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a b s t r a c t 

This paper examines the efficacy of carbon tax policies in view of the interactions between such policies and 

the firm’s carbon efficiency and financing decisions. We show that because the government, unlike capital mar- 

kets, does not price its policy’s risk by taking into account default probabilities, the firm takes advantage of the 

government by using senior debt to minimize the carbon tax policy’s cost. The shift to debt financing, in turn, 

mitigates the carbon tax policy’s efficacy, resulting in lower carbon efficiency, thus higher carbon emissions. To 

remedy the government’s predicament, we propose a correct-pricing rule that mimics market equilibrium con- 

ditions, thereby forcing firms to consider government interests. Such a rule renders senior debt no longer useful 

for reducing the carbon tax policy’s cost. As a result, the tax policy’s efficacy increases, hence reducing carbon 

emissions. Finally, we briefly consider and comment on the case of a social-welfare maximizing government that 

strategically chooses its carbon tax. 
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4 Therefore, this paper is also related to the vast body of work on integrating 

financial and real decisions. See, for example, Titman (1984) , Dotan and Ravid 

(1985) , Brander and Lewis (1986) , Brander and Spencer (1989) , Appelbaum 
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. Introduction 

Climate change has been an ongoing topic of political and policy
ebates for many years. While there is reasonable consensus about what
rives climate change, there is less agreement about policy prescriptions
o combat the phenomenon. Proposed policies aim to alter individuals’
nd firms’ behaviour and provide incentives to innovate. 1 Some of these
olicies (such as technology or performance standards) are prescriptive,
hereas others are market-based. Two policies seem to have emerged as
opular among the market-based approaches: carbon taxation (CT) and
ap-and-trade (CAT). Both aim to reduce carbon emissions by industry. 2 

hey try to do so directly or indirectly by using taxes, penalties, emission
aps, carbon markets, incentives to innovate, etc. For example, Canada,
outh Africa, India, Taiwan, Costa Rica and most EU countries have
ntroduced carbon taxes. 3 

Much attention has been given to the direct effects of such policies.
ittle attention, however, has been paid to the effects of such climate
☆ I wish to thank the managing editor and referee for this journal for their 

seful suggestions. I also wish to thank S. Ben-Ishai, P. Bond, E. Katz and 

. Prisman for their helpful comments. 

E-mail address: elie@yorku.ca 
1 See, for example, Grübler et al. (2002) and Nordhaus (2002) . 
2 This paper does not deal with carbon-reducing policies aimed to affect indi- 

iduals’ behaviour. 
3 Similarly, Australia, New Zealand, Japan, Canada, the US and the EU imple- 

ented CAT policies. 
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hange policies on firms’ activities as a whole. 4 Hence, often, the indi-
ect effects of these policies have not been addressed adequately. Specif-
cally, there has been little research on the effects of CR policies on firms’
nancing decisions. 5 , 6 However, it is clear that policies whose aim is to
educe carbon emissions affect not just firms’ production and innovation
ecision, but also financing decisions. More importantly, financing de-
isions, in turn, affect firms’ carbon efficiency decisions and hence their
arbon emissions. To properly assess the impact of CT policies, it is,
herefore, necessary to consider the interactions between the firm’s in-
erdependent real (carbon-activity-related) and financial decisions and
he government’s carbon tax policies. 7 
1992) , Aney et al. (2019) . 
5 The extent to which debtholders consider the firm’s carbon-related risk is, 

mpirically, studied by Jung et al. (2018) . They show that there exists a positive 

ssociation between the cost of debt and carbon risk. 
6 Lundgren et al. (2015) empirically study the effect of carbon taxes on firms’ 

roductivity. They show that climate policy had a modest negative impact on 

echnological development in the pulp and paper industry. They also show that 

he EU’s Emission Trading System price on fossil fuels has created significant 

echnological development incentives. 
7 The effect of government taxation has been well addressed in the literature. 

owever, the focus has usually been on the different treatment of equity and 

cember 2021 
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he CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

https://doi.org/10.1016/j.jge.2021.100027
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jge
mailto:elie@yorku.ca
https://doi.org/10.1016/j.jge.2021.100027
http://creativecommons.org/licenses/by-nc-nd/4.0/


E. Appelbaum Journal of Government and Economics 4 (2021) 100027 

 

a  

h  

t  

h  

b  

fi  

e  

c  

k  

e  

p
 

n  

c  

n  

“  

v  

r  

i  

c  

s  

c
 

n  

h  

e  

f
 

p  

c  

g  

p  

p  

t
 

d  

r  

u  

a  

i  

c  

a  

c  

i  

d

X

p

i

C

G

m

(

(

b

T

v

p

T

u
T  

t  

p  

g
 

c  

d  

e
 

p  

a  

t  

f  

m  

w  

o  

g  

t  

i  

c
 

n  

c

2

 

𝑘  

v  

o  

[  

𝜃

 

f  

r  

c  

t  

i
 

fi

𝑐  

w  

f  
An important aspect of the interactions between carbon tax policies
nd firms is that the government is - and behaves - unlike other stake-
olders. First, the firm’s market stakeholders price their claims correctly:
hey price their risk by considering default probabilities. Second, they
ave well-defined opportunity costs. These two features are captured
y capital market equilibrium conditions, which effectively force the
rm to consider market stakeholders’ interests whose participation is
nsured by these conditions (hence, we can view them as participation
onstraints). Consequently, the firm cannot take advantage of its mar-
et claimants. Alternatively put, capital market equilibrium conditions
nsure that only the “true costs ” (namely, opportunity costs) of market
articipants matter. 

On the other hand, the government does not price its risk 8 and has
o equilibrium condition equivalent to the capital market equilibrium
ondition. Moreover, it does not even have a clearly defined opportu-
ity cost. As a result, firms can take advantage of a government not
protected ” by market equilibrium conditions, but they cannot take ad-
antage of market participants. At least in its spirit, this conclusion is
elated to the general result in game theory, where a non-strategic player
s at a disadvantage when facing strategic rivals. 9 In the context of policy
hoices, a similar result is shown in Appelbaum and Katz (1987) , where
trategic firms and strategic regulators take advantage of non-strategic
onsumers. 10 

In general, however, implications of the interactions between a
on-strategic government/stakeholder and strategic market participants
ave received relatively little attention in the literature. A few studies
xamine non-market stakeholders’ roles, but their focus was on their ef-
ects on social responsibility, engagement, reputation and branding. 11 , 12 

The purpose of this paper is to examine the efficacy of carbon tax
olicies given the interactions between the firm’s interdependent de-
isions and the government’s carbon tax policies, recognizing that the
overnment is and behaves, unlike market participants. In addition, we
rovide a possible remedy to the government’s predicament that will
revent firms from taking advantage of the government. Consequently,
he efficacy of the CT policy will increase. 

We assume that the firm can finance its capital by using unsecured
ebt, secured debt and equity. We show that given the absolute and
elative priority rules in most countries’ bankruptcy laws, the firm can
se secured debt to take advantage of the government. Secured debt
llows the firm to take advantage of a government that does not price
ts risk because its claims have a higher priority than the government’s
laim. Unsecured debt cannot be used for this purpose because it has
 lower priority than the government’s claim. The fact that the firm
an use secured debt to take advantage of the government implies that
ts value is no longer independent of its capital structure. We show that,
ebt by tax rules. See, for example, De Angelo and Masulis (1980) , Faccio and 

u (2015) , Graham et al. (2015) . 
8 Note that, throughout the paper, the statement ”the government does not 

rice its policy risk ” means that the government does not consider the probabil- 

ties that its claims (against the firm) will be in full or partial default. 
9 This result has been shown theoretically and empirically, for example, by 

amerer et al. (2004) , Agranov et al. (2012) , Brown et al. (2012) and Costa- 

omes and Crawford (2006) . 
10 It is also a basic result in Industrial Organization (for example, where, say, 

arket “leaders ” take advantage of fringe followers) and in bargaining theory 

e.g., in Nash Bargaining, an agent’s payoffs increase with her threat point). 
11 See Mahon and Wartick (2003) , Amaeshi and Crane (2006) , Rivera-Camino 

2007) . 
12 Within the context of the firm’s financial decisions, a government that is and 

ehaves, unlike other stakeholders, was first discussed in Appelbaum (1993) . 

hat paper shows that, with such an asymmetry, firms will, indeed, take ad- 

antage of the government by choosing a capital structure that minimizes the 

olicy’s cost (maximizes its benefits), thus explaining the firm’s capital structure. 

he paper’s focus, however, was strictly capital structure. 
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2 
nder these circumstances, the firm will be fully secure-debt-financed. 13 

he paper demonstrates that two conditions are necessary for the firm
o take advantage of the government: (i) a government that does not
rice its risk, (ii) a debt class whose claim priority is higher than the
overnment’s priority. 

This result has important implications regarding the efficacy of the
arbon tax policy. Specifically, we show that the shift toward secured
ebt financing weakens the carbon tax policy’s impact when the gov-
rnment does not price its tax correctly. 

We then proceed to provide a possible solution to the government’s
redicament. Naturally, the solution is that the government should
dopt a “correct pricing rule ” that mimics market equilibrium condi-
ions. The government can do so by pricing its claims in line with de-
ault probabilities. We show that by adopting such a rule, the govern-
ent becomes yet another market stakeholder. Consequently, the firm
ould no longer be able to take advantage of the government. As with
ther stakeholders, a correct pricing rule forces the firm to consider the
overnment’s interest. It will do so by considering only the “true cost ” of
he government’s carbon policy. In such a case, the firm’s value becomes
ndependent of its capital structure. 14 More importantly, as a result, the
arbon tax policy’s efficacy increases. 

Finally, we briefly discuss a possible framework for analyzing a sce-
ario in which the government behaves strategically and chooses its
arbon tax policy by maximizing social welfare. 

. Carbon tax 

Consider a firm whose profit function is given by 𝜋 = 𝜋( 𝑘, 𝑥 ; 𝜃) , where
 is the capital input used in the production process, 𝜃 is a random
ariable that describes the state of the world, and 𝑥 is the firm’s level
f carbon efficiency. We assume that 𝜃 is distributed over the interval
0,1] according to the density function 𝑔 ( 𝜃) . We define 𝜃 so that a higher
represents a better state of the world: 𝜕𝜋∕ 𝜕𝜃 > 0 . 

The firm’s carbon efficiency can represent its choice of technology,
uel type, product choice, etc. 15 We define 𝑥 so that a higher 𝑥 rep-
esents greater carbon efficiency. Since, in general, higher carbon effi-
iency is more expensive, we have 𝜕 𝜋∕ 𝜕 𝑥 < 0 . In addition, we assume
hat the marginal cost of achieving greater carbon efficiency is increas-
ng; namely, 𝜋 is concave in 𝑥 . 16 

The amount of carbon emitted by the firm’s production process, de-
ned as 𝑐, is given by the carbon emission “production function, ”

 = 𝐹 ( 𝑥 ) . (1)

here 𝜕 𝐹 ∕ 𝜕 𝑥 < 0 , 𝜕 2 𝐹 ∕ 𝜕𝑥 2 > 0 . This production function captures the
act that greater carbon efficiency reduces carbon emissions, but this
eduction becomes increasingly difficult. 

We assume that the government uses a simple carbon tax, given by
he linear tax schedule: 

 = 𝑎𝑐 (2)

here 𝑎 ≥ 0 is the carbon tax rate. Thus, we have: 

 = 𝑎𝑐 = 𝑎𝐹 ( 𝑥 ) ≡ 𝑇 ( 𝑥 ) (3)

here 𝜕 𝑇 ∕ 𝜕 𝑥 = 𝑎𝜕 𝐹 ∕ 𝜕 𝑥 < 0 , 𝜕 2 𝑇 ∕ 𝜕𝑥 2 = 𝑎 𝜕 2 𝐹 ∕ 𝜕𝑥 2 > 0 . 
13 It should be noted that, as is well known, we also get debt financing with 

orporate taxation. However, in that context, the result is not surprising because 

orporate taxation (with interest deductibility) directly changes the relative at- 

ractiveness of equity and debt (of any kind). Its objective is to raise revenues 

ather than alter the firm’s activities/behaviour. On the other hand, carbon taxes 

o not directly change the relative attractiveness of equity and debt, and their 

bjective is to increase carbon efficiency and not simply raise money. 
14 In other words, the Modigliani-Miller theorem is restored. See Modigliani 

nd Miller (1958) . 
15 Or, it may simply be directly related to the level of output. 
16 Since we will not consider the choice of 𝑘, we do not need to worry about 

he concavity of the profit function in 𝑘. 
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. Timeline and legal structure 

The firm’s problem has the following timeline. In “Stage 1, ” before
is revealed, the firm chooses its capital, capital structure and carbon

fficiency. We assume that the firm’s capital can be financed by secured
ebt, unsecured debt and equity. 17 To avoid making specific assump-
ions regarding the type of debt the firm can choose, or the claim-priority
f the chosen debt, we allow the structure of debt to be chosen endoge-
ously. Specifically, we allow the firm to choose the amounts of secured
nd unsecured debt. 

In “Stage 2, ” after 𝜃 becomes known, the firm faces claims from its
ebtholders and the government. We assume that the firm must settle
ll claims in Stage 2. Define secured and unsecured debt levels as 𝑏 𝑠 and
 𝑢 , respectively. Let the corresponding contracted interest rates be given
y 𝑟 𝑠 and 𝑟 𝑢 and let equity be given by 𝑒. 

Once 𝜃 is revealed, the firm faces claims from debtholders and the
overnment in the amount of (1 + 𝑟 𝑠 ) 𝑏 𝑠 + (1 + 𝑟 𝑢 ) 𝑏 𝑢 + 𝑇 ( 𝑥 ) . If the firm’s
ssets are insufficient to meet its obligations fully, it defaults and goes
nto bankruptcy. 

To avoid complications due to complex issues arising from restruc-
uring/reorganizing processes 18 (due to multilateral bargaining and
trategic behaviour that, inevitable, occur in such processes), we focus
n the case the firm faces liquidation. 19 When the firm faces liquida-
ion, its assets are sold off and distributed among the claimants under
he protocol and rules established in the country’s bankruptcy law. 20 

For example, according to the bankruptcy protocols in most Euro-
ean countries as well as the U.S., Canada and other countries, 21 the
rm’s assets and claims are paid in the order described in bankruptcy

aw. In most countries, secured creditors have the right to claim their
ssets or the security value. If their claims exceed the value of the se-
urity, they become unsecured creditors for the remainder. In the US,
he priority rule among classes of claims is referred to as the absolute
riority rule (APR). The division within a class of claimants with the
ame priority is known as the proportionate priority rule (PPR). 22 Many
U countries do not explicitly incorporate these rules in the bankruptcy
aw, but they still distinguish among claimants’ classes. 23 Often, the or-
er is administrative expenses of bankruptcy (lawyers’ fees, expenses re-
ated to the bankruptcy proceedings), taxes, wages and unsecured cred-
tors. Equity holders are residual claimants. Bondholders, bank lenders,
nd trade creditors may be secured or unsecured creditors. 24 If many
laimants, such as unsecured creditors, have the same priority, all are
aid an equal fraction of their claims’ face value. 25 The priority given to
17 It is possible to introduce additional types of securities, including hybrid 

nancing, but we do not pursue this in the paper. As will become clear later, 

dding hybrid financing will not alter the results in this paper. For an early 

odel of secured and unsecured debt, see Stulz and Johnson (1985) . 
18 This is known in the U.S. as bankruptcy under Chapter 11. 
19 Known in the U.S. as bankruptcy under Chapter 7. 
20 The same liquidation process occurs if negotiations and hence restructuring 

ails. 
21 For European protocols, see Ballerini (2020) , McCormack et al. (2016) , 

rouwer (2006) and Van Den Berg (2019) . For U.S., law, see Altman (1983) , 

illes (1986) , White (1980) , Warren (1991) . For Canada, see Government of 

anada (1985) . 
22 For a discussion of these priority rules (including the question of how ab- 

olute they are), see, for example, Grohsgal (2017) , Rudzik (2015) , Ballerini 

2020) . 
23 See Brouwer (2006) ; McCormack et al. (2016) . See also Ballerini (2020) for 

 discussion of the desirability of those rules in restructuring. 
24 They may also be partially secured creditors. 
25 In the US, these priorities are given in the US Code of Federal Regulations, 

itle 11 - Bankruptcy (11 U.S. Code §507, Priorities and 11 USC §505: Determi- 

ation of tax liability). For more details, see: https://www.govinfo.gov/ 

ontent/pkg/USCODE-2017-title11/html/USCODE-2017-title11-chap5- 

ubchapI-sec507.htm https://www.govinfo.gov/content/pkg/USCODE-2017- 

itle11/html/USCODE-2017-title11-chap5-subchapI-sec505.htm See also 
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3 
overnmental claims usually depends on their nature, the characteristics
f competing claims and, likely, the jurisdiction involved. Consequently,
ften governmental claims have a lower priority than secured (and even
nsecured) creditors. 26 , 27 Interestingly, in the EU, it has been argued
hat governments should be given a high priority because not only is it
ore powerful than private claimants, but doing so would also decrease

verall economy-wide benefits. 28 On the other hand, in North America,
t was pointed out that even when governmental claims have a high pri-
rity, in practice, they often “get swept aside. ”29 In any case, thus far,
he question of governmental claims priority has not been fully settled
n bankruptcy law. 30 

Given the bankruptcy rules discussed above, we assume that claim
riorities are as follows. Secured debtholders have priority with respect
o the secured part of their claim. Hence, they receive the saleable value
f the assets that are subject to security. But, if the security value is
nsufficient to satisfy their full claims, they are entitled to claim the
emainder as unsecured creditors. We assume that, in this case, the gov-
rnment’s claim has a higher priority than the unsecured (remainder)
ortion of the secured debtholders’ claims, as well as the claims by unse-
ured debtholders. 31 Finally, we assume that equity holders are residual
laimants. 

. Claims 

Secured debtholders have priority with respect to the secured part
f their claim ( 𝑏 𝑠 ) . But, the government’s claim has priority over the
nsecured portion of their claim ( 𝑟 𝑠 𝑏 𝑠 ). Secured debtholders’ receipts
ill, therefore, be: 

 𝑠 ( 𝜃) = 

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 
(1 + 𝑟 𝑠 ) 𝑏 𝑠 𝑖𝑓 𝜃 ≥ 𝜃1 

𝑏 𝑠 + 𝑟 𝑠 𝑏 𝑠 𝜆 𝑖𝑓 𝜃2 ≤ 𝜃 ≤ 𝜃1 

𝑏 𝑠 𝑖𝑓 𝜃3 ≤ 𝜃 ≤ 𝜃2 

𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 𝑖𝑓 𝜃 ≤ 𝜃3 

(4)

here: 

1. to simplify the presentation, we assume that 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ≥ 0 , for all
𝜃. 32 

2. the partial bankruptcy default states, 𝜃1 , 𝜃2 and 𝜃3 (where 𝜃1 ≥ 𝜃2 ≥
𝜃3 ) , respectively, are implicitly defined by the equations, 

𝜋( 𝑥, 𝑘, 𝜃1 ) + 𝑘 − (1 + 𝑟 𝑠 ) 𝑏 𝑠 − (1 + 𝑟 𝑢 ) 𝑏 𝑢 − 𝑇 = 0 (5)
hite (1980) . A similar treatment of secured debt exists in the Canadian 

ankruptcy and Insolvency Act. See Government of canada (1985) . 
26 As is stated in US Code 11 USC §701–766, or in House Report no. 95–595, 

ubsection (b) governs tax liens: “The order of distribution of property subject 

o a tax lien is as follows: First, to holders of liens senior to the tax lien. For 

onvenience, House Report no. 95–595 is provided in Appendix A.1 . 
27 For example, in the particularly relevant case of liability for environmental 

amages, penalty claims may not be secured claims, thus giving rise to con- 

icts between governmental and other claims. See II U.S.C. § 724(b), 11 U.S.C. 

724(a) and II U.S.C. § 545. See also Claar (1992) . 
28 See McCormack et al. (2016) . 
29 This is pointed out by See Ben-Ishai and Lubben (2012) . 
30 For a recent example, see the 2018 La Paloma Generating Company, LLC 

ase described in Appendix A.1.1 . See also Irvin and Kronenberg (2018) . 
31 Even though this tilts results in favour of governmental carbon tax claims, 

e will show that the firm will still be able to take advantage of the government. 
32 In principle, however, we could allow for 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 to be negative below 

ome values of 𝜃. For example, we could define 𝜃4 by the condition 𝜋( 𝑥, 𝑘, 𝜃4 ) + 
 = 0 . Then, the claims in Eq. (4) would have another row, such that 𝑏 𝑠 ( 𝜃) = 0 for 

ll 𝜃 ≤ 𝜃4 . This possibility would not add much to the discussion but would make 

t more cumbersome. The assumption that 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ≥ 0 , for all 𝜃 implies that 

he exists a lower bound to the firm’s losses: 𝜋( 𝑥, 𝑘, 𝜃) ≥ − 𝑘, adding an element 

f limited liability. 

https://www.govinfo.gov/content/pkg/USCODE-2017-title11/html/USCODE-2017-title11-chap5-subchapI-sec507.htm
https://www.govinfo.gov/content/pkg/USCODE-2017-title11/html/USCODE-2017-title11-chap5-subchapI-sec505.htm
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𝜋( 𝑥, 𝑘, 𝜃2 ) + 𝑘 − 𝑏 𝑠 − 𝑇 = 0 (6)

𝜋( 𝑥, 𝑘, 𝜃3 ) + 𝑘 − 𝑏 𝑠 = 0 (7)

3. the (equal) fraction of the face value of the claims that secured and
unsecured debtholders receive (for unsecured claims), defined as 𝜆,
is given by: 

𝜆 = 

𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − 𝑏 𝑠 − 𝑇 ( 𝑥 ) 
𝑟 𝑠 𝑏 𝑠 + (1 + 𝑟 𝑢 ) 𝑏 𝑢 

, 0 < 𝜆 < 1 , for all 𝜃2 ≤ 𝜃 ≤ 𝜃1 

Since the government’s claims have priority over the unsecured
ortion of the secured debtholders’ claims, as well as over unsecured
ebtholders’ claims, its receipts, defined as 𝑡 ( 𝜃) , will be, 

 ( 𝜃) = 

⎧ ⎪ ⎨ ⎪ ⎩ 
𝑇 ( 𝑥 ) 𝑖𝑓 𝜃 ≥ 𝜃2 

𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − 𝑏 𝑠 𝑖𝑓 𝜃3 ≤ 𝜃 ≤ 𝜃2 

0 𝑖𝑓 𝜃 ≤ 𝜃3 
(8)

Turning to unsecured debtholders, their receipts are given by: 

 𝑢 ( 𝜃) = 

⎧ ⎪ ⎨ ⎪ ⎩ 
(1 + 𝑟 𝑢 ) 𝑏 𝑢 𝑖𝑓 𝜃 ≥ 𝜃1 

𝜆(1 + 𝑟 𝑢 ) 𝑏 𝑢 𝑖𝑓 𝜃2 ≤ 𝜃 ≤ 𝜃1 

0 𝑖𝑓 𝜃 ≤ 𝜃2 
(9)

We assume that secured and unsecured debtholders are risk-neutral
nd face the same opportunity cost rate of return, 𝜌. In competitive cap-
tal markets, equilibrium requires that the net values of secured and
nsecured debts should be zero, i.e. 

[ 𝑏 𝑠 ( 𝜃)] − (1 + 𝜌) 𝑏 𝑠 = 0 . (10)

[ 𝑏 𝑢 ( 𝜃)] − (1 + 𝜌) 𝑏 𝑢 = 0 . (11)

n principle, we can solve conditions (10) and (11) for the equilibrium
ates of interest, 𝑟 𝑠 , and 𝑟 𝑢 , that are required in order to be able to ob-
ain secured and unsecured funds in the capital market. In particular,
he capital market requires that 𝑟 𝑠 , and 𝑟 𝑢 be adjusted to take into ac-
ount default probabilities correctly. In other words, equilibrium in the
apital market requires that all debts are priced correctly. Alternatively,
onditions (10) and (11) can be, simply, viewed as “participation con-
traints ”. 

Equity holders, as residual claimants, will, therefore, receive, 33 

 ( 𝜃) = 

{ 

𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − (1 + 𝑟 𝑠 ) 𝑏 𝑠 − (1 + 𝑟 𝑢 ) 𝑏 𝑢 − 𝑇 ( 𝑥 ) 𝑖𝑓 𝜃 ≥ 𝜃1 

0 𝑖𝑓 𝜃 ≤ 𝜃1 
(12)

.1. The choice of capital structure 

Given equity holders’ receipts, as in Eq. (12) , we can now derive
he value of the firm. First, assuming that equity holders face the same
pportunity cost rate of return, 𝜌, the net value of equity, 𝑉 𝐸, is given
y, 

 𝐸 = 

1 
(1 + 𝜌) 

{ 𝐸[ 𝑒 ( 𝜃)] − (1 + 𝜌) 𝑒 } . (13)

nce we substitute the two capital market equilibrium conditions, given
y (10) and (11) , 𝑉 𝐸 can be written as (see Appendix A.1 ): 

 𝐸( 𝑘, 𝑥, 𝑏 𝑠 ) = (1 + 𝜌) −1 { { 𝐸[ 𝜋( 𝑥, 𝑘, 𝜃)] − 𝜌𝑘 } − { 𝐸[ 𝑡 ( 𝜃)]} } ≡ 𝑉 𝐹 ( 𝑘, 𝑥 ) 

− 𝑉 𝐺( 𝑘, 𝑥, 𝑏 𝑠 ) (14) 

where, 
33 Implicitly, and for simplicity, we assume that there is limited liability 

f equity holders, namely: that 𝜋( 𝑥, 𝑘, 0) ≥ − 𝑒, which implies that 𝜋( 𝑥, 𝑘, 𝜃) ≥ 
( 𝑥, 𝑘, 0) ≥ − 𝑒, or 𝜋( 𝑥, 𝑘, 𝜃) + 𝑒 ≥ 0 , for all 𝜃. 

s

t

n

v

4 
 𝐹 ( 𝑘, 𝑥 ) ≡ (1 + 𝜌) −1 ∫
1 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) − 𝜌𝑘 ] 𝑔( 𝜃) 𝑑𝜃 = (1 + 𝜌) −1 { 𝐸[ 𝜋( 𝑥, 𝑘, 𝜃)] − 𝜌𝑘 } 

(15) 

s the value of the firm in the absence of carbon taxes, and 

 𝐺( 𝑘, 𝑥, 𝑏 𝑠 ) ≡ (1 + 𝜌) −1 
[ 

∫
𝜃2 

𝜃3 

[
𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − 𝑏 𝑠 

]
𝑔 ( 𝜃) 𝑑𝜃

+ ∫
1 

𝜃2 
𝑇 ( 𝑥 ) 𝑔 ( 𝜃) 𝑑𝜃

] 
= (1 + 𝜌) −1 𝐸[ 𝑡 ( 𝜃)] (16) 

s the (expected) cost of the government’s carbon tax policy. 
The value of the firm, 𝑉 , is given by the sum of the net values of

quity and debt: 

 = 

1 
(1 + 𝜌) 

[ { 𝐸[ 𝑒 ( 𝜃)] − (1 + 𝜌) 𝑒 } + { 𝐸[ 𝑏 𝑠 ( 𝜃)] 

− (1 + 𝜌) 𝑏 𝑠 } + { 𝐸[ 𝑏 𝑢 ( 𝜃)] − (1 + 𝜌) 𝑏 𝑢 } ] (17) 

ut, the capital market equilibrium conditions (10) and (11) require that
he net value of both types of debt be zero. Thus, the value of the firm
s: 

 = 

1 
(1 + 𝜌) 

{ 𝐸[ 𝑒 ( 𝜃)] − (1 + 𝜌) 𝑒 } ≡ 𝑉 𝐸( 𝑘, 𝑥, 𝑏 𝑠 ) (18)

r, 

 = 𝑉 𝐹 ( 𝑘, 𝑥 ) − 𝑉 𝐺( 𝑘, 𝑥, 𝑏 𝑠 ) ≡ 𝑉 ( 𝑘, 𝑥, 𝑏 𝑠 ) (19)

n other words, firm value maximization and equity value maximization
re identical. 

As can be easily seen in Eq. (15) , in the absence of carbon taxes, the
alue of the firm, 𝑉 𝐹 , is independent of its capital structure. Namely,
either the two types of debt nor equity appear separately in Eq. (15) :
hey always enter jointly and symmetrically in 𝑘, i.e., 𝑏 𝑠 + 𝑏 𝑢 + 𝑒 = 𝑘.

heir effects on 𝑉 𝐹 ( 𝑘, 𝑥 ) are, therefore, indistinguishable. On the other
and, in Eq. (16) , we can see that, whereas 𝑏 𝑠 , 𝑏 𝑢 and 𝑒 always enter sym-
etrically in 𝑘, secured debt also enters separately. In other words, 𝑉 𝐺 is
ot symmetric with respect to 𝑏 𝑠 , 𝑏 𝑢 and 𝑒 (note that 𝜃3 and 𝜃2 depend
n 𝑏 𝑠 , but not on 𝑏 𝑢 ) . Their effects on 𝑉 𝐺( 𝑘, 𝑥, 𝑏 𝑠 ) are, therefore, not
ndistinguishable. Consequently, 𝑉 𝐺( 𝑘, 𝑥, 𝑏 𝑠 ) is not independent of the
rm’s capital structure. 

The cost of the government’s carbon tax policy, 𝑉 𝐺, is not indepen-
ent of the firm’s capital structure because, unlike the capital market,
he government does not price its claim. Specifically, it does not adjust
ts tax claim to take into account the probabilities of tax default. Conse-
uently, the firm’s capital structure is determinate. 

It is useful to note that because 𝑉 𝐹 is independent of capital struc-
ure, whereas 𝑉 𝐺 is not, it follows from Eq. (19) that in order to max-
mize its value, the firm must choose its capital structure to minimize
he expected cost of the tax policy, 𝑉 𝐺, (this a necessary condition). 

Since the choice of 𝑘 is not the focus of this paper, we proceed by
olving the firm’s problem for a given value of 𝑘. Thus, in stage 1, hold-
ng 𝑘 fixed, we solve the problem: 

max 
 𝑠 ,𝑏 𝑢 ,𝑒,𝑥 

{ 𝑉 ( 𝑘, 𝑥, 𝑏 𝑠 ) ∶ 𝑏 𝑠 + 𝑏 𝑢 + 𝑒 = 𝑘 > 0} (20)

ssuming that a solution to problem (20) exists, define the solution
i.e., the firm’s maximum function) as 𝐽 ( 𝑘 ; 𝑎 ) and the optimal values
f 𝑏 𝑠 , 𝑏 𝑢 , 𝑒, and 𝑥 as 𝑏 𝑠 ( 𝑘, 𝑎 ) , 𝑏 𝑢 ( 𝑘, 𝑎 ) , 𝑒 ( 𝑘, 𝑎 ) and 𝑥 ( 𝑘 ; 𝑎 ) . Now, note that
e take 𝑘 as fixed and, moreover, 𝑏 𝑠 , 𝑏 𝑢 and 𝑒 enter symmetrically in
. Thus, to determine the firm’s optimal capital structure, it suffices to
onsider the effect of 𝑏 on the value of the firm. 34 
34 In general, of course, to solve the maximization problem, we need to con- 

ider all the Kuhn-Tucker conditions together. However, since (as will be shown) 

he optimal solution for 𝑏 𝑠 happens to be a corner solution, it is more conve- 

ient to examine the optimality conditions separately, regardless of the other 

ariables’ values. 
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Fig. 1. Optimal Carbon Efficiency and Capital Structure. 
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35 See Claar (1992) , Ben-Ishai and Lubben (2012) . 
From Eqs. (15) , (16) and (19) we obtain (see Appendix A.2 ): 

𝜕𝑉 

𝜕𝑏 𝑠 
= 

1 
(1 + 𝜌) ∫

𝜃2 

0 
𝑔 ( 𝜃) 𝑑𝜃 = 

1 
(1 + 𝜌) 

𝐺( 𝜃2 ) > 0 (21)

here 𝐺( 𝜃2 ) is the cumulative distribution function evaluated at 𝜃2 .
herefore, since 𝑉 is everywhere strictly increasing in 𝑏 𝑠 , it follows
hat, for all values of 𝑥 and 𝑘 > 0 , the firm chooses the highest pos-
ible value of 𝑏 𝑠 . Namely, it chooses: 𝑏 𝑠 ( 𝑘 ; 𝑎 ) = 𝑘 > 0 , for all 𝑘 (and
 > 0) . This implies that the firm will not use unsecured debt, or equity:
 𝑢 ( 𝑘, 𝑎 ) = 0 , 𝑒 ( 𝑘, 𝑎 ) = 0 . Thus, we have: 

roposition 1. With incorrectly priced government claims, the firm will be

ully secured-debt financed. 

What is the intuitive reason for this result? It may be tempting to
ay that secured debt has a relative advantage, as a financing tool, be-
ause of the high priority of its claims. This, however, cannot be the
ull explanation for a simple reason: capital markets price both types of
ebt correctly, as is ensured by the two equilibrium conditions (10) and
11) . Consequently, in the absence of the government’s policy, secured
ebt does not have an intrinsic advantage over unsecured debt or equity.
ecured debt becomes advantageous only when the government is in-
olved. To see this, note that without government taxation, when 𝑎 = 0 , 
e have 𝑇 ( 𝑥 ) = 0 so that 𝐺( 𝜃2 ) = 0 (because | 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − 𝑏 𝑠 > 0 , for
ll 𝜃) and hence 𝜕𝑉 

𝜕𝑏 𝑠 
is always zero: in other words, the firm’s capital

tructure is indeterminate. 
The reason this tax policy leads to secured debt financing is that,

nlike the capital market, the government does not price its risk and has
o opportunity cost that needs to be met; hence it has no equilibrium
ondition equivalent to (10) and (11) . As a result, the firm can take
dvantage of the government by using secured debt as a tool. Secured
ebt can serve as a tool for two reasons. First, it has a higher priority than
he government’s claims and, therefore, higher secured debt increases
he risk facing the government. Second, the increased government risk
educes the firm’s tax policy costs since the government does not price
ts risk. Secured debt can, therefore, be used to minimize the cost of the
ax policy. Unsecured debt cannot do the same job because, having a
ower priority than the government, changes in its level do not affect
he government’s risk; hence unpriced risk cannot be exploited. 

Thus, two conditions are necessary for our result: (i) a government
hat does not price its risk (and has no opportunity costs), (ii) a class of
ebt whose claim priority is higher than the government’s claim. Nei-
her of these is sufficient, but together they are necessary and sufficient
onditions. In other words, you need a stakeholder that you can take
dvantage of, as well as a tool to do so. If you have both, the secured
ebt financing result occurs. These are the proverbial means, motive and
pportunity. Secured debt provides the means, a government that does
ot price its risks provides the opportunity, and a motive is omnipresent
n economics and finance. The fact that capital structure can be used to
xploit the government provides, in this example, a simple explanation
f a deviation from the Modigliani-Miller Theorem. 

.2. The choice of carbon efficiency 

Let us now consider the choice of carbon efficiency. Using Eqs.
15) and (16) , we obtain (see Appendix A.2 ): 

𝜕𝑉 

𝜕𝑥 
= 

1 
(1 + 𝜌) 

{ 

∫
𝜃3 

0 

𝜕𝜋( 𝑥, 𝑘, 𝜃) 
𝜕𝑥 

𝑔 ( 𝜃) 𝑑𝜃 + ∫
1 

𝜃2 

[ 
𝜕 𝜋( 𝑥, 𝑘, 𝜃) 

𝜕 𝑥 
− 

𝜕 𝑇 ( 𝑥 ) 
𝜕 𝑥 

] 
𝑔 ( 𝜃) 𝑑𝜃

}
(22) 

ince 𝜕 𝜋∕ 𝜕 𝑥 < 0 and 𝜕 𝑇 ∕ 𝜕 𝑥 < 0 , an interior solution is possible. Thus,
ssuming that there is an interior solution for 𝑥 , we must have: 

𝜕𝑉 = 0 (23)

𝜕𝑥 

5 
n other words, we have: 

𝜕𝑉 

𝜕𝑥 
= 1 

(1 + 𝜌) 

{ 

∫
𝜃3 

0 

𝜕𝜋( 𝑥, 𝑘, 𝜃) 
𝜕𝑥 

𝑔 ( 𝜃) 𝑑𝜃 + ∫
1 

𝜃2 

[ 
𝜕 𝜋( 𝑥, 𝑘, 𝜃) 

𝜕 𝑥 
− 𝜕 𝑇 ( 𝑥 ) 

𝜕 𝑥 

] 
𝑔 ( 𝜃) 𝑑𝜃

} 

= 0

(24) 

et the solution to condition (24) be defined as 𝑥 ( 𝑏 𝑠 , 𝑘 ; 𝑎 ) . 
Now, consider the effect of secured debt on the firm’s carbon effi-

iency. 
From the result in the previous section, we know that 𝑏 𝑠 = 𝑘, for

ll values of 𝑥. Hence, the value of 𝑥 does not affect the firm’s opti-
al capital structure. But, although the value of 𝑥 does not affect the

ptimal capital structure, the converse is not true. That is, the firm’s
apital structure does affect its carbon efficiency. To show this, note
hat (see Appendix A.3 ) the effect of 𝑏 𝑠 on 𝑥 ( 𝑏 𝑠 , 𝑘 ; 𝑎 ) is given by (see
ppendix A.3 ): 

𝑑𝑥 ( 𝑏 𝑠 , 𝑘 ; 𝑎 ) 
𝑑𝑏 𝑠 

= − 

𝜕 2 𝑉 

𝜕 𝑥𝜕 𝑏 𝑠 
∕ 𝜕 

2 𝑉 

𝜕𝑥 2 
< 0 . (25)

n other words, we have: 

roposition 2. An increase in secured debt decreases the firm’s carbon ef-

ciency. 

Equation (25) simply gives us the slope of the first-order condition
or 𝑥, in ( 𝑏 𝑠 , 𝑥 ) space (assuming that there is an interior solution). It
ndicates that a higher secured debt leads to a lower carbon efficiency
nd, consequently, higher carbon emission. Since it is optimal for the
rm to be fully financed with secured debt, this suggests that, at the
quilibrium, carbon emissions will be at their maximum level for the
iven capital stock, 𝑘 . Moreover, as 𝑘 increases, 𝑏 𝑠 will also increase (so
hat 𝑏 𝑠 = 𝑘 ) and consequently, carbon emissions will increase. 

These results can be seen in Fig. 1 below. The figure shows the firm’s
wo first-order conditions (in 𝑏 𝑠 , 𝑥 space). The optimal capital structure
s given by the vertical line, 𝑏 𝑠 = 𝑘 (for all values of 𝑥 ) : since there
s a corner solution, the optimal capital structure is independent of 𝑥.
he optimal level of carbon efficiency, 𝑥 ( 𝑏 𝑠 , 𝑘 ; 𝑎 ) , for any level of 𝑏 𝑠 , is
hown by the downward sloping curve (a reflection of equation (25) ).
he equilibrium levels of secured debt and carbon efficiency are given
y: { 𝑏 𝑠 = 𝑘, 𝑥 ( 𝑘, 𝑘 ; 𝑎 )} , the intersection of the two curves in Fig. 1 . 

It is useful to point out that, to the extent that the government has an
missions level target, it would not be able to meet its target if it did not
onsider the effects of the firm’s capital structure on its choice of car-
on efficiency. Thus, the fact that carbon emissions depend on the firm’s
apital structure suggests that some “fine-tuning ” of the cap-and-trade
olicies can be useful. For example, policies that reduce the attractive-
ess of debt may be helpful. Such policies may focus on changing, or
etter enforcing, the priority of the government’s claims or requiring an
nstallment to cover future governmental claims. 35 
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Finally, before we conclude this section, notice that the effect of the
ax rate, 𝑎, on the level of carbon efficiency is given by: 36 

𝑑𝑥 

𝑑𝑎 
= − 

𝜕 2 𝑉 

𝜕 𝑥𝜕 𝑏 𝑠 
∕ 𝜕 

2 𝑉 

𝜕𝑥 2 
> 0 

hus, a carbon tax can, indeed, affect carbon emissions. The efficacy and
fficiency of the policy are, however, beyond the scope of this paper. 

. Correctly priced government claims 

.1. The value of the firm with correctly priced taxes 

Before we examine the issue of incorrectly-priced government
laims, it is useful to re-consider the other claimants. Debtholders can
nvest their funds ( 𝑏 𝑖 , 𝑖 = 𝑠, 𝑢 ) in a risk-free asset with a rate of return 𝜌
nd get (1 + 𝜌) 𝑏 𝑖 at the end of the period. Their expected claims must,
herefore, satisfy the requirement: 𝐸[ 𝑏 𝑖 ( 𝜃)] ≥ (1 + 𝜌) 𝑏 𝑖 , 𝑖 = 𝑠, 𝑢 (and in
quilibrium, this holds with strict equality). In other words, we have a
tandard participation constraint. As such, it ensures that interest rates
re correctly priced by taking into account debt default probabilities.
n the other hand, the government does not price its risk, and its pol-

cy claim is not related to “assets ” with opportunity costs; thus, it has
o participation or a market equilibrium constraint. Consequently, the
rm can take advantage of the government. 

So, what should a correctly-priced government claim be? First, re-
ember that the government’s expected claim is given by: 

[ 𝑡 ( 𝜃)] = 

[ 

∫
𝜃2 

𝜃3 

[
𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − 𝑏 𝑠 

]
𝑔( 𝜃) 𝑑 𝜃 + ∫

1 

𝜃2 
𝑎𝐹 ( 𝑥 ) 𝑔( 𝜃) 𝑑 𝜃

] 

(26)

ut, since for all 𝜃3 < 𝜃 < 𝜃2 we have [ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − 𝑏 𝑠 ] < 𝑎𝐹 ( 𝑥 ) , it is
lways the case that: 

[ 𝑡 ( 𝜃)] < 𝑎𝐹 ( 𝑥 ) (27)

The simplest, most obvious way to correct the government’s asym-
etry vis- à-vis market participants is (for the government) to adopt

he same principle as the market does. That is, the government should
harge a “correctly priced tax rate ” that takes into account the proba-
ilities of (full and partial) default on tax claims. For example, suppose
here exists a “benchmark ” carbon tax rate of 𝛽. This benchmark could
e a rate applied to risk-free firms or based on an “average industry
isk. ” Alternatively, it could simply represent the government’s target
r desired tax rate. Then, we can define the tax rate 𝑎 ∗ to be a correctly-
riced tax rate for a risky firm if it satisfies the condition: 
 

∫
𝜃2 

𝜃3 

[
𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − 𝑏 𝑠 

]
𝑔 ( 𝜃) 𝑑𝜃 + ∫

1 

𝜃2 
𝑎 ∗ 𝐹 ( 𝑥 ) 𝑔 ( 𝜃) 𝑑𝜃

] 

= 𝛽𝐹 ( 𝑥 ) (28)

n other words, the correctly priced tax rate should be set as: 

 

∗ = 

𝛽𝐹 ( 𝑥 ) − ∫ 𝜃2 

𝜃3 [ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − 𝑏 𝑠 ] 𝑔( 𝜃) 𝑑𝜃

∫ 1 
𝜃2 𝐹 ( 𝑥 ) 𝑔 ( 𝜃) 𝑑𝜃] 

(29)

y definition, the correctly-priced tax rate, 𝑎 ∗ , guarantees that the de-
ired tax rate, 𝛽, is obtained. As is clear from Eq. (28) , the correctly-price
ax rate, 𝑎 ∗ , must be such that 𝑎 ∗ > 𝛽 (see Appendix A.4 ). In other words,
he correctly-priced tax rate, 𝑎 ∗ , takes into account the probabilities of
ull and partial default on government claims; it does so by charging the
risk premium ” of 𝑎 ∗ − 𝛽 > 0 . 

With correctly-priced government tax claims, the net value of equity
and hence the net value of the firm) needs to be recalculated to take
36 Since 

𝜕 2 𝑉 

𝜕 𝑥𝜕 𝑎 
= − 1 

(1 + 𝜌) ∫
1 

𝜃2 

𝜕𝐹 ( 𝑥 ) 
𝜕𝑥 

𝑔 ( 𝜃) 𝑑𝜃 > 0 , 

nd 𝜕 
2 𝑉 

𝜕𝑥 2 
< 0 . 

f  

a  

q
 

b  

f  

a  

6 
nto account condition (28) . As is shown in Appendix A.5 , the value of
he firm is now given by: 

 = 

1 
(1 + 𝜌) 

[ 

∫
1 

0 
𝜋( 𝑥, 𝑘, 𝜃) 𝑔 ( 𝜃) 𝑑𝜃 − 𝜌𝑘 − 𝛽𝐹 ( 𝑥 ) 

] 

(30)

s is clear from Eq. (30) , debt and equity do not appear separately in 𝑉 .
his brings us back to the Modigliani-Miller Theorem. Thus, we have: 

roposition 3. With correctly-priced government tax claims, the firm’s

alue becomes independent of its capital structure. 

With correctly-priced government tax claims, the only costs that mat-
er are the “true ” costs of capital ( 𝜌𝑘 ) and the true costs of the carbon
ax policy ( 𝛽𝐹 ( 𝑥 )) , neither of which depends on capital structure. Since
nly the true costs of the government’s policy matter, the firm can no
onger take advantage of the government by using secured debt. Now,
he government is on an even playing field. The playing field is even be-
ause the government also has what may be viewed as its own version
f a participation constraint. 

.2. Carbon efficiency with correctly priced taxes 

Having obtained the value of the firm with correct tax-pricing, it is
ow useful to compare the firm’s choice of carbon efficiency under the
wo scenarios: with and without correct tax-pricing (denoted as CTP and
CTP, respectively). Define the solutions in the CTP and NCTP cases as
 𝑏 𝑐 
𝑠 
( 𝑘 ) ∈ [0 , 𝑘 ] , 𝑏 𝑐 

𝑢 
( 𝑘 ) ∈ [0 , 𝑘 ] , 𝑒 𝑐 ( 𝑘 ) ∈ [0 , 𝑘 ] , 𝑥 𝑐 = 𝑥 𝑐 ( 𝑘 ; 𝛽) , 𝑏 𝑐 

𝑠 
+ 𝑏 𝑐 

𝑢 
+ 𝑒 𝑐 =

 } and { 𝑏 𝑛 
𝑠 
= 𝑘, 𝑏 𝑛 

𝑢 
= 0 , 𝑒 𝑛 = 0 , 𝑥 𝑛 = 𝑥 𝑛 ( 𝑘, 𝑏 𝑛 

𝑠 
; 𝑎 ) = 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 )} . 

To compare the solutions, first note that, in contrast with the NCTP
ase, with CTP debt does not appear separately in 𝑉 (in Eq. (30) ), and
s a result, the choice of carbon efficiency is also independent of cap-
tal structure (we have 𝑥 𝑐 = 𝑥 𝑐 ( 𝑘 ; 𝛽) as opposed to 𝑥 𝑛 = 𝑥 𝑛 ( 𝑘, 𝑏 𝑛 

𝑠 
; 𝑎 )) .

econd, in the NCTP case, the carbon tax ( 𝑎 ) was chosen arbitrarily.
hat is, it was not determined endogenously in the model (or by a
nown government policy decision rule that we could use to calculate
ts value). Specifically, we do not know the relationship between 𝑎 and
. A “global ” comparison of the firm’s carbon efficiency is, therefore,
mpossible. Consequently, it is not obvious which tax rate we should
se for the comparison. Nevertheless, we know that, for any carbon tax
nd any given stock of capital (in the NCTP case), the firm will choose
ull secured-debt financing ( 𝑏 𝑠 = 𝑘 ) . Therefore, the level of 𝑏 𝑠 will be as
igh as possible for these given values of 𝑎 and 𝑘. As a result, the carbon
fficiency level will be as low as possible, given 𝑘 and 𝑎 . But, although
lobal comparisons are impossible, in general, relatively higher values
f 𝛽 tend to make carbon efficiency higher in the CTP case. Specifi-
ally, the relationship between 𝑥 𝑐 ( 𝑘, 𝛽) and 𝑥 𝑛 ( 𝑘 ; 𝑎 ) and the effect of 𝛽
n 𝑥 𝑐 ( 𝑘, 𝛽) are summarized by the following proposition: (proof is given
n Appendix A.6 ): 

roposition 4. (i) 𝑥 𝑐 ( 𝑘, 𝛽) > 𝑥 𝑛 ( 𝑘 ; 𝑎 ) only if 𝑎 < 

𝛽

1− 𝐺( 𝜃2 𝑛 ( 𝑘,𝑎 )) 

(ii) 𝑥 𝑐 ( 𝑘, 𝛽) > 𝑥 𝑛 ( 𝑘 ; 𝑎 ) if and only if 𝑎 < 𝛽 < 

𝛽

1− 𝐺( 𝜃2 𝑛 ( 𝑘,𝑎 )) 

(iii) 𝑥 𝑐 ( 𝑘, 𝛽) < 𝑥 𝑛 ( 𝑘 ; 𝑎 ) if 𝑎 > 

𝛽

1− 𝐺( 𝜃2 𝑛 ( 𝑘,𝑎 )) 

(iv) 
𝑑𝑥 𝑐 

𝑑𝛽
> 0 

Three final points are worth mentioning. First, while the correctly-
riced tax scheme is intuitively appealing and works theoretically, the
xtent to which it is practical is beyond this paper’s scope. However,
t should be pointed out that the informational requirements for cor-
ectly priced government tax claims are no different from those required
or correct pricing by the market. The extent to which the market has
n “informational-comparative-advantage ” is an interesting empirical
uestion. 

Second, although this paper’s results were cast in the context of a car-
on tax policy, it should be clear that the same results will be obtained
or any government policy that fulfills the two requirements mentioned
bove. Namely: (i) the government does not price its policy-risk, but
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ther participants do, (ii) the firm can use a financing instrument whose
laim priority is higher than the government’s claim. These conditions
rovide means, motive and opportunity, so it is in the government’s in-
erest to address this issue. 

Finally, an alternative to the correct tax pricing in this paper is
iscussed in the bankruptcy law literature. Specifically, it was sug-
ested that the absolute priority rules (in bankruptcy) should be mod-
fied or better enforced. 37 This alternative, as Ben-Ishai and Lubben
2012) suggest, will allow the government to better “protect itself ex-
nte ” (legally). This paper shows that the government can protect it-
elf ex-ante by simply mimicking market stakeholders’ behaviour (even
ithout changing priorities’ rules). 38 Needless to say, the benefits of a
overnment that behaves strategically, like other market players, extend
eyond the particular issue addressed in this paper. A strategic govern-
ent will always be in a stronger position vis-à-vis market forces, re-

ardless of the interactions’ nature. 

. A strategic government 

In this section, we briefly explore the case of a strategic government.
pecifically, we explicitly allow for the possibility that the government
hooses its carbon policy, i.e., its target or desired tax rate, 𝛽, by maxi-
izing social welfare. 39 Although a full discussion of this case is beyond

he scope of this paper, we provide a general structure of a model with
 strategic government. 40 

In principle (in this context), social welfare should capture all direct
nd indirect costs and benefits of carbon emissions (including possible
arket failures). Hence, it should depend on the level of carbon emis-

ions, which, in turn, depend on the firm’s choice of carbon efficiency,
, 41 the firm’s profits, the contribution of the firm’s activities and tax
evenues. Therefore, a reduced form of such a social welfare function
an be written as a function of the two instruments available to the gov-
rnment and the firm: 𝛽 and 𝑥, respectively. Denote this social welfare
unction as 𝑊 ( 𝑥, 𝛽) . Since this reduced form welfare function already
ncludes all relevant carbon emissions considerations, the government’s
hoice of an optimal 𝛽 will also reflect these considerations. The firm’s
bjective function is given by 𝑉 , for example, as defined in Eq. (30) for
he CTP case. We can denote it as 𝑉 ( 𝑥, 𝛽) . 

The two most natural models to apply are the simultaneous move
ame and the sequential, leader-follower game. In a simultaneous move
ame, the government and firm simultaneously choose their instruments
target tax rate and carbon efficiency, respectively). In a sequential
ame, given the government’s legislative powers, it would be natural
or the government to assume the role of the leader. Thus, in the se-
uential game, the government chooses 𝛽 first, and the firm chooses its
arbon efficiency given the government’s choice of 𝛽. As an example, we
onsider the sequential game and focus on the correct tax-pricing (CTP)
ase above. 

The sequential, leader-follower game can be viewed as a two-stage
ame. Hence, applying backward induction, first, we solve the firm’s
roblem (in “stage 2 ”). The firm’s carbon efficiency choice in the CTP
ase is given (in the previous section) by 𝑥 𝑐 = 𝑥 𝑐 ( 𝛽) . 42 In other words,
 

𝑐 = 𝑥 𝑐 ( 𝛽) is the firm’s carbon efficiency best reply function. Given the
37 See Claar (1992) , Ben-Ishai and Lubben (2012) . 
38 It may be interesting to examine the relative attractiveness of these two 

lternatives. 
39 Which, in turn, determines the correctly-price tax rate, 𝑎 ∗ . 
40 This general structure is related to the model provided in Appelbaum and 

atz (1987) . In their paper, Appelbaum and Katz (1987) present a three-party 

olicy choice model, where both the government and firms act strategically, 

hereas consumers do not. 
41 Since 𝑐 = 𝐹 ( 𝑥 ) . 
42 For notational simplicity, we supress the capital stock, 𝐾, in the definition 

f 𝑥 𝑐 . The firm’s other optimal choices are given by 𝑏 𝑐 
𝑠 
∈ [0 , 𝑘 ] , 𝑏 𝑐 

𝑢 
∈ [0 , 𝑘 ] , 𝑒 𝑐 ∈

0 , 𝑘 ] , 𝑏 𝑐 
𝑠 
+ 𝑏 𝑐 

𝑢 
+ 𝑒 𝑐 = 𝑘. 
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rm’s best reply function, the government’s problem (in the “first stage ”)
s, 

ax 
𝛽

{ 𝑊 ( 𝑥 𝑐 , 𝛽) ∶ 𝑥 𝑐 = 𝑥 𝑐 ( 𝛽} 

r, 

ax 
𝛽

{ 𝑊 ( 𝑥 𝑐 ( 𝛽) , 𝛽} (31)

et the solution to the problem in Eq. (31) be denoted as 𝛽∗ . The se-
uential game Nash equilibrium is, therefore, given by, 

∗ , 𝑥 𝑐 ( 𝛽∗ ) . 

hus, whereas in the previous sections the target tax rate was an exoge-
ous variable, arbitrarily chosen, now 𝛽∗ reflects the equilibrium of a
equential move game, in which the government, as a leader, chooses
ts target tax rate optimally, given the firm’s best reply function, while
onsidering all the aspects of carbon emissions as captured by the social
elfare function. Obviously, such a strategic government must be better
ff with the optimal target rate 𝛽∗ compared to an arbitrary target rate,
s discussed in previous sections. It is also clear that a strategic govern-
ent that acts as a leader will be better off than a government that does
ot act as a leader. 

Finally, since all the examples discussed in the previous sections can
e viewed as the second stage in the two-stage leader/follower game, the
orresponding results (obtained in the previous sections) do not change.
pecifically, incorrect tax pricing will still give rise to a determinate
apital structure (with full secured-debt financing) and may weaken the
arbon tax policy’s impact. Similarly, the firm’s value will still be inde-
endent of its capital structure with correct tax pricing. This result was
rue for any arbitrary 𝛽, so it must also be true for 𝛽∗ . Consequently,
he firm’s capital structure choice (in the CTP case) will not adversely
ffect carbon efficiency (and a higher 𝛽∗ will tend to increase carbon
fficiency). 

We can, therefore, see that having a strategic government that acts as
 leader shifts the power structure in favour of the government, resulting
n a socially optimal target carbon tax (hence socially optimal carbon
missions), thus addressing the externalities problem and improving so-
ial welfare. However, the spirit of results in the previous sections does
ot change. 

. Conclusion 

This paper examines the efficacy of the government’s carbon tax pol-
cy. It shows that the government can be exploited because it does not
rice its risk and has no well-defined opportunity costs. Hence, it is not
protected ” by a market equilibrium condition, as market stakeholders
re. Consequently, if there is a class of debt with a higher claim priority
han the government’s claim, the firm will take advantage of the govern-
ent by using such debt to minimize the policy’s cost. As a result, the

fficacy of the carbon tax policy decreases. We then show that if the gov-
rnment adopts a correct pricing rule that mimics market equilibrium
onditions, it would become like other claimants and could no longer
e exploited. A correct pricing rule, in turn, will increase the efficacy of
he carbon tax policy. 

Finally, we briefly examine a framework for analyzing the case of a
ocial welfare maximizing government that chooses its carbon tax strate-
ically. 
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A

A

t is derived from section 67c(3) of the Bankruptcy Act [section 107(c)(3) of 
f tes tax liens to administrative expense and wage claims, and solves certain 
c ion. The order of distribution of property subject to a tax lien is as follows: 
F e expenses, wage claims, and consumer creditors that are granted priority, 
b by the lien. In other words, the priority claimants step into the shoes of the 
t imants did not use up his entire claim. Fourth, to junior lien holders. Fifth, 
t  (3). Finally, any remaining property goes to the estate. The result of these 
p red claims undisturbed. If there are any liens that are equal in status to the 
t rovisions of this Subsection. ”

A

hen, in one of the first decisions of its kind, the Bankruptcy Court for 
t ting Company, LLC (See Irvin and Kronenberg, 2018 ). The ruling stated 
t ptcy code, free and clear of the debtor’s pre-sale obligations under Cal- 
i the specific language of the applicable California cap-and-trade (in fact, 
d n to consider amendments to the state’s cap-and-trade regulations (see: 
h ther words, the general principle, at least concerning cap and trade claims, is 
y ore general issue of successor liability. See, for example, Matheson (2011) ). 

A

𝐸 (A.1) 

T

(  𝜃) 𝑑𝜃 + ∫
1 

𝜃1 
(1 + 𝑟 𝑠 ) 𝑏 𝑠 𝑔( 𝜃) 𝑑𝜃 (A.2) 

a

∫ 𝜃 − ∫
𝜃1 

𝜃2 
[ 𝑏 𝑠 + 𝑟 𝑠 𝑏 𝑠 𝜆] 𝑔( 𝜃) 𝑑𝜃 (A.3) 

𝐸 (A.4) 

T

(

a

∫ (A.5) 

𝐸

( 𝜃) 𝑑𝜃

 𝑠 𝑏 𝑠 𝜆] 𝑔( 𝜃) 𝑑𝜃

} 
ppendix A 

1. Legal appendix 

House Report no. 95–595 states: “Subsection (b) governs tax liens. I
ormer title 11], without substantial modification in result. It subordina
ircuity of liens problems that arise in connection with the subordinat
irst, to holders of liens senior to the tax lien; second, to administrativ
ut only to the extent of the amount of the allowed tax claim secured 
ax collector. Third, to the tax claimant, to the extent that priority cla
o the tax collector to the extent that he was not paid under paragraph
rovisions are to leave senior and junior lienors and holders of unsecu
ax lien, they share pari passu with the tax lien under the distribution p

1.1. La paloma generating company, LLC case 

The importance of government claims became evident recently w
he District of Delaware ruled in a case involving La Paloma Genera
hat a power plant could be sold, under Section 363 of the bankru
fornia’s cap-and-trade program. However, this ruling was based on 
ue to this ruling, the State of California Air Resources Board bega
ttps://ww3.arb.ca.gov/regact/2018/capandtradeghg18/isor.pdf). In o
et to be addressed (this problem can be viewed as an example of the m

2. The value of the firm with a carbon tax 

Equilibrium in the secured debt capital market requires that: 

[ 𝑏 𝑠 ( 𝜃)] = (1 + 𝜌) 𝑏 𝑠 . 

hus, from Eq. (A.1) we get: 

1 + 𝜌) 𝑏 𝑠 = ∫
𝜃3 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 + ∫

𝜃2 

𝜃3 
𝑏 𝑠 𝑔( 𝜃) 𝑑𝜃 + ∫

𝜃1 

𝜃2 
[ 𝑏 𝑠 + 𝑟 𝑠 𝑏 𝑠 𝜆] 𝑔(

nd therefore, 

1 

𝜃1 
(1 + 𝑟 𝑠 ) 𝑏 𝑠 𝑔 ( 𝜃) 𝑑𝜃 = (1 + 𝜌) 𝑏 𝑠 − ∫

𝜃3 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃2 

𝜃3 
𝑏 𝑠 𝑔( 𝜃) 𝑑

Equilibrium in the unsecured debt capital market requires that: 

[ 𝑏 𝑢 ( 𝜃)] = (1 + 𝜌) 𝑏 𝑢 . 

hus: 

1 + 𝜌) 𝑏 𝑢 = ∫
𝜃1 

𝜃2 
[ 𝜆(1 + 𝑟 𝑢 ) 𝑏 𝑢 ] 𝑔 ( 𝜃) 𝑑𝜃 + ∫

1 

𝜃1 
(1 + 𝑟 𝑢 ) 𝑏 𝑢 𝑔 ( 𝜃) 𝑑𝜃

nd therefore, 

1 

𝜃1 
(1 + 𝑟 𝑢 ) 𝑏 𝑢 𝑔 ( 𝜃) 𝑑𝜃 = (1 + 𝜌) 𝑏 𝑢 − ∫

𝜃1 

𝜃2 
[ 𝜆(1 + 𝑟 𝑢 ) 𝑏 𝑢 ] 𝑔 ( 𝜃) 𝑑𝜃

Now, 

[ 𝑒 ( 𝜃)] = ∫
1 

𝜃1 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − (1 + 𝑟 𝑠 ) 𝑏 𝑠 − (1 + 𝑟 𝑢 ) 𝑏 𝑢 − 𝑇 ( 𝑥 )] 𝑔( 𝜃) 𝑑𝜃

= ∫
1 

𝜃1 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − ∫

1 

𝜃1 
(1 + 𝑟 𝑠 ) 𝑏 𝑠 𝑔( 𝜃) 𝑑𝜃 − ∫

1 

𝜃1 
(1 + 𝑟 𝑢 ) 𝑏 𝑢 𝑔

− ∫
1 

𝜃1 
𝑇 ( 𝑥 ) 𝑔 ( 𝜃) 𝑑𝜃

Thus, using conditions (A.3) and (A.5) we have: 

= ∫
1 

𝜃1 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃

− 

{ 

(1 + 𝜌) 𝑏 𝑠 − ∫
𝜃3 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃2 

𝜃3 
𝑏 𝑠 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃1 

𝜃2 
[ 𝑏 𝑠 + 𝑟

− 

{ 

(1 + 𝜌) 𝑏 𝑢 − ∫
𝜃1 

𝜃2 
[ 𝜆(1 + 𝑟 𝑢 ) 𝑏 𝑢 ] 𝑔 ( 𝜃) 𝑑𝜃

} 

− ∫
1 

1 
𝑇 ( 𝑥 ) 𝑔 ( 𝜃) 𝑑𝜃
𝜃
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(1 + 𝑟 𝑢 ) 𝑏 𝑢 )] 𝑔( 𝜃) 𝑑𝜃

} 

 + 𝑟 𝑢 ) 𝑏 𝑢 )] 𝑔 ( 𝜃) 𝑑𝜃

} 

B

 𝑘 − 𝑏 𝑠 − 𝑇 ( 𝑥 )]] 𝑔( 𝜃) 𝑑𝜃

} 

𝑇 ( 𝑥 )] 𝑔( 𝜃) 𝑑𝜃

} 

 𝜃) 𝑑𝜃

} 

 𝜃) 𝑑𝜃

} 

] 𝑔( 𝜃) 𝑑𝜃

} 

=

𝑉

 𝜌) 𝑒 

} 

 

= ∫
1 

𝜃1 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − 

{ 

∫
1 

𝜃1 
𝑇 ( 𝑥 ) 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃2 

𝜃3 
𝑏 𝑠 𝑔( 𝜃) 𝑑𝜃

} 

− 

{ 

(1 + 𝜌)( 𝑏 𝑠 + 𝑏 𝑢 ) − ∫
𝜃3 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃1 

𝜃2 
[( 𝑏 𝑠 + 𝑟 𝑠 𝑏 𝑠 𝜆) + ( 𝜆

= ∫
1 

𝜃1 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − 

{ 

∫
1 

𝜃1 
𝑇 ( 𝑥 ) 𝑔( 𝜃) 𝑑𝜃 + ∫

𝜃2 

𝜃3 
𝑏 𝑠 𝑔( 𝜃) 𝑑𝜃

} 

− 

{ 

(1 + 𝜌)( 𝑏 𝑠 + 𝑏 𝑢 ) − ∫
𝜃3 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃1 

𝜃2 
[ 𝑏 𝑠 + 𝜆( 𝑟 𝑠 𝑏 𝑠 + (1

ut, from definition of 𝜆 we have: 

= ∫
1 

𝜃1 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − 

{ 

∫
1 

𝜃1 
𝑇 ( 𝑥 ) 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃2 

𝜃3 
𝑏 𝑠 𝑔( 𝜃) 𝑑𝜃

} 

− 

{ 

(1 + 𝜌)( 𝑏 𝑠 + 𝑏 𝑢 ) − ∫
𝜃3 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃1 

𝜃2 
[ 𝑏 𝑠 + [ 𝜋( 𝑥, 𝑘, 𝜃) +

= ∫
1 

𝜃1 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − 

{ 

∫
1 

𝜃1 
𝑇 ( 𝑥 ) 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃2 

𝜃3 
𝑏 𝑠 𝑔( 𝜃) 𝑑𝜃

} 

− 

{ 

(1 + 𝜌)( 𝑏 𝑠 + 𝑏 𝑢 ) − ∫
𝜃3 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃1 

𝜃2 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − 

= ∫
1 

𝜃1 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − 

{ 

∫
1 

𝜃2 
𝑇 ( 𝑥 ) 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃2 

𝜃3 
𝑏 𝑠 𝑔( 𝜃) 𝑑𝜃

} 

− 

{ 

(1 + 𝜌)( 𝑏 𝑠 + 𝑏 𝑢 ) − ∫
𝜃3 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃1 

𝜃2 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔(

= ∫
1 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃3 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃

− ∫
𝜃2 

𝜃3 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃1 

𝜃2 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃

− 

{ 

∫
1 

𝜃2 
𝑇 ( 𝑥 ) 𝑔 ( 𝜃) 𝑑𝜃 − ∫

𝜃2 

𝜃3 
𝑏 𝑠 𝑔 ( 𝜃) 𝑑𝜃

} 

− 

{ 

(1 + 𝜌)( 𝑏 𝑠 + 𝑏 𝑢 ) − ∫
𝜃3 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − ∫

𝜃1 

𝜃2 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔(

= ∫
1 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − 

{ 

∫
1 

𝜃2 
𝑇 ( 𝑥 ) 𝑔( 𝜃) 𝑑𝜃 + ∫

𝜃2 

𝜃3 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − 𝑏 𝑠 

−(1 + 𝜌)( 𝑏 𝑠 + 𝑏 𝑢 ) 

 ∫
1 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − 𝐸[ 𝑡 ( 𝜃)] − (1 + 𝜌)( 𝑏 𝑠 + 𝑏 𝑢 ) 

 𝐸 = 

1 
(1 + 𝜌) 

{ 𝐸[ 𝑒 ( 𝜃)] − (1 + 𝜌) 𝑒 } 

1 
(1 + 𝜌) 

{ 

∫
1 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − 𝐸( 𝑡 ( 𝜃)) − (1 + 𝜌)( 𝑏 𝑠 + 𝑏 𝑢 ) − (1 +

= 

1 
(1 + 𝜌) 

{ 

∫
1 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − (1 + 𝜌)( 𝑏 𝑠 + 𝑏 𝑢 + 𝑒 )] 𝑔( 𝜃) 𝑑𝜃 − 𝐸( 𝑡 ( 𝜃)) 

}
1 

(1 + 𝜌) 

{ 

∫
1 

0 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − (1 + 𝜌) 𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − 𝐸( 𝑡 ( 𝜃)) 

} 

= 

1 
{ 

1 
[ 𝜋( 𝑥, 𝑘, 𝜃) − 𝜌𝑘 ] 𝑔( 𝜃) 𝑑𝜃 − 𝐸( 𝑡 ( 𝜃)) 

} 
(1 + 𝜌) ∫0 
9 
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A

 ( 𝑥 ) 
 𝑥 

𝑔 ( 𝜃) 𝑑𝜃

] } 

− } 

A

 ) 𝜕 𝜃
2 

𝜕 𝑏 𝑠 
(A.6) 

) 
𝐺( 𝜃2 ) + 

𝑑𝑉 

𝑑𝑘 

𝜋 (A.7) 

𝜋

A

(A.8) 

T

 𝜃2 

 𝑏 𝑠 

} 

(A.9) 

w nterior solution for 𝑥, condition (24) must hold. 

 − 

𝜕𝑇 ( 𝑥 ) 
𝜕𝑥 

] 𝑔 ( 𝜃) 𝑑𝜃 > 0 . Thus, we must have: 𝜕𝑇 ( 𝑥 ) 
𝜕𝑥 

< 

1 
[(1− 𝐺( 𝜃2 )] ∫ 1 

𝜃2 [ 
𝜕 𝜋( 𝑥,𝑘,𝜃) 

𝜕𝑥 
. 

itigate the marginal benefits of a better state of the world. 43 In other words, 

i of 𝑉 implies that 𝜕 
2 𝑉 
𝜕𝑥 2 

< 0 . 44 Therefore, we have: 

(A.10) 

s

0

3. Derivation of 𝜕𝑉 
𝜕𝑥 

𝜕𝑉 𝐹 

𝜕𝑥 
= 

1 
(1 + 𝜌) ∫

1 

0 

𝜕𝜋( 𝑥, 𝑘, 𝜃) 
𝜕𝑥 

𝑔 ( 𝜃) 𝑑𝜃

𝜕𝑉 𝐺 

𝜕𝑥 
= 

1 
(1 + 𝜌) 

{ 

∫
𝜃2 

𝜃3 

𝜕𝜋( 𝑥, 𝑘, 𝜃) 
𝜕𝑥 

𝑔 ( 𝜃) 𝑑𝜃 + ∫
1 

𝜃2 

𝜕 𝑇 ( 𝑥 ) 
𝜕 𝑥 

𝑔 ( 𝜃) 𝑑𝜃

} 

Since 𝜋( 𝑥, 𝑘, 𝜃2 ) + 𝑘 − 𝑏 − 𝑇 ( 𝑥 ) = 0 and 𝜋( 𝑥, 𝑘, 𝜃3 ) + 𝑘 − 𝑏 𝑠 = 0 . 
Thus, 

𝜕𝑉 

𝜕𝑥 
= 

1 
(1 + 𝜌) 

{ 

∫
1 

0 

𝜕𝜋( 𝑥, 𝑘, 𝜃) 
𝜕𝑥 

𝑔 ( 𝜃) 𝑑𝜃 − 

[ 

∫
𝜃2 

𝜃3 

𝜕 𝜋( 𝑥, 𝑘, 𝜃) 
𝜕 𝑥 

𝑔 ( 𝜃) 𝑑𝜃 + ∫
1 

𝜃2 

𝜕 𝑇

𝜕

= 

1 
(1 + 𝜌) 

{ 

∫
𝜃3 

0 

𝜕𝜋( 𝑥, 𝑘, 𝜃) 
𝜕𝑥 

𝑔 ( 𝜃) 𝑑𝜃 + ∫
1 

𝜃2 

[ 
𝜕 𝜋( 𝑥, 𝑘, 𝜃) 

𝜕 𝑥 
− 

𝜕 𝑇 ( 𝑥 ) 
𝜕 𝑥 

] 
𝑔 ( 𝜃) 𝑑𝜃

= 

1 
(1 + 𝜌) 

{ 

∫
𝜃3 

0 

𝜕𝜋( 𝑥, 𝑘, 𝜃) 
𝜕𝑥 

𝑔 ( 𝜃) 𝑑𝜃 + ∫
1 

𝜃2 

[ 
𝜕 𝜋( 𝑥, 𝑘, 𝜃) 

𝜕 𝑥 
− 

𝜕 𝑇 ( 𝑥 ) 
𝜕 𝑥 

] 
𝑔 ( 𝜃) 𝑑𝜃

4. The choice of capital structure 

𝜕𝑉 

𝜕𝑏 𝑠 
= − 

𝜕𝑉 𝐺 

𝜕𝑏 𝑠 
= 

1 
(1 + 𝜌) 

{ 

∫
𝜃2 

𝜃3 
𝑔 ( 𝜃) 𝑑𝜃] − 

{
𝜋( 𝑥, 𝑘, 𝜃2 ) + 𝑘 − 𝑏 𝑠 − 𝑇 ( 𝑥 ) 

}
𝑔 ( 𝜃2

+ 

{
𝜋( 𝑥, 𝑘, 𝜃3 ) + 𝑘 − 𝑏 𝑠 

}𝜕 𝜃3 
𝜕𝑏 𝑠 

} 

+ 

𝜕𝑉 

𝜕𝑘 
= 

1 
(1 + 𝜌) ∫

𝜃2 

0 
𝑔 ( 𝜃) 𝑑𝜃 = 

1 
(1 + 𝜌

since, from the definition of 𝜃2 and 𝜃3 we have: 

( 𝑥, 𝑘, 𝜃2 ) + 𝑘 − 𝑏 𝑠 − 𝑇 ( 𝑥 ) = 0 . 

( 𝑥, 𝑘, 𝜃3 ) + 𝑘 − 𝑏 𝑠 = 0 

5. The effect of 𝑏 𝑠 on 𝑥 ( 𝑏 𝑠 , 𝑘 ; 𝑎 ) 

The effect of 𝑏 𝑠 on 𝑥 ( 𝑏 𝑠 , 𝑘 ; 𝑎 ) is given by 

𝑑𝑥 ( 𝑏 𝑠 , 𝑘 ; 𝑎 ) 
𝑑𝑏 𝑠 

= − 

𝜕 2 𝑉 

𝜕 𝑥𝜕 𝑏 𝑠 
∕ 𝜕 

2 𝑉 

𝜕𝑥 2 
. 

he term in the nominator is, 

𝜕 2 𝑉 

𝜕 𝑥𝜕 𝑏 𝑠 
= 

1 
(1 + 𝜌) 

{ [ 
𝜕𝜋( 𝑥, 𝑘, 𝜃3 ) 

𝜕𝑥 
𝑔 ( 𝜃3 ) 𝜕 𝜃

3 

𝜕 𝑏 𝑠 

] 
− 

[ 
𝜕𝜋( 𝑥, 𝑘, 𝜃2 ) 

𝜕𝑥 
− 

𝜕𝑇 ( 𝑥 ) 
𝜕𝑥 

] 
𝑔 ( 𝜃2 ) 𝜕

𝜕

here, 𝑑𝜃
2 

𝑑𝑏 𝑠 
= 1∕ 𝜕 𝜋( 𝑥,𝑘,𝜃

2 ) 
𝜕𝜃

> 0 , 𝑑𝜃3 

𝑑𝑏 𝑠 
= 1∕ 𝜕 𝜋( 𝑥,𝑘,𝜃

3 ) 
𝜕𝜃

> 0 . Now, if there is an i

But, since 𝜕 𝜋( 𝑥,𝑘,𝜃) 
𝜕𝑥 

< 0 , condition (24) cannot hold unless ∫ 1 
𝜃2 [ 

𝜕 𝜋( 𝑥,𝑘,𝜃)
𝜕𝑥 

This means that, for the second term in Eq. (A.9) , we have: 

𝜕𝜋( 𝑥, 𝑘, 𝜃2 ) 
𝜕𝑥 

− 

𝜕𝑇 ( 𝑥 ) 
𝜕𝑥 

> 

𝜕𝜋( 𝑥, 𝑘, 𝜃2 ) 
𝜕𝑥 

− 

1 
[(1 − 𝐺( 𝜃2 )] ∫

1 

𝜃2 

[ 
𝜕𝜋( 𝑥, 𝑘, 𝜃) 

𝜕𝑥 
𝑔 ( 𝜃) 𝑑𝜃

= ∫
1 

𝜃2 

[ 
𝜕𝜋( 𝑥, 𝑘, 𝜃2 ) 

𝜕𝑥 
− 

𝜕𝜋( 𝑥, 𝑘, 𝜃) 
𝜕𝑥 

] 
𝑔 ( 𝜃) 𝑑𝜃. 

It seems intuitive that higher costs of greater carbon efficiency will m

t seems reasonable that 𝜕 
2 𝜋( 𝑥,𝑘,𝜃) 
𝜕 𝜃𝜕 𝑥 

= 

𝜕 2 𝜋( 𝑥,𝑘,𝜃) 
𝜕 𝑥𝜕 𝜃

< 0 . Finally, the concavity 

𝜕𝜋( 𝑥, 𝑘, 𝜃2 ) 
𝜕𝑥 

− 

𝜕𝑇 ( 𝑥 ) 
𝜕𝑥 

> 0 . 

o that: 

𝑑𝑥 ( 𝑏 𝑠 , 𝑘 ; 𝑎 ) 
< 0 . 
𝑑𝑏 𝑠 

43 Such a case occurs, for example, if 𝜃 enters the profit function multiplicably ( 𝜋( 𝑥, 𝑘, 𝜃) = 𝜃𝐻( 𝑥, 𝑘 ) ). 
44 𝜕 2 𝑉 

𝜕𝑥 2 
= 1 

(1+ 𝜌) 
{ ∫ 𝜃3 

0 
𝜕 2 𝜋( 𝑥,𝑘,𝜃) 

𝜕𝑥 2 
𝑔 ( 𝜃) 𝑑𝜃 + [ 𝜕 𝜋( 𝑥,𝑘,𝜃

3 ) 
𝜕𝑥 

𝑔 ( 𝜃3 ) 𝜕 𝜃
3 

𝜕𝑥 
] + ∫ 1 

𝜃2 
[ 𝜕 

2 𝜋( 𝑥,𝑘,𝜃) 
𝜕𝑥 2 

− 𝜕 
2 𝑇 ( 𝑥 ) 
𝜕𝑥 2 

] 𝑔 ( 𝜃) 𝑑𝜃 − [ 𝜕 𝜋( 𝑥,𝑘,𝜃
2 ) 

𝜕𝑥 
− 𝜕𝑇 ( 𝑥 ) 

𝜕𝑥 
] 𝑔 ( 𝜃2 ) 𝜕 𝜃

2 

𝜕𝑥 
} < 0 , since 𝜕 2 𝜋( 𝑥,𝑘,𝜃) 

𝜕𝑥 2 
− 𝜕 

2 𝑇 ( 𝑥 ) 
𝜕𝑥 2 

< 0 and 𝜕 𝜋( 𝑥,𝑘,𝜃2 ) 
𝜕𝑥 

− 𝜕𝑇 ( 𝑥 ) 
𝜕𝑥 

> 

 , 
𝑑𝜃2 

𝑑𝑥 
> 0 , 𝑑𝜃3 

𝑑𝑥 
> 0 . 

10 
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A[

𝑎
) + 𝑘 − 𝑏 𝑠 ] 𝑔( 𝜃) 𝑑𝜃
− 𝐺( 𝜃2 )] 

𝑎

𝑎  

𝛽

[1 − 𝐺( 𝜃2 )] 

A

𝑉 ] 𝑔( 𝜃) 𝑑𝜃 + ∫
1 

𝜃2 
𝑎𝐹 ( 𝑥 ) 𝑔( 𝜃) 𝑑𝜃

] 

B

𝐸

I

𝐸

T

𝑉

A

𝜕𝑉 𝑐 

𝜕𝑥 
= 0 and 𝜕𝑉 

𝑛 

𝜕𝑥 
= 0 , respectively. These are given by: 

 ( 𝑥 ) 
𝜕 𝑥 

𝑔 ( 𝜃) 𝑑𝜃

] } 

T

(
1 

𝜃2 
𝑔 ( 𝜃) 𝑑𝜃

} 

== ∫
𝜃2 

𝜃3 

𝜕𝜋( 𝑥, 𝑘, 𝜃) 
𝜕𝑥 

𝑔 ( 𝜃) 𝑑𝜃 + 𝑎 
𝜕 𝐹 ( 𝑥 ) 
𝜕 𝑥 

[1 − 𝐺( 𝜃2 )] − 𝛽
𝜕 𝐹 ( 𝑥 ) 
𝜕 𝑥 

 ) = ∫
𝜃2 

𝜃3 

[ 
𝜕 𝜋( 𝑥, 𝑘, 𝜃) 

𝜕 𝑥 
− 𝛽

𝜕 𝐹 ( 𝑥 ) 
𝜕 𝑥 

] 
𝑔 ( 𝜃) 𝑑𝜃 + ∫

1 

𝜃2 
( 𝑎 − 𝛽) 𝜕𝐹 ( 𝑥 ) 

𝜕𝑥 

T endix A.3 ), we have: 

[

T

6. Risk premium of correctly priced tax 
 

∫
𝜃2 

𝜃3 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − 𝑏 𝑠 ] 𝑔( 𝜃) 𝑑𝜃 + ∫

1 

𝜃2 
𝑎 ∗ 𝐹 ( 𝑥 ) 𝑔( 𝜃) 𝑑𝜃

] 

= 𝛽𝐹 ( 𝑥 ) 

 

∗ = 

𝛽𝐹 ( 𝑥 ) − ∫ 𝜃2 

𝜃3 [ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − 𝑏 𝑠 ] 𝑔( 𝜃) 𝑑𝜃

∫ 1 
𝜃2 𝐹 ( 𝑥 ) 𝑔 ( 𝜃) 𝑑𝜃] 

= 

𝛽

[1 − 𝐺( 𝜃2 )] 
− 

∫ 𝜃2 

𝜃3 [ 𝜋( 𝑥, 𝑘, 𝜃
𝐹 [1 

> 

𝛽

[1 − 𝐺( 𝜃2 )] 
− 

∫ 𝜃2 

𝜃3 𝑎 
∗ 𝐹 ( 𝑥 ) 𝑔 ( 𝜃) 𝑑𝜃

𝐹 [1 − 𝐺( 𝜃2 )] 
= 

𝛽

[1 − 𝐺( 𝜃2 )] 
− 

𝑎 ∗ [ 𝐺( 𝜃2 ) − 𝐺( 𝜃3 )] 
[1 − 𝐺( 𝜃2 )] 

Or, 

 

∗ + 

𝑎 ∗ [ 𝐺( 𝜃2 ) − 𝐺( 𝜃3 )] 
[1 − 𝐺( 𝜃2 )] 

> 

𝛽

[1 − 𝐺( 𝜃2 )] 

 

∗ [1 + 

[ 𝐺( 𝜃2 ) − 𝐺( 𝜃3 )] 
[1 − 𝐺( 𝜃2 )] 

] = 𝑎 ∗ 
1 − 𝐺( 𝜃2 ) + 𝐺( 𝜃2 ) − 𝐺( 𝜃3 ) 

1 − 𝐺( 𝜃2 ) 
= 𝑎 ∗ 

1 − 𝐺( 𝜃3 ) 
1 − 𝐺( 𝜃2 ) 

>

→ 𝑎 ∗ > 

𝛽

[1 − 𝐺( 𝜃3 )] 
> 𝛽

7. Value of the firm with correct tax-pricing 

The value of the firm without correct pricing is given by, 

 = 

1 
(1 + 𝜌) 

[ 

∫
1 

0 
𝜋( 𝑥, 𝑘, 𝜃) 𝑔 ( 𝜃) 𝑑𝜃 − 𝜌𝑘 

] 

− 

1 
(1 + 𝜌) 

[ 

∫
𝜃2 

𝜃3 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − 𝑏 𝑠 

ut, correct government pricing requires that: 

[ 𝑡 ( 𝜃)] = 𝛽𝐹 ( 𝑥 ) 

n other words, we need: 

[ 𝑡 ( 𝜃)] = 

[ 

∫
𝜃2 

𝜃3 
[ 𝜋( 𝑥, 𝑘, 𝜃) + 𝑘 − 𝑏 𝑠 ] 𝑔( 𝜃) 𝑑𝜃 + ∫

1 

𝜃2 
𝑇 ( 𝑥 ) 𝑔( 𝜃) 𝑑𝜃

] 

= 𝛽𝐹 ( 𝑥 ) 

hus, using this condition in the expression for 𝑉 , we get: 

 = 

1 
(1 + 𝜌) 

[ 

∫
1 

0 
𝜋( 𝑥, 𝑘, 𝜃) 𝑔 ( 𝜃) 𝑑𝜃 − 𝜌𝑘 − 𝛽𝐹 ( 𝑥 ) 

] 

8. Comparison of carbon efficiency 

Define the two first order conditions in the CTP and NCTP cases as 

𝜕𝑉 𝑛 

𝜕𝑥 
= 

1 
(1 + 𝜌) 

{ 

∫
1 

0 

𝜕𝜋( 𝑥, 𝑘, 𝜃) 
𝜕𝑥 

𝑔 ( 𝜃) 𝑑𝜃 − 

[ 

∫
𝜃2 

𝜃3 

𝜕 𝜋( 𝑥, 𝑘, 𝜃) 
𝜕 𝑥 

𝑔 ( 𝜃) 𝑑𝜃 + ∫
1 

𝜃2 

𝜕 𝑇

𝜕𝑉 𝑐 

𝜕𝑥 
= 

1 
(1 + 𝜌) 

{ 

∫
1 

0 

[ 
𝜕𝜋( 𝑥, 𝑘, 𝜃) 

𝜕𝑥 
− 𝛽

𝜕𝐹 ( 𝑥 ) 
𝜕𝑥 

] 
𝑔 ( 𝜃) 𝑑𝜃

} 

hen, for any arbitrary value of 𝑥 calculate the difference: 

1 + 𝜌) 
(
𝜕𝑉 𝑐 

𝜕𝑥 
− 

𝜕𝑉 𝑛 

𝜕𝑥 

)
= 

{ 

− 𝛽
𝜕𝐹 ( 𝑥 ) 
𝜕𝑥 

+ ∫
𝜃2 

𝜃3 

𝜕𝜋( 𝑥, 𝑘, 𝜃) 
𝜕𝑥 

𝑔 ( 𝜃) 𝑑𝜃 + 𝑎 
𝜕 𝐹 ( 𝑥 ) 
𝜕 𝑥 ∫

= ∫
𝜃2 

𝜃3 

𝜕𝜋( 𝑥, 𝑘, 𝜃) 
𝜕𝑥 

𝑔 ( 𝜃) 𝑑𝜃 + 

{
𝑎 [1 − 𝐺( 𝜃2 )] − 𝛽

}𝜕 𝐹 ( 𝑥
𝜕 𝑥 

hen, using this equation, conditions (A.10) and 𝜕 
2 𝜋( 𝑥,𝑘,𝜃) 
𝜕 𝑥𝜕 𝜃

< 0 (from App
For all 𝑎 < 𝛽 ∶ 

 

𝜕𝜋( 𝑥, 𝑘, 𝜃2 ) 
𝜕𝑥 

− 𝛽
𝜕𝐹 ( 𝑥 ) 
𝜕𝑥 

] 
> 

[ 
𝜕𝜋( 𝑥, 𝑘, 𝜃2 ) 

𝜕𝑥 
− 𝑎 

𝜕𝐹 ( 𝑥 ) 
𝜕𝑥 

] 
> 0 

( 𝑎 − 𝛽) 𝜕𝐹 ( 𝑥 ) 
𝜕𝑥 

> 0 

hus, for all 𝑥 and all 𝑎 < 𝛽

𝜕𝑉 𝑐 − 

𝜕𝑉 𝑛 
> 0 
𝜕𝑥 𝜕𝑥 

11 
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G

𝑥

𝑦  

𝑛 = 𝑘 
}
. 

a

𝑦

D

𝜋 (A.11) 

𝜋 (A.12) 

T d at the optimal point, is: 

( ( 𝑘, 𝑘 ; 𝑎 ) , 𝑘, 𝜃) 
𝜕 𝑥 

− 𝑎 
𝜕 𝐹 ( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 )) 

𝜕 𝑥 

] 
𝑔 ( 𝜃) 𝑑𝜃

} 

= 0 (A.13) 

T at the optimal point, is: 

(  0 (A.14) 

( 𝜃

} 

T

(  𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 ) , 𝑘, 𝜃) 
𝜕 𝑥 

𝑔 ( 𝜃) 𝑑𝜃 (A.15) 

 ; 𝑎 )) 

{ } 

= ∫
1 

𝜃2 𝑛 ( 𝑘,𝑎 ) 
𝑎 
𝜕𝐹 ( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 )) 

𝜕𝑥 
𝑔 ( 𝜃) 𝑑𝜃

(  

𝑛 ( 𝑘, 𝑘 ; 𝑎 )) 
𝜕 𝑥 

𝑔 ( 𝜃) 𝑑𝜃 − 𝛽
𝜕 𝐹 ( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 )) 

𝜕 𝑥 
(A.16) 

 𝛽

] 

(A.17) 

− 𝛽] (A.18) 

𝑥

𝑥

𝑥

(A.19) 

a

iven the concavity of 𝑉 in 𝑥, this implies that: 

 

𝑐 > 𝑥 𝑛 

Define the solutions in the CTP and NCTP ( 𝑛 and 𝑐) cases as: 

 

𝑐 ≡ {
𝑏 𝑐 
𝑠 
( 𝑘 ) ∈ [0 , 𝑘 ] , 𝑏 𝑐 

𝑢 
( 𝑘 ) ∈ [0 , 𝑘 ] , 𝑒 𝑐 ( 𝑘 ) ∈ [0 , 𝑘 ] , 𝑥 𝑐 = 𝑥 𝑐 ( 𝑘, 𝛽) , 𝑏 𝑐 

𝑠 
+ 𝑏 𝑐 

𝑢 
+ 𝑒

nd 

 

𝑛 ≡ {
𝑏 𝑛 
𝑠 
= 𝑘, 𝑏 𝑛 

𝑢 
= 0 , 𝑒 𝑛 = 0 , 𝑥 𝑛 = 𝑥 𝑛 ( 𝑘, 𝑏 𝑛 

𝑠 
; 𝑎 ) = 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 ) 

}
efine the cutoff states 𝜃3 

𝑛 
( 𝑘, 𝑎 ) and 𝜃2 

𝑛 
( 𝑘, 𝑎 ) by the conditions: 

[ 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 ) , 𝑘, 𝜃2 
𝑛 
( 𝑘, 𝑎 )] − 𝑎𝐹 [ 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 )] = 0 

[ 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 ) , 𝑘, 𝜃3 
𝑛 
( 𝑘, 𝑎 )] = 0 

he first-order condition in the NCTP case (defined as FOCN), evaluate

1 + 𝜌) 𝜕𝑉 
𝑛 ( 𝑦 𝑛 ; 𝑎 ) 
𝜕𝑥 

= 

{ 

∫
𝜃3 𝑛 ( 𝑘,𝑎 ) 

0 

𝜕𝜋( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 ) , 𝑘, 𝜃) 
𝜕𝑥 

𝑔 ( 𝜃) 𝑑𝜃 + ∫
1 

𝜃2 𝑛 ( 𝑘,𝑎 ) 

[ 
𝜕 𝜋( 𝑥 𝑛 

he first-order condition in the CTP case (defined as FOCC), evaluated 

1 + 𝜌) 𝜕𝑉 
𝑐 ( 𝑦 𝑐 ; 𝛽) 
𝜕𝑥 

= 

{ 

∫
1 

0 

[ 
𝜕𝜋( 𝑥 𝑐 ( 𝑘, 𝛽) , 𝑘, 𝜃) 

𝜕𝑥 
− 𝛽

𝜕𝐹 ( 𝑥 𝑐 ( 𝑘, 𝛽)) 
𝜕𝑥 

] 
𝑔 ( 𝜃) 𝑑𝜃

} 

=

Suppose we evaluate FOCC at the solution for FOCN. This yields: 

1 + 𝜌) 𝜕𝑉 
𝑐 ( 𝑦 𝑛 ; 𝛽, 𝑎 ) 
𝜕𝑥 

= 

{ 

∫
1 

0 

[ 
𝜕𝜋( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 ) , 𝑘, 𝜃) 

𝜕𝑥 
− 𝛽

𝜕𝐹 ( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 )) 
𝜕𝑥 

] 
𝑔 ( 𝜃) 𝑑

his can be written as: 

1 + 𝜌) 𝜕𝑉 
𝑐 ( 𝑦 𝑛 ; 𝛽, 𝑎 ) 
𝜕𝑥 

= ∫
𝜃3 𝑛 ( 𝑘,𝑎 ) 

0 

[ 
𝜕𝜋( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 ) , 𝑘, 𝜃) 

𝜕𝑥 
𝑔 ( 𝜃) 𝑑𝜃 + ∫

𝜃2 𝑛 ( 𝑘,𝑎 ) 

𝜃3 𝑛 ( 𝑘,𝑎 ) 

[ 
𝜕 𝜋(

+ ∫
1 

𝜃2 𝑛 ( 𝑘,𝑎 ) 

[ 
𝜕𝜋( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 ) , 𝑘, 𝜃) 

𝜕𝑥 
𝑔 ( 𝜃) 𝑑𝜃 − 𝛽

𝜕 𝐹 ( 𝑥 𝑛 ( 𝑘, 𝑘
𝜕 𝑥 

But, from (A.13) we have: 
 

∫
𝜃3 𝑛 ( 𝑘,𝑎 ) 

0 

𝜕𝜋( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 ) , 𝑘, 𝜃) 
𝜕𝑥 

𝑔 ( 𝜃) 𝑑𝜃 + ∫
1 

𝜃2 𝑛 ( 𝑘,𝑎 ) 

[ 
𝜕 𝜋( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 ) , 𝑘, 𝜃) 

𝜕 𝑥 

] 
𝑔 ( 𝜃) 𝑑𝜃

Then, plug this into (A.13) : 

1 + 𝜌) 𝜕𝑉 
𝑐 ( 𝑦 𝑛 ; 𝛽, 𝑎 ) 
𝜕𝑥 

= ∫
𝜃2 𝑛 ( 𝑘,𝑎 ) 

𝜃3 𝑛 ( 𝑘,𝑎 ) 

[ 
𝜕𝜋( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 ) , 𝑘, 𝜃) 

𝜕𝑥 
𝑔 ( 𝜃) 𝑑𝜃 + ∫

1 

𝜃2 𝑛 ( 𝑘,𝑎 ) 
𝑎 
𝜕 𝐹 ( 𝑥

= ∫
𝜃2 𝑛 ( 𝑘,𝑎 ) 

𝜃3 𝑛 ( 𝑘,𝑎 ) 

[ 
𝜕𝜋( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 ) , 𝑘, 𝜃) 

𝜕𝑥 
𝑔 ( 𝜃) 𝑑𝜃 + 

𝜕 𝐹 ( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 )) 
𝜕 𝑥 

[ 

∫
1 

𝜃2 𝑛 ( 𝑘,𝑎 ) 
𝑎𝑔 ( 𝜃) 𝑑𝜃 −

= ∫
𝜃2 𝑛 ( 𝑘,𝑎 ) 

𝜃3 𝑛 ( 𝑘,𝑎 ) 

[ 
𝜕𝜋( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 ) , 𝑘, 𝜃) 

𝜕𝑥 
𝑔 ( 𝜃) 𝑑𝜃 + 

𝜕 𝐹 ( 𝑥 𝑛 ( 𝑘, 𝑘 ; 𝑎 )) 
𝜕 𝑥 

[ 𝑎 (1 − 𝐺( 𝜃2 
𝑛 
( 𝑘, 𝑎 )) 

From condition (A.18) it follows that: 
(i) Necessary condition 

 

𝑐 ( 𝑘, 𝛽) > 𝑥 𝑛 ( 𝑘 ; 𝑎 ) only if 𝑎 < 

𝛽

1 − 𝐺( 𝜃2 
𝑛 
( 𝑘, 𝑎 )) 

(ii) Necessary and sufficient condition: 

 

𝑐 ( 𝑘, 𝛽) > 𝑥 𝑛 ( 𝑘 ; 𝑎 ) if and only if 𝑎 < 𝛽 < 

𝛽

1 − 𝐺( 𝜃2 
𝑛 
( 𝑘, 𝑎 )) 

(ii) Sufficient condition 

 

𝑐 ( 𝑘, 𝛽) < 𝑥 𝑛 ( 𝑘 ; 𝑎 ) if 𝑎 > 

𝛽

1 − 𝐺( 𝜃2 
𝑛 
( 𝑘, 𝑎 )) 

(iii) Effect of 𝛽

𝜕 2 𝑉 𝑐 

𝜕 𝑥𝜕 𝛽
= − 

𝜕𝐹 

𝜕𝑥 
> 0 

nd therefore, 

𝑑𝑥 𝑐 ( 𝑘, 𝛽) 
𝑑𝛽

= − 

𝜕 2 𝑉 𝑐 

𝜕 𝑥𝜕 𝛽
∕ 𝜕 

2 𝑉 𝑐 

𝜕𝑥 2 
> 0 . 
12 
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