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Abstract

This paper investigates how the existence of a knock-out option affects a firm’s irreversible investment decisions and the design of an efficient investment tax credit.  We assume that a government initially offers an investment opportunity to a firm but will eliminate this opportunity if its prospects are sufficiently dim.  The firm’s investment decisions are thus subject to the exercise of the knock-out option by the government.  The existence of the knock-out option decreases the firm’s opportunity costs, raising this firm’s incentive to invest.  We assume that the investment opportunity produces external benefits and derive an efficient investment tax credit that induces the firm to invest at a date that coincides with the socially optimal level for the investment in question.  We find that the regulator can efficiently offer a lower investment tax credit 
if the firm is more uncertain about the project return, if the firm incurs lower investment costs, or if the regulator owns a more valuable knock-out option.
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I.  Introduction

The standard real options literature (e.g., Dixit and Pindyck, 1994) assumes that firms have the option to invest in a project for which the cost is unrecoverable once the investment is made. 
 Most studies on real options assume that firms can freely invest at any state of nature.  Certain studies, however, allow a government to implement regulatory policies that prohibit firms from investing at particular states of nature.  For instance, if the government imposes a sufficiently stringent price ceiling control (e.g., Dixit, 1991; Dixit and Pindyck), then firms will be indirectly restricted from
 investing at a state of nature that results in an output price that exceeds the imposed price ceiling.

In contrast to the existing real options literature, this paper will consider how a government’s direct control over states of nature affects both a firm’s irreversible investment decisions and the design of an efficient investment tax credit.  Consider a situation in which a government derives an innovative product from a public R&D laboratory and would like to use an investment tax credit to encourage firms to commercialize this innovation.  The government may believe that this commercialization will produce external benefits and thereby lead to the eventual establishment of a prospective industry.
  However, the government will undertake the investment project in question by itself if the project’s operating environment becomes sufficiently bleak that no firms are willing to invest.
The establishment of the Taiwan Semiconductor Manufacturing Company (TSMC), which is currently the largest semiconductor foundry company in the world, may fit into our hypothetical story.  As stated in Mathews (1995), in 1984, Taiwan embarked on the Very Large Scale Integration (VLSI) Technology Development Project, which was conducted under the auspices of the Electronic Research Service Organization (ERSO) of the Industrial Technology Research Institute (ITRI).
  In 1985, the incumbent Premier Yu sought to establish a new spin-off venture from the ERSO that would take Taiwan to the VLSI era.  The premier intended for this venture to be primarily funded through private sector support, but private firms lacked interest in this spin-off due to the sluggishness of the Taiwanese economic environment.  In June 1986, the government announced that the TSMC would be established and that by governmental invitation, the Philips Corporation would possess 27.5% of the equity of the TSMC and would be the TMSC’s leading private equity holder.  However, the Taiwanese government, through its China Development Fund, was the largest investor in the TSMC, possessing 48.3% of the TSMC’s equity.  The remaining 24.2% of the TSMC’s equity was held by several domestic private firms.  The establishment of the TSMC thus resembles a case in which the Taiwanese government first offered an investment opportunity to private firms but subsequently exercised a knock-out option.
This paper constructs an extremely simplified model to discuss the issue at hand.  Suppose that 
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, which denotes the value of an investment opportunity held by a government, follows a geometric Brownian motion.  Let 
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 denote the boundary value of 
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 that triggers the government to execute the investment project itself.  In this scenario, a private firm invited by the government to invest in the project is entitled to receive a perpetual American call option with strike price 
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 (the irreversible investment cost) if 
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 remains greater than 
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.  Once 
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, the value of the firm’s option to invest becomes worthless because the government itself will implement the investment project.  The existence of the knock-out option therefore decreases the firm’s opportunity costs, raising the firm’s incentive to invest.  We assume that society benefits once the firm exercises the investment opportunity and derive an efficient investment tax credit that induces the firm to invest at a date that coincides with the achievement of the socially optimal level for the investment in question.  We find that the regular can grant a firm a lower efficient tax credit if the firm is more uncertain about the project return, if the firm incurs a lower investment cost, or if the regulator owns a more valuable knock-out option.

This paper is closely related to the literature on the knock-out option.  Merton (1973) provides a closed-form pricing formula for an American-style perpetual knock-out call option.  He demonstrates that the value of this call option is a concave function of the underlying asset.  However, Merton’s analysis does not consider any of the sunk costs that are involved in
 exercising the option because he focuses on financial rather than real options.  By contrast, we allow a firm to incur unrecoverable costs during the course of exercising a call option on the investment project, and thus the value of this call option remains a convex function of its underlying asset.

  It is more realistic to allow the regulator to hold an American knock-out call option with finite maturities.  However, as shown by Dai and Kwok (2004) and Haug (2001; 2007), although there is an analytical pricing formula for the American-style knock-in call option with finite maturities, no analogous formula currently exists to address American-style knock-out options.  Nevertheless, numerical solutions for American-style knock-out call options with finite maturities can be found in Gao, Huang and Subrahmanyam (2000).
This paper is also related to the literature on target industries, which argues that inter-industry spillover and imperfect competition are the two primary reasons that a government fosters and subsidizes a particular target industry (Holtz-Eakin and Lovely, 1996).  In accordance with Andersons (1993), we refrain from addressing any inter-industry spillover and simply assume that capital investment exhibits external benefits such that the value of an investment project, which can be thought of as the value of a representative firm in the target industry, is lower from the viewpoint of a firm than from the viewpoint of a social planner.  Furthermore, this paper also refrains from addressing the interactions among the firms in an industry; instead, this study simply assumes that a particular firm is offered a monopolized right to undertake an investment opportunity.
The remaining sections are organized as follows.  We first present the assumptions of the model, and we then solve for the critical level of investment value that triggers a firm to invest in a project, assuming that the regulator has the choice to eliminate the right of the firm to invest in the project in question.  We also derive the efficient rate of investment tax credits that causes a firm’s investment timing to coincide with the investment timing that would be employed by a social planner.  Subsequently, we theoretically and numerically investigate how the following factors affect a firm’s choice of investment timing and the efficient rate of investment tax credits: (1) the value of the knock-out option; (2) the external benefit provided by the investment project; (3) the discount rate employed by the firm; (4) the irreversible investment costs of the project; (5) the expected capital gain from the investment; and (6) the risk from undertaking the investment.  The last section concludes the paper and offers suggestions for future research. 
II.  Basic Assumptions

    This paper assumes that a government would like to invite a firm to undertake an investment project that has the potential to generate external benefits to society because it may eventually allow for the establishment of a new industry.  The government would like to expedite investment and therefore will not only offer an investment tax credit to the firm but also eliminate this opportunity if the project’s future prospects are sufficiently poor.

    To facilitate our analysis, we assume that the game played by the government and the firm is a sequential one.  As the leader, the government announces a rate of investment tax credits, denoted by 
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 and a “knock-out” level of the project value, denoted by 
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  After observing the government’s policies, the firm makes a decision regarding its investment timing.  In accordance with the standard procedure adopted in the game theory literature, we solve the game backward.  We first solve for the firm’s choice of investment timing.  The regulator should anticipate the firm’s future behavior and establish an efficient level of investment tax credits that is consistent with these expectations.
Suppose that the value of the investment project, 
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where 
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 is the expected capital gain from the investment project, 
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 is the instantaneous volatility of that capital gain, and 
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 is a standard Wiener process.  We assume that the firm is risk-neutral and faces a constant riskless rate, 
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.  The total return from the investment project is therefore equal to 
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; this return is also equal to 
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) is the convenience yield, i.e., the opportunity cost of holding the investment opportunity.  We can generalize our model to the case of risk aversion by adopting the approach of Cox and Ross (1976).  Our result, however, will be the same regardless of whether we consider a risk-neutral or a risk-averse environment.  Finally, we assume that the investment costs, which are denoted by 
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, are fully irreversible.  Given that the firm receives an investment tax credit from the government at a rate equal to s, its “effective” investment costs are thus reduced to 
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III.  The Investment Triggers

We assume that a firm holds an American-style perpetual call option with respect to exercising an investment project but that this option is subject to being knocked out by the government if the project value 
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 drops to a fixed level of 
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.  The government may feel that the firm will have no incentives to undertake the project at this knock-out level, and it will therefore undertake the project in question itself, given its assumption that the execution of this project will generate external benefits to society.  Suppose that 
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 denotes the value of delaying the investment project that is owned by the firm; 
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Equation (2) has an intuitive interpretation: if 
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 is an asset value, then the normal return 
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 will equal this asset’s expected capital gain, which may be expressed as follows: 
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The solution to Equation (2) is given by the following equation:
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where 
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Suppose that 
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 denotes the critical level of 
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 that induces a firm to undertake the investment project.  This critical level and the two constants, 
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Equation (6) is the knock-out condition, which states that the option value for the firm to delay investment becomes worthless as the investment value reaches the knock-out level of 
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.  Equation (7) is the value-matching condition, which states that at the date that a firm is induced to invest, the firm should be indifferent with respect to whether it wishes to undertake the investment project.  Equation (8) is the smooth-pasting condition, which prevents the firm from deriving any arbitrage profits.

Solving Equations (6) to (8) simultaneously yields: 
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and
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Given that 
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 in Equation (10) is positive and 
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 in Equation (11) is negative, we may use the reasoning of Merton (1973) to interpret the second term on the right-hand side of Equation (4) as the “discount” for the “knock-out” feature.

In Equation (9), 
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 is defined as the value of the option to invest net of the value of investing immediately (normalized by 
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, the value of the investment).  We may look at the two extreme 
cases in Equation (9).  First, if 
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Equation (12) states that in the absence of any knock-out option, the critical level of investment value that triggers a firm to invest is equal to the product of an option value multiple, 
[image: image54.wmf]11

/(1)(1)

bb-  >

, and the effective investment cost, (1-s)K.  The formula stated in Equation (12) is the same as the formula that was discussed in the seminal article by McDonald and Siegel (1986).  Second, consider the case in which 
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 will reach its minimum permissible value of 
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.  In other words, if the knock-out level of investment value is set at the effective investment cost, then the firm will become indifferent between undertaking the investment project immediately or doing nothing at all because it will realize no gain from either scenario.

Differentiating 
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 in Equation (9) with respect to 
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 yields the following results.
Proposition 1: An increase in the knock-out level, an increase in the rate of the investment tax credit, or a decrease in the cost of investment will accelerate investment.

Proof: See Appendix A.

Proposition 1 indicates that an increase in the knock-out level 
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 will raise a firm’s incentive to invest by decreasing 
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.  This conclusion is reasonable because an increase in the knock-out level will raise the value of the knock-out option that is owned by the regulator, thereby offsetting the value of the firm’s option to delay its investment.  Furthermore, if the regulator offers an investment tax credit to a firm, the firm will benefit from either choosing to invest immediately or choosing to delay its investment, but it will realize greater benefits from the former scenario.  This is because a one-dollar investment tax credit will allow the firm to gain one dollar if it chooses to invest in the investment project immediately, but will allow the firm to gain less than one dollar from waiting to invest due to the following two reasons (Stulz, 2003).  First, the expected payoff from the call value of waiting is discounted.  Second, there is a probability that the call, i.e., the investment opportunity, will never be exercised.  Consequently, the regulator can use the investment tax credit to encourage the firm to invest with timing that coincides with the socially optimal level.  Finally, Proposition 1 indicates that firms with greater sunk costs will exhibit longer delays before investing in the project.  This result resembles the conclusion derived in the real options literature that addresses situations without a knock-out option (see, e.g., Dixit and Pindyck, 1994).
IV.  Efficient Investment Tax Credits

As discussed by Haltz-Eakin and Lovely (1996), inter-industry spillover and imperfect competition are the two primary reasons that induce a government to foster a targeted industry.  In this study, we will address the former of these considerations but will refrain from considering the latter issue.  Instead, we will simply assume that from the viewpoint of a social planner, an investment project exhibits external benefits such that its social value is equal to 
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In the absence of any investment tax credits, the critical level of 
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We will assume that the “knock-out” level is exogenously specified and consider only the efficient rate of investment credits that the regulator should grant to the firm, which is denoted as 
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 in Equation (9); this process yields the following expression:
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Differentiating 
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 yields the following results.

Proposition 2: The regulator should lower the efficient investment tax credit if the knock-out level increases, if the sunk cost of investment decreases, or if the external benefit produced by the investment project decreases.

Proof: See Appendix B.

Proposition 2 suggests that the regulator can offer a less generous investment tax credit to a firm if the knock-out level increases because this change will cause the firm to be more eager to invest, as suggested by Proposition 1.  Proposition 2 also suggests that the regulator can offer a less generous investment tax credit to a firm that faces a smaller sunk cost of investment because its smaller sunk costs will cause this firm to become more eager to undertake the investment project, as suggested by Proposition 1.  Finally, in accordance with intuitive expectations, a regulator can offer a less generous investment tax credit to a firm that is investing in a project that produces smaller external benefits to society.

However, we derive complicated algebraic expressions if 
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.  We therefore analyze the comparative-statics results of 
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 with respect to these three underlying parameters through numerical examples in the following section.
V.  Numerical Analysis

We conduct the numerical analysis of this study by choosing benchmark parameter values that resemble the parameter values that were chosen by Dixit and Pindyck (1994, Chapter 5); these choices are designed to more vividly illustrate the theoretical results from the previous section of this paper.  Consider a firm that expects the capital gain from undertaking an investment project that is offered by the regulator to be equal to 0% per year, i.e., 
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. Moreover, suppose that this capital gain evolves stochastically with a volatility
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 that is equal to 20% per year.  In addition, assume that the firm is risk-neutral, has a discount rate equal to 4% per year, i.e., 
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, and incurs an irreversible investment cost normalized at one, i.e., 
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.  Finally, suppose that the regulator will eliminate the investment opportunity if the knock-out level of the investment value, 
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, is reached and that this level is equal to half of the investment cost, i.e., 
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Given the benchmark parameter values, Figure 1 illustrates the option value of the investment, 
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, assuming that the firm receives no investment tax credits.  We observe that both 
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 (the value-matching condition) and that 
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 at this point (the smooth-pasting condition).  This result implies that the firm will exercise the investment project immediately if the investment value exceeds 1.951 at the initial date that the investment becomes available; otherwise, the firm will wait and will choose to avoid undertaking the investment project until the investment value reaches 1.951.  Furthermore, in contrast to the result of Merton (1973), the call option value under conditions that include the knock-out feature, 
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, remains a convex function of the investment value. 
We further add to the numerical analysis a parameter value that captures the external effects of the investment project.  We assume that once the firm undertakes the investment project, the external benefit of this project to society will be equal to 10% of the investment value, i.e., 
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.  Figure 2 and Table 1 present the comparative-statics results, in which one parameter is changed around its benchmark value while the other parameters are held at their benchmark values.  Figure 2 indicates that as the knock-out level increases, i.e., as 
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 increases, the firm becomes more bold in its decision to undertake the investment project, i.e., 
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 decreases; this result occurs because the firm’s opportunity costs from waiting decrease if the knock-out level increases.  For example, if 
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.  Figure 2 also shows that the efficient rate of investment tax credits, 
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(scaled up tenfold in the figure), decreases as the knock-out level increases.  For example, if 
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.  These two results are consistent with the theoretical conclusions that are stated in Propositions 1 and 2.
In Figure 2, we assume that the knock-out level 
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 is exogenously provided.  In fact, the regulator may combine the investment tax credit and the knock-out level to correct inefficiencies that are associated with a firm’s investment decision.  We note that a higher knock-out level is associated with both a lower efficient rate of investment credits and a lower critical level of the investment value that induces the firm to invest.  Consequently, if a government wishes to accelerate investment, it can establish a knock-out level that is as close to the investment cost as possible and simultaneously offer an infinitesimal rate of investment tax credits.
  As a result, the net value of the investment that the firm receives will become negligible.  In practice, a government may hesitate to employ this policy because it may incur the risk of completely destroying the firm’s incentive to invest if the government establishes an overly optimistic knock-out level as a result of mistakenly overestimating the firm’s investment costs. 
----------------------------------------------------------------------------------------------------------------

Insert Figures 1 and 2 here

----------------------------------------------------------------------------------------------------------------

Panel A in Table 1 illustrates the situation in which the external benefit derived from exercising the investment project is increased from 0 to 20%.  Consistent with the result of Proposition 2, this shift will cause the efficient rate of investment tax credits to increase from 0 to 15.21%.
 Panel B demonstrates that in accordance with Proposition 1, as a firm incurs a larger irreversible investment cost, i.e., as K increases, the firm will become more hesitant to undertake the investment project, i.e., 
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 will also increase as the irreversible investment cost increases because increases in 
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 will cause greater rates of increase in 
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.  Moreover, consistent with the result of Proposition 2, a regulator can offer a more generous investment tax credit to firms that incur larger costs to undertake an investment project.  This result is demonstrated in Panel B, which indicates that if 
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Panel C demonstrates the situation in which the discount rate is decreased from 5% per year to 3% per year.  If the firm becomes far-sighted (as represented by decreases in 
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), the firm will choose to delay its investment for longer, as demonstrated by the increase in the threshold investment value that induces the firm to invest.  Given that the firm invests at a more favorable state of nature if its discount rate decreases, the firm’s net investment value will increase. As a result, the regulator could offer a less generous investment tax credit to the firm. This result is demonstrated in Panel C, which indicates that if 
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Panel D indicates that if a firm expects the capital gain from undertaking an investment project, 
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 to increase, then the firm will delay the investment, i.e., 
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 will increase because the convenience yield of the investment project, 
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, will decrease such that the firm will realize greater benefits from waiting.  Thus, the firm will receive a higher net value from its investment, and the regulator could therefore grant a lower rate of investment tax credits to the firm.  As demonstrated in Panel D, if 
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Panel E indicates that, as 
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, the risk for a firm to undertake an investment project, is increased from 10% to 30% per year, the firm will become more hesitant to invest.  As a result, the firm will receive a higher return on its investment, and therefore the regulator could provide a lower rate of investment tax credits to the firm.  This result is demonstrated in Panel E, which indicates that if 
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Insert Table 1 here
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VI.  Conclusions
We have investigated a firm’s investment timing decision and the design of an efficient investment tax credit for a situation in which a government invites a firm to undertake an investment project but will eliminate this opportunity if the prospects of the project are sufficiently poor.  If the government owns a more valuable knock-out option, then the firm will invest earlier because its opportunity costs from waiting will decrease.  The government could therefore also offer a lower investment tax credit to align the firm’s investment timing with the socially optimal level for the investment in question. We also suggest that if a government wishes to accelerate investment project, it can establish a knock-out level as close to the firm’s investment cost as possible and simultaneously offer a very low rate of investment tax credits. However, we also warn that such a policy may completely destroy the firm’s incentive to invest if the government mistakenly overestimates the firm’s investment costs.

Our simplified model can be extended in the following ways.  First, we may follow Gao et al. (2000) and consider the situation in which a firm has an American-style call option to exercise the investment project within a finite time period.  In the absence of a knock-out option, Barone-Adesi and Whalley (1987) offer an approximate analytical formula for a firm that exercises this type of investment option, which demonstrates that the firm will be more likely to invest as the maturity date draws near
.
  We conjecture that this result may also hold if the knock-out option exists.  Second, we may assume that the government invites several private firms to compete for the investment opportunity but that there is only one winner of this competition.  This scenario represents the type of R&D competition problem that is addressed in Harris and Vickers (1985) and Roberts and Weitzman (1981).  We leave these extensions to future research efforts.
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which is required to be negative because the firm’s net value from investment will exceed its option value from waiting if its initial state of nature is superior to the threshold value that triggers investment.  The total differentiation of 
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Appendix B: The Proof of Proposition 2
The total differentiation of 
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Figure 1: The option value of an investment project, 
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Figure 2: The choice of investment timing in the absence of any investment tax credit, 
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Table 1: The choices of investment timing in the absence of any investment tax credit, 
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 denote the knock-out level of investment value, the external benefit, the investment cost, the discount rate, the expected capital gain from the investment, the risk of investment, the critical level of investment value that triggers investment in the absence of any investment tax credit, the socially optimal level for the investment trigger, the net value of investment and the efficient rate of investment tax credits, respectively.
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� See also Saint-Paul (1992) who shows that the regulator can use an investment tax subsidy rather than public debt to solve the externality problem.


� The VLSI Technology Development Project was the Phase III project launched by the ERSO.  For a detailed discussion of this project, please see Liu (1993).


� In the absence of any knock-out option, our model reduces to the situation addressed in McDonald and Siegel (1986).  McDonald and Siegel demonstrate that the interaction of uncertainty and investment irreversibility causes a firm to refrain from engaging in an investment project until the investment value exceeds the investment cost by a magnitude that is related to the value of the call option from the investment delay.


� We will assume that the government first collects a lump-sum tax equal to � EMBED Equation.DSMT4  ��� from the firm and subsequently subsidizes the firm in the form of an investment tax credit.


� Note that the values of � EMBED Equation.DSMT4  ���and � EMBED Equation.DSMT4  ��� only apply to the region in which � EMBED Equation.DSMT4  ���  If � EMBED Equation.DSMT4  ���, then we must impose the condition that � EMBED Equation.DSMT4  ���; in other words, the option value to delay investment is worthless if the investment value is below its knock-out level.


� This type of policy resembles the policy that was discussed by Metcalf and Hasset (1999) in which a firm undertakes investment but faces policy uncertainty regarding the investment tax credit.  If a government wishes to accelerate investment, then the government should enact a tax credit immediately, threaten to remove it in the near future, and commit to never restoring this credit (see Dixit and Pindyck, 1994, p. 309).


� See also the approximate analytical formulas that are provided by Carr (1995) and by Geske and Johnson (1984).
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