1-nQff —nQff) - ) Qff
X (1=nQff =il ) =) QY
(x (1=t = nit?) —c) kY

if X < X{1,
if XJ7 <X <x{],
if XJ7 <X <x{l,

if X > X}1.

0 if X < X77,
LT S
— X if X7, <X <Xy3,
K17 if X > x/7.
This implies that
xIf ¢

L3 —

Kl K]

Expressions of L2p, M2p1, M2py and N2p: In this case by the value matching and smooth pasting

conditions at the follower’s boundaries X H and X {{ , we can get the expressions of the coefficients for the

option values.

F(Br) FR\ TP
M2py = ———5— ( Ll) ,
9(B1 — B2)n

if L CEB) (K (»32_/5’2—1> N
M2ri () s = 3y (H4) s ) ()

I AF(p) TP AN KT (B -1 £\ P
N2e(KE) = 5B - ) ((XM) - (xi) ) T 60~ B) ( " ) (xt)

2 —1—pP1
L2p(Kf) = M2F1+9nc(ﬁlj(€2ﬁ)z)< ) e

For the calculated coefficients the option values, we can further derive the follower’s investment decisions

based on both firm’s output quantities right after the follower’s investment.

Proposition 7 The follower’s investment decision depends on the leader’s output quantity and can be char-

acterized by the following situations.

i. Both the leader and the follower produce below capacity right after the follower’s investment. For a

giwven GBM level X, the follower firm’s corresponding investment capacity maximizes the value at the

moment of investment and equals to

Kl ifk(X) > K7,
K (X) = {ki(X) if 0 < ka(X) < K{7, (48)
0 otherwise,
where k1(X) satisfies the following equation
¢ 1= (Bi+1)3nk ( ¢ )51 <32521>
6(51 — B2) 1 — 3nk; X (1 —3nk1) r T— U
(B + DF(B) ( c )“*1 Cs—o
3(B1—B2) \X(L—3nki) '
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Given a capacity level K, the follower’s investment threshold X{,ﬂf(K) solves the following equation

M2py x (B1 — B2) X2 +% (

([‘31 — 1)X + (ﬂl —+ 1)02 _ 2&16

= X(r+p—o?) r >_516K:0' (49)

The leader produces below capacity and the follower produces up to capacity right after the follower’s

investment. For a given X, the follower’s corresponding investment capacity is given by
KT ifka(X) > K,
K (X) = k(X)) if 0 < ka(X) < KI7, (50)

0 otherwise,

where ko(X) satisfies the equation
<ﬁz+1>cF<5l>< c )‘52 1 (X(1—2771€2) . ) s
3(B1 — B) X(1 = 3nks) 2 r—p

o 1—(ﬁ2+1)3nk2( c )—52<51_51_1>:0
6(81 — B2) 1 — 3nks X (1 — 3nks) r o or—u ’

<

Given a capacity size K, the corresponding investment threshold X}if (K) satisfies the following implicit

equation

(51)

+2r0)K  (B1—1)X(1—nK)K
N2p(KL _ pyyxte - (Bl - =0.
P(F) x (51 - g - (B el

Both the leader and the follower produce up to capacity right after the follower’s investment. Given a

GBM level X, the follower’s investment capacity is equal to

Kif if ks(K3, X) > K}/,
K (K X) = S hs(KY, X)) if 0 < ks(if!, X) < K7, (52)
0 otherwise,

where k;g(Kif, X) satisfies the equation of

(B2 + 1)cF (B1) ( c >—52 N X (1 —nKf! ~ 2nk3) o,
3(B1 — B2) X (1 — 3nks) r— ,

e 1—(ﬁ2+1)3nk3( c )‘52<,31_51_1>:0
6(81 — B2) 1 — 3nks X (1 — 3nks) r o or—u '

For a given capacity size K, the follower’s investment threshold X};f (Kif, K) is such that the following

equation holds,

(B — 1)XK (1 skl —77K> K (et )

(B1 — B2)N2p(K)XP2 + — .

=0. (53)

Combining KL (K17 X) and X1/ (K1', K) yield the follower’s optimal investment decision Kl{:f*(Kzf) and
X1 (k1))
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Proof of Proposition [7

Flexible follower not producing right after investment: X < c

Suppose the follower’s value before and after investment is denoted as

AXP if X < X1 (ki)

VI (I X, KL ) = )
ot r L2p(KIN XA — sKLT it X > X1k .

The value matching and smoothing pasting at the moment of the follower’s investment threshold requires

that K féf = 0, implying the follower does not invest in this region.

Flexible follower producing below capacity right after investment when the leader producing below capacity:
c§X<c/(1—377K£f)
For a given leader’s investment capacity size K {f , assume the follower’s value before and after investment

is given by

AXP if X < X1 (k1T
VIR X KLY = { M2p (KE) X0 + M2 X%
a7 (25— %+ xomem) —OKH
For a given GBM level X, taking the first order derivative of the follower firm’s value right after investment
with respect to K };f and combining with the boundary condition that K £f > K {,f leads to . For a given

a capacity level K, the follower’s investment threshold X I{:f (K) satisfies the value matching and smooth

if X > X1 (k17

pasting conditions at the threshold, which leads to . The solution to the two equations characterizing
Kl{if (X) and X};f (K) is not influenced by Kgf.

Flexible follower producing up to capacity right after investment when the leader producing below capacity:

c/ (1—377K£f) <X<ef (1—77K£f—2nK£f>

With the leader’s investment capacity K if the follower’s value before and after investment is given by

AX P if X < xH7 (ki

5 x(1-nKL)

fo Kff,X,Kff _ ;
F ( L F) NZF(KIJ;JC)Xﬂfz_'_Ké?( —

- :) — oK i x > x{T (k1T

For a given X, maximizing the value at the moment of investment with respect to K I{if and taking into
the boundary condition lead to . Given a capacity size K, the corresponding investment threshold, i.e.,
equation (5I). The solution to the two equations characterizing K {,f (X) and X I{:f (K) is also not influenced

by K £f because the leader is producing below capacity when the follower enters.

Flexible follower producing up to capacity right after investment when the leader producing up to capacity:
X > cof (1=l —2mK})

The follower’s value before and after investment in this situation is given by
. *
AXP it X < X177 (K17,

fro1— fr_ Ir K1 . *
N2p(KH x84 X QoK onle) B speddip x> x (KT

r—u r

VY X ) =
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os  Given a GBM level X, taking the first order derivative of the value at the moment of investment with respect
2 to K1/ and combining with the boundary condition of K}/ > K1/ yield the equation (52). For a given
o7 capacity size K, the follower’s investment threshold X I{:f (K £f , K) can be derived from the value matching

o8 and smooth pasting conditions, which leads to .

o C.2 Flexible leader

o0 For the flexible leader, it is possible that the leader adjusts its output at time 7, i.e., the follower’s investment

051 timing. This adjustment could cause a decrease in the leader’s profit flow, and then leads to a decrease in

o2 the project value. Denote the leader’s output as Q{f , then at time 7, and time T;f, the leader’s output

033 equals to

X(TZE)—C
- X () LB,FB,
X(rp)—c Ir
— L K LU.FB
—. off =) 2X(g) ’ + . 0off — L L
T Q) = " and 74 : Q7 = KL (I X (e ) — e
o
Kif LUFU.
s« The corresponding leader’s profit at time 7, and time T;: is given by
(X(‘r';)—c)2
=~ =N LB7
o @ X(rp)) = ke
K ((1-nkf ) X(r7) —¢) 1O,
o35 and
(X('r;)fc)2
7%}((7;) LB,FB,
Ky _ If L
QI X (rh), KIT(KITY) = {2 (1 nKy )X(TF) C) LUFB,
TF - T\ ATR ), AR L kI (T +y_¢)2
(1=K L (K{H) X (r1)-c) LB.FU
417X(7';5) ) y
kI ((1 =il = nxf!"(K[)) X(7f) — ¢) LUFU.
936 In order to derive the leader’s value function, we have to get the expressions for ECP// (X, K {f ) as

037 equation . To achieve this, we rewrite as follows

E,, [ /0 ) (w{f Q1 x(t) — = (@}, X (1), KIJ;f*)) eXp(—rt)dt} -

5 (X ? _e if 7 : LB; 7} : LB,FB
36m r—p (T+#702)X£f* ,,, ot TR - s
£ FPyx fF* *
Ky (I_WKL )XF _ CKif 1 X{rf 2 _c if 7o - LU'TJF - LB.FB
T—uQ r 9n T— (7"+/L—<T2)X1f5f* r Fo- PR 2 )
KIF* o KIS\ x I f* . -
& (o )XETT g if 7 : LB; 74 : LB,FU
T— T
* *\ 2 * *
K{PQonkfXETef! o ((QonkiTPXPT 2 _2QnKE) Y i e LU LB, FU
r— r 4n T—H (7'+H—02)X1{:f* T F o L ’
FIxf i *
nKyp’ X ff e P
—L—F Ky if 7 : LU;74 : LU, FU
FFxf i S F A A
nKy Xp (1 nky )XF ¢ T R
L X X 1T if 7 : LU; 74 : LU,FB
(54)
038 Expression (54]) combined with the leader’s output levels right after its own investment at time 7'2_ yields

o9 9 value functions for the leader. We don’t give the explicit investment decisions for the leader, but rather

awo the idea to calculate the leader’s optimal investment:
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a. Given a GBM level X, taking the first order derivative of the leader’s value at the moment of investment
Vil (x, K17y — K17 with respect to K7/ yields the leader’s investment size K7/ (X).

b. Denote the leader’s option value to invest as Ay X' then for a given capacity size K, the leader’s

investment threshold X £f (K) can be derived by the value matching and smooth pasting conditions.

¢. Combining K ]’—jf (X) and X {f (K) leads to the leader’s optimal investment decision K }jf “and X }jf "
based on which, we can calculate the corresponding follower’s investment decision K f;f " and X {j .

d. Note that these decisions have to be checked against the corresponding boundaries for X £f “and X Iéf "
So check whether it is just one firm’s solution lies beyond the boundary of both firms’ solutions lie
beyond the boundaries.

e. If it is just one firm’s solution is out of the boundary, then take the boundary solution for this firm

and go to c.

f. If both firms’ solutions are out of the boundary, then substitute the corresponding K {,ﬂf (X) from the

boundary expression and go to c.

D Extra explanation for the equilibrium analysis

D.1 Asymmetric production technology

In sub-section we present the dominance of the dedicated follower in figure and given that the
leader is flexible. In particular, the numerical analysis includes the optimal investment size by the leader,
rather than a representative investment size. In the following analysis, we show how the flexible leader’s
decides on its investment in both FD model and FF model.

FD Model

We first analyze the FD model and check which output possibility, i.e., characterized at the dedicated
follower’s investment timing 74, generates the largest value for the flexible leader.

18 35 T : : T
T;;LB;TJ’:LB;TI:LB ----- T;’:LU:T’,’:LB:T,T:LB

16 e 30 -
- T;’ :LB;7; : LU;7) : LB tiad -—- Tf :LU;7; :LU;7; : LB -7
AN J - -~

@ 25 -~

- R T - T + T -~
- =~ ‘rf:LL:‘rd LU, LU~

____________ 20 —= T
.- -~

0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20 0.25 0.30

(a) Flexible leader’s value if T; : LB  (b) Flexible leader’s value if T;r :LU (c) Flexible leader’s NPV comparison

Figure 9: FD model flexible leader’s value of investment. Parameter values are r = 0.1, u = 0.03, n = 0.05,
c=2,0=10and X, = 3.

Figure |§| shows the flexible leader’s value as functions of ¢ in FD model. Recall that “7;7” with i € {f, d}
denotes the point in time right after the flexible firm’s (i = f) or the dedicated firm’s (i = d) investment,
and “LB” (“LU”) denotes the flexible leader produces below (up to) capacity. Subfigure @ depicts that, if

the flexible leader produces below capacity right after its own investment, it has larger value if it produces
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up to capacity before the follower’s entryE This is because if the flexible leader invests in a way such that
it is producinng up to capacity right before the follower’s entry, then the leader’s expected profit change
(decrease) is smaller, which is good for the flexible leader’s. Similar reasoning also applies when the flexible
leader produces up to capacity right after its own investment. As shown in subfigure [0b] where the flexible
leader has the largest value for almost all os if it produces up to capacity both before and after the follower’s
investment. In fact, the flexible leader behaves like a dedicated firm in the sense that it produces up to
capacity at all the three time points T]'f, T, and T;_ , i.e., though the flexible leader cannot commit to a
certain output, it can choose its investment so as to imitate a dedicated firm. Subfigure compares the
flexible leader’s values for producing below and up to capacity right after its own investment, and shows

that the latter generates a larger value for the leader.

FF Model
Because there are two cases in model FF, depending on the size of the flexible leader and follower’s capacity,
so we show in the following that in both cases, the dedicated follower has a larger value than the flexible

follower.

Case 1. Flexible follower installs a capacity non-smaller than the flexible leader in FF model

(a) FF model flexible leader’s value if 7/ : FB

Figure 10: Flexible leader’s value in FF model and the dominance of the dedicated follower in Case 1.
Parameter values are » = 0.1, u = 0.03, n = 0.05, c =2, § = 10 and Xy = 3.

Figure [10] illustrates the flexible leader’s value as functions of ¢ in FF model in figure and compares
the dedicated follower and flexible follower’s value in subfigure [3b] Note that is under the condition
that the flexible follower produces below capacity right after investment, i.e., T;f : FB, because the flexible
follower does not produce up to capacity right after investment, as proved in Appendix [C} Subfigure
reveals that the flexible leader also has the largest value when it produces up to capacity both before and
after the follower’s entry. The reason is similar as that for the flexible leader in FD model, i.e., the high
utilization rate around time 77 makes the follower invest much later and thus prolongs the leader’s monopoly
period. Subfigure suggests the dominance of a dedicated follower for a given exogenous flexible leader.
The dedicated follower corresponds to the flexible leader in FD model and the leader produces up to capacity

right after its own investment. The flexible follower corresponds to the flexible leader in the FF model and

11 Note that for T, LU, T;r : LU, our numerical solution implies the dedicated follower invests in a monopolistic way, and

the leader does not invest.
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the leader produces up to capacity before the follower’s investment.

Case 2. Flexible follower installs a smaller capacity than the flexible leader in FF model

. . . . —
40 . LBir::LB,FB - r7:LUirs : LB, FB 4O0l(e 77 LB;f : LB,FB = 77 : LU;7f : LB, FB

77 : LB; 7 : LB,FU 75 LUsTf < 77 :LBi7f :LB,FU = 75 : LU;7; : LB, FU.
30 30

- 77 : LU;7# : LU, FU T LU;7 : LU,FU

0.05 0.10 0.15 0.20 0.25 0.30

0.04 0.06 0.08 0.10 0.12 0.14
a a a

(a) FF model flexible leader’s value if (b) FF model flexible leader’s value if (c¢) FF model flexible leader’s NPV
TI:L : LB TZF : LU comparison

Figure 11: Flexible leader’s value of investment in Case 2. Parameter values are r = 0.1, u = 0.03, n = 0.05,
c=2,§=10 and Xy = 3.

Figure demonstrates the flexible leader’s value in Case 2 and supports that the dedicated follower
dominates a flexible follower[™]

As displayed in subfigures [ITa] and [IIB} the flexible leader has larger value if it produces up to capacity
than below capacity right before the follower’s investment, i.e., the three 7, : LU lines are always higher
than the two 75 : LB lines. This is due to the smaller expected profit change for the leader. We compare
the three lines characterized by 7 : LU. Given that the leader produces up to capacity before the follower’s
entry and below capacity after the follower’s entry, i.e., 7 : LU and T;E : LB, the leader has larger value
if the flexible follower produces below capacity right after investment. This is because the leader’s instant
profit decreases less, i.e., the line 7 : LU; T; : LB, FB is higher than the line 7 : LU; T;f : LB, FU.

Between the line 7, : LU; 7'; : LB, LB and the line 75 : LU;7F : LU,LU: when o is relatively small, the
leader has the larger value when both firms produce below capacity right after the follower’s entry; when o is
relatively large, the leader has the larger value if both firms produce up to capacity right after the follower’s
investment. This is also due to the difference in the EPC, the expected profit change. Without this term, the
leader’s value just consists of the profit and the option value yielded by the output adjustment, the same as
that for the monopolist, and the difference is small between these two cases. Whereas the difference in EPC is
more significant and dominant. When o is relatively small, EPC is larger in the case of 7 : LU; 7 : LU, LU,
and vice versa when o is relatively large.

Subfigure compares the flexible leader’s value between producing below capacity and up to capacity
right after its own investment. It reveals that producing below capacity yields a larger value for the flexible
leader when ¢ < 0.135. For o > 0.135, the flexible leader has slightly larger values when it produces up to

capacity right after investment. However, this difference is too small to be visible in figure [L1¢

D.2 Understanding the jumps in Figure

In order to understand the jumps in the flexible firm’s value function as the follower, we need to understand
how the dedicated firm invests as a leader in this asymmetric preemption game. We take the game depicted

12 Note that it is possible that the leader’s value is the same in subfigures and This happens when the leader’s

investment decision is a boundary solution.
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in Figure 5| as an example, where the dedicated firm preempts the flexible firm when o < o3, and the flexible
firm is consistent, i.e., if it produces below capacity right after investment as a follower, it also produces

below capacity right after investment as a leader.

— 7, :LB;7f : LB 26-|® 7 :LB;7; : LB

— 7, :LU;7; : LB B :LU;7/ :LB

Tll_:LU;T;': B 7 :LU;7f : LU
20+
0.15 0.18 0.21 0.24
o o
(a) Dedicated firm’s value as leader (b) Consistent flexible firm’s value as follower

(dashed lines), and as leader (real lines)

Figure 12: Consistent flexible firm produces up to capacity right after investment. Parameter values are
r=0.1,x=0.03,6=0.1,7=0.05c=2 6 =10 and X(0) = 3.

Subfigure [T2a] is cropped from subfigure [5a] and the three lines represent the dedicated firm’s value as
the leader in the preemption game for the three cases described in Table [4] As a leader, the dedicated firm
would like to invest at the flexible firm’s preemption point in case 7, : LU; Tj : LB, represented by the blue
line in subfigure because it generates the largest value. The flexible firm would allow this to happen if
o < o1 because being a follower leads to larger values than being the leader for all three cases. Note that
the orange real line is the largest value for the flexible firm to be a leader in the three cases. When o > o1,
the dedicated firm cannot get the blue line as the leader value, because the flexible firm has incentives to
become a leader. Instead, the dedicated firm invests at the flexible firm’s preemption points in the case
T, : LB; 7';' : LB and gets the leader value represented by the red line in subfigure The flexible firm
allows this if o < o2 because being a follower generates larger value than being a leader, i.e., the red dashed
line is above the orange real line. When o > o2, the dedicated firm cannot get the value represented by
the red line in subfigure anymore, because the flexible firm again has incentives to be a leader, i.e.,
the orange real line is above the red dashed line in subfigure Thus, the dedicated firm chooses the
preemption point in the case 7, : LU; T;_ : LU and get the leader value represented by the orange line in
subfigure Then the flexible firm gets the value represented by the orange dashed line in subfigure
Overall, the dedicated firm has to switch among the preemption points for the three different cases. This
results in the jumps not only in its own value function as a leader (which we do not show), but also the

flexible follower’s value function.

44



	Introduction
	Model Setup
	Investment Decisions under Exogenous Firm Roles
	Dedicated Leader and Flexible Follower
	Flexible Follower's Investment Decision
	Dedicated Leader's Investment Decision

	Flexible Leader and Dedicated Follower
	Dedicated Follower's Investment Decision
	Flexible Leader's Investment Decision

	Flexible Leader and Flexible follower
	Flexible follower
	Flexible Leader


	Equilibria under Endogenous Firm Roles 
	Asymmetric production technologies
	Preemption analysis between a dedicated and a flexible firm
	Consistent Flexible Firm
	Inconsistent Flexible Firm


	Conclusion
	Dedicated leader and flexible follower
	Flexible leader and dedicated follower
	Flexible leader and flexible follower
	Flexible follower
	Flexible leader

	Extra explanation for the equilibrium analysis
	Asymmetric production technology
	Understanding the jumps in Figure 8


