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Abstract

We examine optimal dynamic contracts when the firm’s production generates harm-
ful pollution undermining its productivity. The optimal contract rewards for financial
performance and penalizes pollution. The combination of both contract sensitivities in-
centivizes the agent’s effort and environmental (pollution abating) investment. When
the accumulated pollution exceeds a threshold, the contract sensitivity to financial
performance drops, its sensitivity to pollution emerges, and environmental investment
increases with pollution. In an economy with a continuum of polluting firms, contract-
ing on firm pollution improves the welfare of the principal and the agent. Calibrating
the model to the U.S. economy, we show that the aggregated pollution is reduced by

38.4% if all firms contract on their own pollution.
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Over the past few decades, pollution has become an increasingly important matter of
concern for individuals, corporations, regulators and politicians. Evidence shows pollution
has a significant effect on the productive capabilities of firms and the Gross National Product
(GNP) of nations. Evidence also shows that firms implementing policies designed to improve
sustainability derive reputation benefits, that may lead to valuation gains taking the form
of Green premia. This paper examines the relevance of pollution for managerial contracts.
It shows the optimal contract rewards for environmental performance, examines optimal
managerial decisions and studies aggregate implications.

Pollution takes many forms, with air, soil and water pollution being the most common
ones and air pollution the most concerning one due to its health effects. Air pollution,
comprising indoor and outdoor pollution, is estimated to have contributed to 11.65% of global
death in 2019[]] Outdoor air pollution, mainly resulting from emissions of Greenhouse Gases
(GHG), particulate matter (PM) and ozone concentrations, is the leading factor behind 7.8%
of global deathP]| Air pollution has increased steadily over the last century. Concentrations
of GHG and other forcing agents such as aerosols, reached 460 parts per million (ppm) of
CO2 equivalents (CO2e) in 2019, rising from 287.6 in 1900F] Air pollution varies significantly
across cities and countries. Concentrations of PM2.5, for instance, stood at 90.87 micrograms
per cubic meter in India vs 5.86 in Finland, in 2017E] Economic damages from air pollution
have grown in magnitude over the years. For 2019, the induced global cost is estimated
at $8.1 trillion, or 6.1% of the global GDP[| Concerns about pollution have similarly grown
over time, leading to calls for mitigating actions and eventual agreements on measures at the
bi-annual Conferences on Climate Change (COP) sponsored by the United Nations. Some
companies, e.g., Xcel, have responded to these concerns by including climate change and
emission metrics in executive compensation ]

In this paper, we examine the impact of pollution and concerns about pollution on
decision-making within a firm and their implications for the environment beyond the firm.

Our model relies on multiple ingredients, pertaining to the operations of the firm and the

L Air pollution is a risk factor for various health conditions including heart disease, stroke, respiratory
infections, lung cancer and chronic obstructive pulmonary disease (COPD).
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preferences of agents. There are three ingredients at the level of operations. First, the pro-
ductive activities of the firm generate emissions, which along with background pollution,
impede productivity once some threshold is reached. Second, the manager of the firm, in ad-
dition to deciding on an effort level, can also engage in mitigating actions, such as investing
in emission-reducing technologies (carbon capture), improving maintenance of existing ma-
chines and equipment, setting up monitoring devices and controls, and cleaning up spills and
chemical contamination on firm property. Such actions provide control over the emissions of
the firm and the stock of pollution within the confines of the firm. Third, the endogenous
pollution of any single firm blends together with the pollution generated by other firms,
leading to an aggregate level of environmental pollution. The resulting aggregate pollution
becomes the background pollution and feeds back into the productivity of each firm and
affects everyone’s decision-making. There are two ingredients pertaining to the agents in-
volved. The risk averse manager of the firm, the agent, who operates on firm grounds, bears
health consequences for the pollution generated. He may also have concerns for the safety
and well-being of the workers and employees of the firm under his management, and/or the
well-being of local residents. Likewise, the risk neutral owner of the firm, the principal, has
self-health concerns and/or concerns for the well-being of employees or others exposed to the
pollution generated. She designs a contract to hire the agent and optimize her net benefits
from ownership.

Our main results are fivefold. First, we show the optimal contract rewards not only for
financial performance, but also for environmental performance. The contract loads positively
on the firm cash flow and negatively on the pollution generated by the firm. It does not load
on background pollution resulting from the actions of other firms. Second, we show that
the agent’s effort is affected by the level of pollution. Once pollution reaches a threshold,
the effort jumps down, then continues to decline (continuously) as the level of pollution
increases. The contract sensitivity to cash flow, similarly, experiences a downward jump
at the threshold then continues to decline (continuously). Third, we show that the agent
invests in pollution-mitigating activities once the pollution level hits the above-mentioned
threshold. At that threshold, the contract becomes sensitive to (penalizes for) environmental
pollution, providing the agent with incentives to invest in pollution abatement. Investment
then increases (continuously) as the level of pollution keeps increasing. At the same time,
however, the magnitude of the contract sensitivity to pollution decreases. This behavior

follows from the fact that investment is driven by the ratio of contractual exposures to



environmental and financial performances and that the exposure to financial performance
decreases as pollution increases, thus leading to an increase in the relative performance
exposure. Fourth, we relate the pollution generated by a single firm, operating in an economy
with a continuum of identical firms, to the aggregate ambient pollution. An equilibrium exists
if each firm behaves optimally given a conjectured aggregate pollution and the resulting
aggregate pollution matches the conjecture. An equilibrium is stationary if the distribution
of aggregate pollution is time-invariant. We obtain a stationary equilibrium by solving
numerically a coupled system composed of a Hamilton-Jacobi Bellman (HJB) equation and
a Fokker-Planck equation. In our model, the stationary distribution displays significant
reactions to changes in the marginal cost of investment and the strength of the principal’s
pollution’s concern. The mean of the ambient pollution decreases when the production
technology becomes cleaner, the efficiency of pollution abatement improves, or the principal
is more concerned with the pollution generated by her own firm. Lastly, we show the welfare
of both the principal and the agent improves when contracts penalize for pollution. For this,
we derive the optimal contract of a misperceiving principal who mistakenly believes pollution
does not impact production. Hence this misperceiving principal utilizes a contract which
only rewards for financial performance. We then show that the welfare of both the agent
and the principal improves if the principal becomes cognizant of the impact of pollution on
productivity and the contract rewarding for environmental performance is used instead. In a
calibrated version of the model to the U.S. economy, we show that when all firms contract on
their own pollution, the reduction in ambient pollution is substantial, amounting to 38.4%
less than the ambient pollution when they all ignore the impact of pollution on productivity.

The paper is related to several branches of the literature. First, it connects directly with
the literature on dynamic contracts. The seminal work of [Holmstrom and Milgrom| (1987)
derives the optimal contract in a dynamic principal-agent model with CARA agent and
shows the relevance of linear incentives for managerial decision-making and principal welfare.
Extensions establish the robustness of linear contracts in various models with CARA utility,
e.g., Schattler and Sung| (1993), Sung (1995), [He| (2011)), Williams| (2015)), and generalize
to non-linear contracts in frameworks with agency, e.g., |[DeMarzo and Sannikov, (2006]),
Sannikov| (2008), and |Cvitani¢ et al.[ (2009). Our study utilizes the tractability of the CARA
utility documented in this literature, but combines it with another payoff-relevant variable:
firm pollution, so that the firm’s local pollution intensity becomes the unique state variable

for the principal’s optimal contracting problem. We also integrate the individual firm’s



contracting problem into an economy with a continuum of firms, examining the aggregate
impact of the optimal contract.

Second, the paper connects with the empirical literature dealing with pollution and con-
tracting. (Campbell et al.| (2007), using data from the Investor Responsibility Resource
Center, show that executive compensation is positively related to environmental risk, as
measured by the environmental performance of the firm relative to the industry’s best prac-
tice. Deng and Gao| (2013) find a premium in CEO compensation for quality of life, as
measured by the Morgan Quitno index constructed from 43 factors, including hazardous
waste sites and weather. This premium is significant at the 1% level and amounts to as
much as 12% when comparing the 10 most livable to the 10 least livable states in the US.
Recent studies examine more specifically the impact of air pollution on executive compen-
sation, e.g.,|[Zhang et al. (2021), Yang et al.| (2022)), |(Chan et al.| (2022), and [Yu et al.| (2022)),
focusing on China. The first three studies find a positive association between senior executive
pay and the air quality index (AQI) or the associated air pollution ranking (APR), signifi-
cant at the 1% level[] The last one finds a negative association between senior executive pay
sensitivity with respect to corporate performance and the AQI, significant at the 1% level.
It also provides evidence of substitution towards other compensation mechanisms such as
health insurance and pollution-related cash benefits. Our study provides a theoretical com-
plement to this literature. It shows it is optimal to contract on environmental performance
in addition to financial performance, and examines the impact of self-pollution and of model
parameters on contractual components, decision-making and aggregate pollution.

Third, the paper relates to a growing empirical literature documenting the impact of
pollution on productivity. (Graff Zivin and Neidell| (2012)) show that rising concentrations of
ozone in the atmosphere have a significant negative impact on the productivity of agricultural
workers; see also (Chang et al. (2016). Subsequent studies document mostly negative effects
on productivity in a variety of industries and activities, including professional sports (Lichter
et al.| (2017)), |Archsmith et al.| (2018))), garments and textiles manufacturing (Adhvaryu et al.
(2022)), He et al. (2019))), call center services (Chang et al. (2019))), government services (Kahn
and Li| (2020)) and prison factories (Chen and Zhang) (2021))). The last study, in particular,
documents a non-linear relation between productivity and pollution.ﬂ Our paper relies on

this evidence to model productivity as a non-linear function of pollution. Using country-level

"The AQI increases when pollution increases.
8Productivity effects are distinct from labor supply effects; for the latter see, e.g.,[Hanna and Olival (2015)).



data on the economic cost of pollution and CO2 emissions, we fit the pollution impact on
productivity by a linear-quadratic function, and adopt this specification in our numerical
study.

Lastly, it relates to an empirical strand showing an impact of pollution on agents’ prefer-
ences. A plethora of studies have documented the detrimental effects of pollution on health
and morbidity; see the review by Fuller et al. (2022).F_7I Since the health status of an individ-
ual affects their welfare (Grossman (1972)), pollution has an indirect effect on preferences
through it. A few studies have sought to quantify that effect. Ambrey et al. (2014), in par-
ticular, use a life satisfaction approach to estimate the marginal rate of substitution between
pollution, as measured by the PM10 concentration, and income, i.e., the willingness-to-pay.
Based on their sample, they find households are negatively affected by concentration ex-
ceedances and willing to pay roughly 10% of their yearly income to reduce their average
exposure to excessive concentrations, i.e., above national guidelines, by one day. Drawing
on this literature, we account for an impact of pollution on the agent’s and the principal’s
preferences, and examine implications for optimal contracting and decision-making.

The paper is organized as follows. Section 1 describes the model. Section 2 derives the
equilibrium strategy of the agent and the optimal contract in the stationary equilibrium. Sec-
tion 3 calibrates the model to the U.S. economy and conducts a numerical study to examine
properties of equilibrium. Section 5 examines welfare properties of contracts. Conclusions

follow. Proofs are in the Appendix.

1 Model

1.1 Individual firm

Before considering equilibrium with a continuum of firms, we focus on the contracting prob-
lem for a representative firm. To ease notation, we suppress the index that distinguishes
among firms. Such an index will be introduced later to describe the stationary equilibrium

among a continuum of firms.

9See also [report| from the Environmental Protection Agency.
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Cash flow and environment

A representative firm combines labor and capital to produce. The production per unit of
time (in monetary unit) is
pt(ﬂ+et)K7 (1)

where p is a productivity factor, K is the capital stock, which also serves as a proxy for the
physical size of the firm, e; is the effort exerted by the agent, and p is the labor provided
by the remaining employees of the firm. The agent represents the CEO (or the managerial
team) making strategic decisions for the firm and choosing his own effort. Other employees
are non decision-makers: they provide labor at the constant rate . The total labor at time
tis p+ ey

The factor p; in represents productivity per unit of capital-labor at time t. It decom-

poses as

pe=A (1 — D(xt,ft))7 (2)

for a constant productivity parameter A, which represents the top line productivity in the
absence of pollution impact, and a damage function D. The damage function depends on
two components: the local pollution generated by the firm and the background pollution
generated by all firms operating in the same geographical area. Local firm pollution is
measured by its cumulative emissions X3, e.g., the amount of CO2 and PM2.5 emitted in the
air within the firm’s plants and buildings or waste water and hazardous material released or
leaked on the firm property and its vicinity. Local pollution has a direct effect on working
conditions within the firm, hence productivity. Local pollution per unit capital (firm size)
is x = X/K. We call x the local pollution intensity. Background pollution results from
the activities of all firms in the geographical area concerned. Denote by X the average
pollution per firm and by K the average firm size. Background pollution per unit capital
is ¥ = X /K, and this measure captures the spillover effect of background pollution on any
individual firm. We call T the background pollution intensity.m When background pollution
increases, the environment throughout the geographical area deteriorates, which affects the
productivity of all firms operating therein. Therefore we assume that the damage function
is an increasing function of both the local pollution intensity and the background pollution

intensity. The decomposition in is a stylized version of the damage function found in

10Note that the pollution intensities could also be calculated based on the relevant volume of air above
the areas concerned. This amounts to a re-scaling of the intensity measures defined.



integrated assessment models (IAMs) of the climate; see Weyant| (2017)).

The agent of a firm can devote resources to reduce its own pollution. These are running
expenses incurred for maintaining waste recycling systems, cleaning up leaks and spills, prop-
erly disposing of hazardous materials, maintaining air filters and carbon capture equipment,
or monitoring plant and equipment conditions. Let ¢ be investment per unit capital. To
reduce firm emission at a rate of pi K per unit time, the agent must invest and incur costs

at a rate of iK + k(i, K) per unit time, where
k(i, K) = 2i°K (3)

is a convex cost function, i.e., we assume decreasing returns to scale. The constants p and
6" capture the efficiency of investment in controlling firm emission: efficiency increases with
p and decreases with 6°.

Given the agent’s effort e and investment ¢, the firm’s cumulative cash flow Y evolves as
dY; = (pe(p + ) K — i, K — k(iy, K))dt + 0V KdBY, (4)

where BY is a standard Brownian motion describing idiosyncratic cash flow risk and oYK is

the cash flow volatility. Local pollution X, generated by the firm, has dynamics
dX; = (Ap(p+ e) K — pir K)dt + o" KdBY, (5)

where B” is a standard Brownian motion, independent of BY, describing idiosyncratic pol-
lution shocks, and ¢”K is the pollution volatility. The constant A\ represents the rate of
emissions per unit of production: emissions are proportional to production. Background

pollution X is an average of local pollution measures and is described in details in Section

12

Contracting problem

The agent receives compensation for managing the firm. He exerts effort e, chooses invest-
ment ¢, and also privately consumes and saves. His effort is costly with cost function (in
monetary unit)

gle,z, 7, K) = %QG(LE)GQ K, (6)



where 6° is an increasing function in the local and background pollution intensity x and =
due to the adverse impact of hazardous conditions on safety and health. Savings are invested
in a riskless money market account paying interest at a constant rate r.

Given a cumulative compensation I and the background pollution intensity Z, the agent
chooses effort e, investment ¢, and consumption ¢ to maximize the expected utility of con-

sumption

SUPE[/O e_TtU(Ct,It,ft)dt]a (7)

e,i,C

subject to the dynamic budget constraint
th = (TWt —g(et,xt,ft,[() —Ct) dt+d[t, WO :O (8)

Here W is the agent’s private wealth, i.e., the savings account balance. The agent deposits
his instantaneous compensation d/ into it and withdraws cash to support his consumption
choice c. To simplify the presentation, the agent’s subjective discount rate is set equal to r.
The agent’s initial wealth is also normalized to be zero.

The agent’s utility function is
u(c,z,7) = —exp (— e+ 7(lz + (1 - 0)7)). (9)

It depends on consumption, local firm pollution intensity and background pollution intensity.
Both types of pollution have a negative impact on health, therefore utility. Here, the positive
constant ¢ represents the weight of the local pollution intensity, 1 — ¢ the weight of the
background pollution intensity in forming the index of pollution ¢z + (1 — ¢)T the agent is
exposed to. These weights can be thought of as percentage of time the agent spends in and
outside firm, where the agent suffers from the local and background pollution, respectively.
The agent’s absolute aversion to consumption risk is . and the absolute aversion to pollution
risk is 7, > 0. When ~, = 0, the agent is purely consumption-driven and is not sensitive
to environmental pollution. The effect of pollution on the agent’s utility is per unit capital
because the agent operates in a unit area during each small time interval.

The agent observes cash flow and local pollution shocks BY and B*, but the principal only
observes the cash flow Y and the local pollution level X. The principal is therefore unable
to observe or contract on the agent’s effort e and investment . This creates a moral hazard

problem for the firm. Both the agent and the principal observe the background pollution X



in the geographical area and the firm size K.

The principal has incentives to contract on the local pollution (cumulative emissions) X
and the cash flow Y of her own firm in order to improve her welfare. In contrast, she has no
incentive to contract on background pollution X, because there is a continuum of firms and
any single firm’s emissions are infinitesimal relative to the aggregate X. It follows that each
firm takes X as given and does not consider its own impact on X in making firm decisions.

The principal is risk neutral. She chooses the compensation process I, adapted to the
filtration generated by X, X, and Y, so as to maximize the present value of future profits

net of the compensation to the agent and the environmental cost
supE {/ e (dY, — dIy — mK (Cxy + (1 — Q)T) di) | (10)
I 0

Maximization is subject to the agent’s participation constraint which stipulates that the
value function of the agent’s optimization problem be at least the reservation utility R,
the agent’s incentive compatibility constraint that X and Y be determined by the agent’s
optimal actions (c*,e*,7*), and the principal’s participation constraint which requires the
value in be at least RP. In (10), mK(Cx; + (1 — {)T;) is the cost to the principal
from all sources of pollution, aggregated from both local and background pollution with
respective weights ¢ and 1 — (, and m is a non-negative constant quantifying her sensitivity
to environmental pollution. This cost can be interpreted as a direct health-related cost (to
the principal) from pollution, as a concern for the welfare of her firm’s employees, or as a
concern for the environment and the welfare of the population. The cost is proportional to
firm size K because the principal’s exposure is proportional to the total amount of pollution

on the firm’s property.

1.2 Equilibrium

We now consider a continuum of firms indexed by n € [0, 1]. Given the background pollution
level, each firm faces the contracting problem described in the previous section. We introduce
a superscript n to indicate firm specific quantities. For example, X" is the local pollution

Tk

amount from firm n when the agent employs the optimal strategy (¢, e™,i"*) incentivized
by the optimal contract. The capital stock of this firm, a proxy for the firm’s size, is K™.

Given the background pollution X, we assume that cash flow shocks and pollution shocks are

10



idiosyncratic in each firm, i.e., { B¥"},, and { B*"},, are two continua of mutually independent
standard Brownian motions.

To illustrate the derivation of background pollution, let us first consider a regional econ-
omy with N firms. We assume that pollution created over different parts of the region
spreads and blends together to form background pollution affecting the whole region. This

background pollution intensity is the ratio between total pollution and total capital stock

S X
S K
Assume that {X™, K"} are i.i.d. realizations of a pair of random variables (X, K). We

obtain from the law of large number that

T =

n N n
Zi:;l X _ % 27@:1 X N E[X]
ZnNzl K % 27]:[:1 K E[K]

as N — oo,

This motivates us to introduce the background emission intensity measure

_ _ ElXx/]
Ty = (K]’ for t > 0. (11)

We focus on a stationary equilibrium in which the background emission intensity is time
independent, i.e., T; = 7, for a constant 7.
We now draw on the notion of mean-field game to define equilibrium with a continuum

of firms.
Definition 1 An equilibrium is a collection (c¢*,e*,i*, I*, X, Y, T) such that

(i) Given T, for a representative firm of size K, I* is the optimal contract for the princi-
pal’s problem (10), (c*,e*,i*) is the agent’s optimal strategy for (7)), and X,Y are the

associated local firm pollution and cash flow processes;

(i1) T is the background pollution intensity, given by

T = for allt > 0.

11



2 Optimal contract and stationary distribution

For a given background pollution intensity * and a firm size K, we first characterize the opti-
mal contract for a representative firm. Then we examine the equilibrium and the stationary

density. Throughout this section, K is assumed to be a positive constant.

2.1 Agent’s optimal strategies

For a given background pollution intensity Z, which may be time-dependent, a firm size
K, and a contract I, we first solve the agent’s problem and derive the agent’s optimal
strategies for a representative firm.

Define the agent’s continuation value as

U =supBs [ e Dutes i m)ds).
t

e,l,c

subject to (§). Due to the agent’s CARA utility function, we introduce U via
Up = —eer(Wetth) (12)

so that U is the agent’s (normalized) certainty equivalent when he starts with zero initial

wealth. The martingale representation theorem ensures that ¢ admits the decomposition
dU; = dH; + Z/dY; + ZFd X, (13)

for two processes Z% and ZY and a finite variation process H. We call Z* the contract
sensitivity with respect to the local pollution and Z¥ the contract sensitivity with respect to
the firm cash ﬂow.E] The process H and the agent’s optimal strategies are to be determined
by the dynamic programming principle. The following result summarizes the dynamics of

the continuation certainty equivalent and the agent’s optimal strategies.

Lemma 2 For a given background pollution intensity T, a firm size K, and a compensation

HEquivalently, the sensitivities of the agent’s continuation utility with respect to the local pollution and
the firm cash flow are —rv U?Z* and —rvy .U ZY, respectively.

12



stream I, the agent’s continuation certainty equivalent follows

did, = {ﬂ/{t + 22 (02, + (1= 0F,) + (e}, Z2, Zf)}dt + ZPKo"dBE + ZVKovdBY — dI, (14)

C

1 Cr xr T
B(ef. 2. 20) = = logr -+ glef. v 71 K) + (20 + (Zi ) (15)

The agent’s optimal consumption, effort, and environmental investment strategies are

1 B

c; :——10gr+3—(€xt+(1—4)5t) + Wi + ridy, (16)

* p(xt7jt>
_ge 17

“ 9%%},@)7 ( )
—pZi-1 i 1
—t—, ;< —=

/L: — g Y t .p (18)
0, otherwise

where Z¢ .= ZY+\Z%, 7' .= %, and x, = X,/ K with X following with agent’s strategies

e* and 1*.

It follows from and the transversality condition limy_,. E[e™"TUy] = 0 that U has

the Feynman-Kac representation

U, =&, U e T {— (cp(e;, 77, 7Y9) + ﬁ(mt +(1— e)g)) ds + dISH . (19
t c
where ®(ef, Z%, Z¥) is defined in (15]). Therefore, the agent’s certainty equivalent summarizes
the discounted future compensation net the negative pollution impact 2=(lz + (1 — ()T),
the effort cost g(e*,z, 7, K), and the risk aversion cost due to the instantaneous variance
K?[(ZY0Y)? + (Z%0")?] of the certainty equivalent.

In , Z% and ZY are the agent’s certainty equivalent volatility coefficients. As will be
shown, they are also the contract sensitivities with respect to the local pollution amount
and the firm cash flow. Both contract sensitivities are to be determined by the principal in
the optimal contract. Because an adverse environment hurts productivity and reduces the
principal’s utility, it is intuitive that the principal would penalize the agent for high pollution

X by choosing a negative contract sensitivity Z*. For given Z* and ZY, the agent’s optimal

13



effort is determined by

max { (2% + AZ7) (1 + e)ple,7) — gle,2,7) |,

where Z¢ := ZY 4+ \Z”" is the marginal benefit for each additional dollar of cash flow net of
the marginal environmental cost. For each additional dollar of firm cash flow, the agent’s
continuation certainty equivalent increases by ZY, meanwhile the pollution increases by A,
hence the agent is penalized by —AZ”* with Z* < 0. We call Z¢ the gross contract sensitivity
to cash flow. The optimal effort e* in is determined by matching the marginal benefit
of effort and its marginal cost.

The optimal environmental investment is determined by
max{ — Z%pi — Zy(z' + k(1, K))},

where the first term in the maximization problem is the benefit of environmental improve-
ment via investment and the second term represents the cost of investment. For i dollars
invested, emissions are reduced by pi, hence the agent’s certainty equivalent is improved by
—Z%pi. Meanwhile, the cost of investment is ¢ + k(i, K'), which reduces the firm’s cash flow,
hence the agent’s certainty equivalent by Z¥(i+ k(i, K)). The optimal environmental invest-
ment ¢* is obtained by matching the marginal benefit of investment and the marginal cost.
Equation shows that the optimal investment is determined by the ratio Z° := Z*/ZY,
which is the relative contract sensitivity between the endogenous environmental variable and
the firm cash flow. Only when the relative contract sensitivity becomes sufficient negative
(less than —1/p) does a positive investment become optimal. When Z¢ > —1/p, the marginal
benefit of investment is not sufficient to offset the marginal cost of cash flow reduction. As
a result, environmental investment is sub-optimal. The threshold —1/p increases with the
efficiency parameter p of investment, all other things equal, implying a smaller magnitude
of the contract sensitivity Z% is required to incentivize environmental investment.

The agent’s optimal consumption in is determined by matching his marginal utility of
consumption to the marginal value of wealth, u/(c¢*, z,T) = Oy U®. The agent’s continuation
certainty equivalent satisfies . It increases with the costs from local and background
pollution z—j (Ex—l—( 1 —K)E), the agent’s effort cost g and the risk aversion cost %~ K [(Z Yo¥)24
(Z°0™)?], with the latter two costs encapsulated in ®. Combining (§), (14), and ((16),

14



we obtain that

t
Ut = U E( = yerK / ZEo*dBY + Zgayng)
0

Therefore the continuation utility is a martingale under the optimal consumption strategy,
a consequence of the agent’s private saving and his CARA utility, see also He (2011)). The
exponential structure of CARA utility implies that the agent’s marginal utility is proportional
to its continuation utility. If marginal utility were not a martingale, then the agent would
benefit by saving and postponing consumption to a later time when marginal utility is higher
on average. The agent’s private saving therefore equalizes (expected) marginal utility across

time, thereby ensuring it is a martingale.

2.2 The optimal contract

After deriving the agent’s optimal strategies for a given contract, we examine the optimal
contract of a representative firm in this section. The principal chooses the contract sensitiv-
ities Z¢ and Z' to optimize her welfare subject to agent’s participation and incentive
compatibility constraints. We assume that the background pollution intensity 7 is a constant
throughout the remaining of this section, because we will search for a stationary equilibrium
later on.

Define the principal’s value function as

U? = sup E [ / T et (dYS —dI, — mK (Czy + (1 — O)7) ds)] (20)
t

ANA

Introduce firm’s total value V via

which is the sum of principal’s value and the agent’s certainty equivalent. Combining
and , we obtain a representation for the total value

Vimsup B[ [ e {plan ) + DK — 1K — kLK) - 0(ct, 25 22)
7,71 t (22)

(i) - (2004 - 0)e)a]

C

2Here & (— fot Hsst> =exp (—% fot |0s|%ds — fot 93d35> is an exponential martingale.
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which is the expected discounted value of cash flow net of the investment cost, the effort and
risk costs @ to the agent, and the local and background pollution costs to both the agent and
the principal. Consider the agent’s certainty equivalent U as the principal’s state variable,
then the principal’s value is UP = V — /. The optimal contract sensitivities Z¢ and Z* are
determined by the problem .

Given the background pollution intensity = X /K, taking the endogenous variable
x = X/K as the state variable for the principal’s problem , we obtain the following
characterization for the value V' and the optimal contract.

Proposition 3 The value function V' satisfies the following HJB equation
1
rV = §(aﬂ”)2 02V + H(x,7,0,V), (23)
where the Hamiltonian s
H(z,7,§) = max { [(Ap(z,Z) (1 + €*) — pi*]€
—|—p(aj‘,f)(,u+€*)K—Z*K—k‘(Z*,K) _®(6*7Zx>Zy) (24)
- (ﬁz + mKC)x - (ﬁu O+ mK(1— g))w},

C c

with (e*,i*) given in and (18), ® given in (1), Z¢ = ZY + N\Z*, and Z' = % The
optimal contract sensitivities Z%* and Z™ are given by the optimizers of the Hamiltonian.
The optimal contract sensitivities to firm cash flow and local pollution are denoted by ZY*
and Z**, respectively. They are functions of the state variable x.

An optimal compensation stream is

1 .
dI; :[— —logr + Uy + gle}, v, T, K) + 1—(6& +(1—07) + 17,

¢ : (25)
+r / ZVdY, +r / Z;ﬂ*dxs} dt,
0 0

where Uy 1s the agent’s reservation certainty equivalent, Y and X follow and with
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the agent’s optimal effort €* and investment i* therein, and

t
v [[Er(zrey+ @)
0

_Z?@MH%DK—ﬁK—M@K»—Z?QmW+@ﬂﬂqﬁKﬂ@_

Receiving this compensation stream, the agent optimally chooses not to save and to consume

all his compensation net of his effort cost.

The optimal compensation stream depends on the observables x,Z, and Y. It rebates
the agent’s effort cost g(e*,z, 7, K) and compensates for the environmental impact z—z(ﬂx +
(1 — £)T) on the agent. The ¥ term compensates the agent for risk bearing net expected
compensations depending on firm cash flow and firm pollution. In the optimal compensation,
the principal contracts on both firm cash flow Y and firm local pollution X. Because the
optimal contract sensitivities are state-dependent, the optimal compensation depends on the
full history of Y and X via f(f ZY*dYy and fot Z7dXs.

To better understand the optimal contract sensitivities, let us first consider the case where
neither the productivity nor the effort cost depend on the pollution intensities x and Z. In
this case, the value function V' is a linear function of x. The optimal contract sensitivities

are constants.

Corollary 4 When p = py and 0° = 0f for constants py and 05, the optimal contract sensi-

tivities are constants and they are the maximizer of

05 L7 * -
max {po(u + K = ()R - ;(3—€+ mKC) (Apo(pe +€*) — pi¥)

, , (26)
- gt . Vel (O.y)2 + (O.CCZZ>2
_*K__ *2K_L262K2 : }
! > (@) 5 (7%) TESY A
where (e*,1*) are given in and . The principal’s optimal value is
L/
UrU,z) = -U— —(lﬁ + mKC)x + constant, where, (27)
" \ Ve
1 - 14 ' [ 26
constant = — logr — (l(l —0) +mK(1— C)) Lg 4 Rarimum vatie of _ (28)
e Ve r r

To shed light on the optimal contract sensitivities when the productivity and effort cost
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are independent of pollution, let us consider two special cases: (i) the limiting case where
the agent is risk neutral, i.e., 7. — 0 and (ii) the case where the pollution reduction is too
inefficient to induce an environmental investment. In the first case, 7. — 0, but we assume
Ye/7e 18 & constant, therefore 7, converges to zero as well. In this case, the maximization in
(26]) reduces to

* 96 *\ 2 1 723 * % -k 92 2k 2
I@Q%}{po(u—i—e JK == (") K—;(%umfcg)(m(me) pi") —i"K = 5 (i") K}. (29)
When \ / /
Tz P Y
. <%K +m§) <1 and . (%K —l—mC) > 1, (30)

the agent’s optimal effort and optimal investment strategy

-2 en) () )

are both positive. The optimal contract sensitivities to firm cash flow and local pollution
are
Z¥ =1 and Z* = —1<ﬁ— —|—m§>.
T\,
The unit contract sensitivity to cash flow means that the principal delegates the firm to the
agent. Meanwhile, the principal penalizes the agent more severely for local pollution when
either the agent or the principal have greater environmental concern (,,m, £ or { increases).
To understand the first condition in , consider an unit increase in the agent’s effort.
It increases the firm’s production by pgK, and the local pollution intensity by Apg, which
leads to an incremental environmental cost to the principal equal to %(1—‘2% + m()po K, due
to the linear form of the principal’s value function in z (see (27)). The first condition in
(30) ensures that the marginal benefit of effort outweighs the marginal environmental cost
of effort, so that the optimal effort is positive. For the second condition in , consider a
unit investment in emission reduction. It reduces the local pollution intensity by p, hence
introduces an incremental environmental benefit given by 5(1—:% + m() K, again due to the
linear form of the principal’s value function in z. Therefore the second condition in (30))
implies that the marginal benefit of environmental investment outweighs the direct marginal
cost of investment, hence ensuring a positive optimal environmental investment.

Let us now consider another special case of Corollary , where the first condition in (30)

18



holds, but the second condition there fails, and the agent is risk averse. In this case, the
optimal environmental investment and the contract sensitivity to pollution are both zero,
and the optimization in (26] is reduced to

{12 (e )

1 c
T (po2")'K = - (K 27)" ).

The optimal contract sensitivity to firm cash flow is
A2t

YerB§ K (o¥)?
)
Po

Zv = (31)

1+

Comparing to the optimal contract sensitivity (1 + y.r65K (c¥)?/ pg)_l in the benchmark
model of Holmstrom and Milgrom| (1987) with private savings He| (2011), the contract sen-
sitivity in (31]) is smaller due to the environmental concerns of the agent and the principal.

When either p or #¢ depend on z, no longer admits an explicit solution, and the
optimal contract sensitivities are state-dependent as well. We solve this equation numerically
to obtain the optimal contract in Section 3] To facilitate the numerical procedure, we impose
two asymptotic boundary conditions for when x is zero or large. When x = 0, we impose
a Neumann boundary condition V'(0) = — YY—I + mK (). At the other extreme, we assume
that either lim 4o p(,T) = 0 or limg4o 0°(2, T) = 00. As a result, the environment becomes
so polluted that either productivity vanishes or the agent’s marginal cost of effort explodes.
In either case, the agent’s optimal effort e* and the optimal contract sensitivity to cash flow

ZY are both null. When x is sufficiently large, we therefore impose the asymptotic boundary
condition by setting e* = Z¥ = 0 in and (24).

2.3 Equilibrium and the stationary distribution

After the optimal contract is obtained for a representative firm, we consider a continuum of
firms with homogeneous constant size K. When the principal of an individual firm uses the
optimal contract to incentivize the agent’s optimal effort ¢* and the optimal environmental

investment ¢*, the endogenous local pollution intensity follows

dxy = (Ap@t,ft)(,u +e;) — pi?{)dt + o"dB;.
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Denote the density of « as m(t,x). It follows from |Achdou et al.| (2022) that m satisfies the

Kolmogorov-Fokker-Planck equation
1
om(t, z) — 5(0“)28336771(75, z) + 0y [()\p(a:,f)(,u +e*) — pi*)mft, x)} = 0. (32)

We look for a stationary equilibrium in which « admits a stationary density m(z) independent

of time. As a result, m(z) is a stationary solution to (32)), i.e., it satisfies

- %(Ux)28§zm(x) + 0, [()\p(x,f)(,u +€*) — pi*)mft, x)} = 0. (33)

Given the stationary density m, and thanks to the common firm size K, the background

pollution density T = X/K is
7= / v m(dz). (34)

In conclusion, a stationary equilibrium, in Definition [I} is characterized by the HJB
equation , the Kolmogorov-Fokker-Planck equation (33)), and the consistency condition

(9.

3 Quantitative model implications

In this section, we first calibrate model parameters, then present the quantitative implications

of our model. The model’s solution is obtained by numerically solving the system of coupled

equations ([23)), (33), and (34).

3.1 Model calibration

The model parameters are calibrated to several data sources. We focus on the US economy
due to data availability. We interpret the cash flow dY; in as the US annual GDP (in
trillion dollars), the capital stock K as the Stock of Fixed Assets and Consumer Durable
Goods, which includes, for example, buildings, machines, software, and intellectual property
products. We have K = 85 trillion dollars in 2021.@ The emissions amount dX; in is

13Both the GDP and the Fixed Assets data are obtained from the Bureau and Economic Analysis.
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measured by the US annual carbon dioxide emissions (in million metric tons).lﬂ To obtain
company average quantities, we normalize dY;, dX;, and K by the average number of public
firms in the US between 1990 and 2019@. To estimate the volatility parameters oY and o7,
we remove the trend from the ratio of annual GDP over fixed assets and from the ratio of
annual carbon emissions over fixed assets, then measure the standard deviation of residuals ™|
Resulting estimates are 0¥ = 0.97% and o* = 0.98%.

To estimate the emissions intensity parameter A in (5, we use the pre-pandemic GDP
and carbon emissions in 2019 to obtain A = 0.246 kg CO2/dollar[7"| To estimate the efficiency
parameter p for the environmental investment, we examine the current commercialized car-
bon capture technology. The last comprehensive analysis of the technology, conducted by
the American Physical Society in 2011, estimated that it would cost 600 dollars to absorb
one ton of COZE This leads to an estimate of p = 1.67 kg CO2/dollar.

The agency parameter #°¢, the productivity function p and the labor parameter u are
determined in the following way. First, the average ratio of annual GDP over fixed asset is
0.295 between 1990 and 2020. This is approximated by p®™™ in the model, where pc*ret

is the productivity value under the current emissions intensityﬂ To separate pcurrent

and p,
we use the empirical evidence in the literature pertaining to the performance sensitivity of
the average executive contract. [Jensen and Murphy| (1990)) report a contract performance
sensitivity of 0.3% in their sample (1969-1983). |Hall and Liebman (1998) document a higher
sensitivity around 2.5%. Controlling for the firm risk, |Aggarwal and Samwick (1999) report a

mean contract sensitivity equal to 6.94%. We choose p"™™ = (.05 and 6° = 25 so that the

4Carbon dioxide constitutes the majority of the U.S. greenhouse gas emissions, roughly 80% of total
greenhouse emissions since 1990. The emissions data is from the Environmental Protection Agency| (EPA).

15The average number of US public firms between 1990 and 2019 is 5614. Data are from World Bank.

160ur data set starts from 1990, the earliest year with emissions data on the EPA website. There is a
clear decreasing trend in the ratio of annual emissions to fixed assets due to the increase in energy efficiency
over the last three decades.

1"In the estimation, we ignore the impact of the environmental investment i. In 2022, the US government
announced investment plans equal to 2.3 billion to cut U.S. carbon pollution (see Report). If this funding
were spent on carbon capture, the current commercialized technology would allow for a reduction of CO2
emissions by roughly 4 million tons, which is a minute fraction of U.S. CO2 emissions equal to 5,259 million
tons in 2019.

18See the report here. The cost decreases if the most recently developed technology is used, as it pulls
a ton of CO2 from the atmosphere at a cost ranging from 94 to 232 dollars (see the Nature report. This
technology is yet to fully commercialized. The U.S. Department of Energy goal is to reduce the cost under
100 dollars per ton by 2030 (see report).

19 As the numerical results show, executive effort e makes a negligible contribution to the GDP .
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contract financial performance sensitivity in for the benchmark Holmstrom—Milgrom
model is around 3.5%, in line with this empirical evidence. The associated labor parameter
is p=295.9.

In order to determine the functional form of the productivity function p, we use the
CREA report, which provides the cost of air pollution for different countries. Figure
presents the economic cost of air pollution as the share of GDP with respect to the CO2
emissions intensity (kg per dollar GDP based on purchasing power parity (PPP)) for the
top 15 countries by GDP. The figure shows that the cost of air pollution stays at roughly
the same level when the CO2 emissions intensity is low. However, when the CO2 emissions
intensity is high, the economic cost becomes much larger. For instance, the CO2 emissions
intensity of China is 0.48 in 2018 and CREA estimates a cost of 6.6% GDP; the emissions
intensity of Russia is 0.39 and the cost of air pollution is 4.1% GDP; the emissions intensity
of India is 0.27 and the cost of air pollution is 5.4% GDP. We fit the data pertaining to the

top 15 countries with the following form of the damage function
D(z2*#%) = Dy + D1 (288 — 2)3. (35)

When the aggregated pollution intensity z?¢&, from both the local and background pollution,
is below a threshold z(, the damage is a constant Dy. When 2?88 exceeds x(, the damage
increases quadratically. The aggregated pollution intensity £?%8 is assumed to be the weighted
average £x+ (1 —¢&)T with € = 0.5. Here we assume that the local pollution intensity and the
background pollution intensity perfectly substitute for each other. The equal weight reflects
the assumption that employees spend half of their time on the firm property and half of it

elsewhere. The resulting productivity function net of damages is

p(z,T) = A(1 — D(0.5(z + z))),

where A is the efficient productivity without damages from pollution. The fit of the data in
Figure[l]to the damage function along with the information that the U.S. CO2 emissions
intensity is 0.242 (kg per PPP dollar GDP) and p®™™ = .05, gives the estimated net

damage productivity function

p(z,7) = 0.05— 0.02(0.5(z +7) — 0.2)".
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Figure 1: Fitted damage function. The fitted linear-quadratic damage function is D(z288) =
0.02 when x*¢8 < 0.2; D(z?%) = 0.39(x*¢ — 0.2)® 4+ 0.02 when z*%¢ > 0.2.

Remaining parameters are calibrated as follows. The interest rate r = 0.05 is set at a
value commensurate with recent and historical experience. The agent’s absolute risk aversion
is 7¢ = 5, consistent with the median value reported in [Haubrich (1994)). His aversion to
workplace pollution 7 is set to be zero, so that the agent is only motivated by consumptionﬂ
The risk neutral principal’s sensitivity to environmental pollution is also selected to vary,
between m = 0.04 and m = 0.05. As we will show, variations in this narrow range will
produce substantial changes in outcomes. Moreover, in this range of m, the second inequality
of fails in all experiments, implying the principal would not invest in emissions reduction
if productivity were not decreasing in pollution. Our experiments therefore show the impact
of productivity reduction due to pollution. Finally, the investment cost parameter is §* = 2

in numerical experiments.

3.2 Optimal policies, contract and pollution distribution

In this section we study the optimal policies, the contract, and the distribution of the local

pollution intensity across firms in the calibrated model. We also examine the impact of the

20The agent’s aversion to workplace pollution 7, has a much smaller impact than the principal’s sensitivity
to pollution m, because 7, is dominated by mK in when K is large
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Table 1: Parameter Values

This table reports parameter values used for simulations.

Parameter Variable Value
r Interest rate 0.05
I Production labor 5.9
K Firm size 85
o’ Environmental state volatility 0.0098
oY Cash flow volatility 0.0097
~® Agent environmental risk aversion 0
¥¢ Agent consumption risk aversion )
A Efficient productivity 0.05
D4 Damage function quadratic coefficient 0.39
o Environmental threshold 0.2
l,¢, & Weight on local pollution intensity 0.5
m Principal environmental concern 0.04
P Efficiency of environmental investment 1.67
A Production emission intensity rate 0.246
0° Effort cost coefficient 25
o' Investment cost coefficient 2

pollution rate A, the efficiency of environmental investment p, and the principal’s concern
for pollution m.

Figure presents the optimal policies, contract, and the distribution of local pollution
intensity across firms in the calibrated model. In panel (a), the black solid lines represent the
corresponding quantities when the productivity does not depend on pollution, i.e., p = A.
In this case, environmental concerns from the principal are not sufficiently strong to induce
pollution reducing investment and the contract sensitivity with respect to pollution is also
zero. The expected local pollution always grows over time due to the emissions generated
by production. As a result, there is no stationary distribution of the local pollution.

The red dotted lines in panel (a) of Figure show the optimal policies and contract sen-
sitivities when productivity deteriorates with pollution. There exists a threshold z* (around
0.08) such that when = < x* the agent’s optimal effort and the optimal contract sensitivity
to cash flow are flat in . They are lower than their counterparts in the model with constant
productivity. This is because the principal anticipates the future low productivity states due
to heavy pollution, hence reduces production, pollution growth, and the probability that

the aggregated pollution from both local and background pollution exceeds the threshold x
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where the firm productivity starts to decrease. When x < x* both investment and contract
sensitivity to pollution are zero. However, when = exceeds the threshold x*, the investment
in pollution reduction becomes positive. As shows, in order to incentivize positive in-
vestment, the ratio between Z* and ZY must be less than —1/p. The two bottom plots in
panel (a) show that Z* jumps to a negative value and Z¥ drops significantly at z*. This
ensures Z%/ZY < —1/p, so that the contract incentivizes positive environmental investment.
Meanwhile, the gross contract sensitivity to cash flow Z¢ = ZY 4+ \Z* decreases at x* and the
agent’s optimal effort drops as a consequence. When x keeps increasing beyond x*, the con-
tract financial (environmental) performance sensitivity decreases (increases). This reflects
the fact that a significantly greater environmental investment can be motivated even if the
magnitude of the environmental sensitivity declines (becomes less negative). In summary, in
order to incentivize investment in the environment, the principal penalizes the agent for local
pollution and simultaneously reduces the standard financial contract sensitivity, so that the
agent becomes less sensitive to cash flow reductions resulting from environmental investment.

Panel (b) of Figure presents the stationary density of the local pollution intensity
x. When zx is very large, the pollution reduction stemming from environmental investment
exceeds the emissions from production due to greater investment and lower productivity.
This generates a negative expected growth in the local pollution intensity and its stationary
distribution. Panel (b) presents the 0.1%-quantile to 99.9%-quantile of the stationary distri-
bution, covering a range of [0.28, 0.39] in x. In this range, panel (a) shows that the principal
always contracts on pollution and that environmental investment is always positive. The
background pollution intensity, the mean of the stationary distribution of z, is 0.323 in this
case.

Figure shows the impact of the pollution intensity A. Consider first the case where
productivity does not depend on pollution, i.e., p = A. Endogenous variables are then
insensitive to pollution z. The solid black lines in the upper left quadrant in panel (a) show
that the agent’s optimal effort decreases when A increases. In this instance, each unit of
production generates additional local pollution, which reduces the principal’s welfare. She
therefore reduces the contract sensitivity to cash flow as A increases, as shown in the lower
left quadrant of panel (a). The upper and lower quadrants in panel (a) show that the contract
sensitivity to pollution and the environmental investment are both zero. The behavior of the
contract sensitivity to cash flow is consistent with the evidence reported in [Yu et al.| (2022)).

When productivity deteriorates with pollution, panel (a) of Figure shows that the
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threshold x* decreases as A increases, so that the principal starts to incentivize environmental
investment at a lower value of local pollution. For a larger A, the reduction in the contract
sensitivity to cash flow Z¥ is larger (lower left quadrant in panel (a)) and the magnitude of
the contract sensitivity to local pollution Z* is lower (lower right quadrant in panel (a)).
The resulting ratios of contract sensitivities Z' = Z*/Z¥ increase in A, so that implies
that the corresponding environmental investments increase as well.

Panel (b) shows the impact of A on the stationary distribution of z. When A is larger,
production generates more pollution, even after mitigation measures incentivized by the
optimal contract, so that the distribution of x shifts to the right, resulting in a larger value of
the background pollution intensity T. Panel (b) shows that most of the mass of the stationary
distribution locates in the region where both contracting on pollution and environmental
investment are present.

Figure illustrates the impact of the efficacy p of environmental investment. Note
first, that in contrast to the previous case, the optimal effort, optimal investment and the
contract sensitivity coefficients are not affected if p = A. Moreover, the contract pollution
sensitivity and optimal investment in mitigation are both null. Pollution, in this case, does
not affect productivity, so neither the agent nor the principal alter their behaviors. Second,
there are substantial effects if p depends on pollution. In this instance, as p increases, en-
vironmental investment becomes more efficient in reducing local pollution. Panel (a) shows
that the threshold x* increases with p and that the principal starts to reduce the contract
sensitivity to cash flow and employs the contract sensitivity to pollution to incentivize en-
vironmental investment at higher values of the local pollution intensity. As p increases, the
reduction in the contract sensitivity to cash flow is lower above z*, but the magnitude of the
contract sensitivity to pollution increases, resulting in roughly the same ratio Z* = Z%/ZY
and environmental investment. But even with a similar environmental investment, the more
efficient pollution reducing technology has a strong impact on the stationary distribution of
x. As panel (b) shows, the stationary distribution of x dramatically shifts to the left as p
increases, resulting in a lower likelihood of high pollution intensities.

When the principal’s concern for the environment increases (i.e., m increases), Figure
panel (a) shows that the threshold z* decreases, so that the principal reduces the contract
sensitivity to cash flow and incentivizes environmental investment at lower values of the local
pollution intensity. As a result, the stationary distribution of x shifts to the left and the

likelihood of background pollution intensities beyond certain levels decreases, as panel (b)

26



illustrates. As m increases, the lower two quadrants of panel (a) show that the quantitative
differences in contract sensitivities are small, when = exceeds the threshold x*. Nevertheless,
the ratio Z%/ZY decreases in m, resulting in an increasing environmental investment, as
shown in the top right quadrant of panel (a). Although not displayed, similar effects arise
when the agent becomes more sensitive to pollution.

When the principal puts more weight on the background pollution intensity Z and less
weight on the local pollution intensity x, i.e., when ( decreases, the impact on the optimal
contract is equivalent to a reduction in m. The resulting environmental investment decreases
and the distribution of pollution shifts to the right. A policy implication of this result is that
firms need to be held more accountable for their own emissions in order to reduce aggregate

pollution.

4 Environmental contracting, welfare and equilibrium

In the previous section, we examined the optimal contract when the principal fully recog-
nizes the damage of pollution on production. The optimal contract in this case depends on
both firm cash flow and pollution, balancing the incentives pertaining to the firm’s financial
performance and its environmental impact. In this section, we examine the welfare and equi-
librium impact of contracting on firm pollution. To this end, we assume that both the agent
and the principal still have environmental concerns with utility specifications as described
in (9) and (10). The principal observes both the local and the background pollution, but
fails to recognize the damaging impact of pollution on production, i.e., p = py for a constant
Po. Such a principal, with incorrect beliefs about the effects of pollution on productivity, is
called a misperceiving principal. In contrast, the agent, who manages the production pro-
cess, fully recognizes that p deteriorates with the level of pollution and makes his effort and
environmental investment decisions accordingly.

Throughout the section, we assume that

Ayl PVl
T(%K—f—mC><1 and 7a(%K—I—mC)<1 (36)

so that the marginal benefit of production is larger than its pollution impact, but the en-
vironmental concern is not sufficiently strong for the misperceiving principal to contract

on pollution in order to incentivize environmental investment. With p = pg, the optimal
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contract sensitivities, obtained at the end of Section 2.2} are

_ A (V_zﬁ n mg>
r \ 7 K Tx
1+ Yerfe K (o¥)2 and ZS’ = 0. (37>
g

ZS,y* —

From the misperceiving principal’s point of view, the recommended effort and investment

policies are

e = %Zs’y* and %" =0. (38)

The optimal compensation stream for the misperceiving principal is presented in the following

Lemma.

Lemma 5 If the misperceiving principal believes that p = pg, a constant, the optimal com-

pensation 18

1
aI° = [ 5 loer i+ T(VST(ZS’?’*KU‘”)Q — Z5Vpo(p + eS’*)K>t

+ g(e®*, 2,7y, K) + ﬁ(fxt + (1= 0mz) + TZS’y*Yt} dt,

C

(39)

where Uy 1s the agent’s reservation certainty equivalent. If p were truly po, the agent would

not save and would consume all his compensation net his effort cost.

Comparing to the optimal compensation stream dI* in , the optimal contract dI° for
the misperceiving principal does not contract on firm’s pollution X, except compensating
for the environmental impact 1= ((z+ (1—0)Z) on the agent. The contract sensitivity to firm
cash flow Z5¥* is a constant. Hence the compensation stream dI° comprises a deterministic
component which is linear in the agent’s tenure in the firm, and a variable component which
is linear in the cumulative cash flow Y.

Recognizing that the firm’s productivity actually deteriorates with pollution, the agent’s
optimal policies are different from the principal’s recommendations when receiving the com-
pensation stream in Lemma . Given the consumption stream dI® in , the agent deter-

mines his optimal policy by solving the following optimization problem

supIE[/ e_”u(ct,xt,ft)dt], (40)
0

e,l,C
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subject to , , and , with dI therein replaced by dI°. Introduce the agent’s certainty
equivalent U via . The following result summarizes the agent’s optimal strategies for the

given compensation stream dI”.

Lemma 6 For the given compensation stream dI° in , the agent’s continuation certainty

equivalent is given by

o
U = UX,) + (72

(Ko Z59) = po(pu+ €51 K Z50 )t 4 2597,

where the function U satisfies

1
rid 25(

+ (plp + €K — " K — k(i*, K) — po(p + €5*)K) 259 (41)

+g(e®* K) — g(e*, K) — ’y;T' (KU“@XU)Q.

oK) 0% xU + (Ap(p + €*) K — pi*K)OxU

and Z5Y* and e%* are constants given in and . The agent’s optimal effort e* and

environmental investment i* are

T SR N A |
et = Zep(x,:c) and 1F = { o TP ; (42)

ge 0, otherwise

with Z¢ = 7599 + \oxU and 7' = 24

— ZSwyx*

For the given compensation stream dI°, the agent’s continuation certainty equivalent
depends linearly on the firm’s cash flow Y with sensitivity Z°¥*, the contract’s sensitivity
coefficient specified by the misperceiving principal. Even though the compensation stream
dI® does not depend explicitly on the firm’s pollution X, except for a pollution pay 1—” (&Ut +
(1-— €)Tt) to rebate the direct impact of pollution on the agent’s utility, the agent may still
invest in pollution abatement because he fully recognizes the adverse impact of pollution on
productivity, which reduces the firm’s cash flow hence his compensation. When the marginal
(certainty-equivalent) cost of pollution, i.e., —OxU, is higher than Z%%*/p, the agent invests
in the environment to manage the adverse impact of pollution on productivity. The marginal
cost of pollution also reduces the gross contract sensitivity to cash flow Z€, so that it is lower

than the contract sensitivity Z%¥* specified by the principal. Moreover, the productivity p
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decreases with pollution, hence it is smaller than the value py perceived by the principal.
These two effects combined reduce the agent’s effort so that his optimal effort e* is less than
the principal’s recommendation e**.

Having obtained the agent’s optimal response to the compensation stream dI®, we next
examine the impact on the principal’s welfare and the background environmental pollution,
if the principal offers the contract dI° instead of the optimal contract in Section . To
this end, we fix the agent’s reservation certainty equivalent U, = ilogr — %(1 — )z,
corresponding to an outside option without consumption and local pollution, but still with
background pollution.

Given the compensation stream dI°, the misperceiving principal’s value is
E[/ e~ (dY; — dIf — mK (Cx, + (1 — C)ft)dt)],
0

where Y and X follow and , respectively, evaluated at the agent’s optimal policies e*
and ¢* given in . The principal’s value is characterized next.

Proposition 7 Given the compensation stream dI° and a constant background pollution

intensity T, the misperceiving principal’s value function
V, = ]Et|:/ o) (dys —dI¥ —mK((rg+ (1 — c)f)ds)]
t

15 characterized by

V, = V(X)) — (7;7" (Ko Z59)® = po(u+ 5K Z50 )t = 750,
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where the function V satisfies

1
V=3 (0" KPRV + (Aplu+ ) K — pi*K)dxV

—%(KayZS’y*)2 — g(e®*, 2,7, K) + po(p + e¥*) K Z5v — %fﬁt

TV
Cost of contract perceived by principal

+(1 = Z%) (p(p + ") K — i*K — k(i*, K))

(&

(43)

Share of cash}lZw to principal
—mK (Cz+ (1 -Q)T) .

Environmental cost to principal

In the previous equation, p = p(z,T), e*,i* are given in (A2), and e>* and Z%Y* are from

and ).

On the right-hand side of , the group of terms in the second line represents a net cost of
the contract as perceived by the principal. This perceived net cost includes a risk-bearing
compensation to the agent, a rebate for the agent’s effort cost based on the recommended
effort, a compensation for the environmental cost borne by the agent, and is net of the
expected cash flow collected by the agent in the principal’s perception. The group of terms
in the third line represents the share of cash flow collected by the principal. The last term
on the right-hand side of is the environmental cost to the principal.

To examine the impact of pollution contacting on the principal’s welfare, we consider a
firm whose principal erroneously believes that p = pg and utilizes the compensation stream
dI® in , meanwhile all other firms in the continuum recognize the adverse impact of
pollution on production and employ the optimal contract in Section The equilibrium
background pollution intensity 7 is the same as the one in Section [2| because one firm in
a continuum of firms with homogeneous sizes does not impact the aggregate background
pollution intensity.

Using the calibration in Section [3| Figure illustrates the impact when one firm, with
a misperceiving principal, deviates from the optimal contract in Section [2| to employ the
contract dI®, which does not contract on the firm’s pollution directly. We call this contract
the standard contract. The upper left quadrant in panel (a) shows that the agent’s optimal
effort decreases with the local pollution intensity. However, the agent’s effort under the

optimal contract jumps down when the local pollution intensity exceeds a threshold. Under
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the standard contract, the agent’s effort also decreases with the local pollution intensity =z,
because the marginal cost of pollution —0xU increases with x (see lower right quadrant in
panel (a)), reducing the gross certainty-equivalent sensitivity to cash flow, but it does not
jump down. The upper right quadrant of panel (a) shows that environmental investment
is more aggressive under the optimal contract, since investment becomes positive when x
exceeds the threshold z*. Meanwhile, the environmental investment under the standard con-
tract can still be positive, but only kicks in when the local pollution is sufficiently severe and
the marginal cost of pollution exceeds a higher threshold. Panel (b) in Figure compares
the principals’ welfare under their respective optimal contracts. Pollution contracting in the
optimal contract improves the principal’s welfare, for all pollution levels, compared to the
standard contract. Recognition of the adverse impact of pollution on the firm’s production
motivates the principal to use the optimal contract, which incentivizes a more aggressive
abatement strategy and mitigates the impact of pollution on production.

If all firms in the economy erroneously believes that p = py and employ the standard
contract dI°, the aggregated background pollution deteriorates. Panel (c) of Figure
shows that the background pollution intensity increases by 62.2% compared to the situa-
tion where all firms employ the optimal contract. Equivalently, if all firms in the economy
correctly recognize the adverse impact of pollution on productivity and all migrate from
the standard contract to the optimal contract with pollution contracting, then background
pollution intensity will decrease by 38.4%. Comparison between the red dotted line in the
upper right quadrant of panel (a) in Figure and its counterpart in Figure shows that
more severe background pollution motivates a more aggressive abatement strategy. However,
comparison between the red dotted line in panel (b) of Figure and its counterpart in
Figure reveals that each misperceiving principal’s value decreases in the former case,
due to the deterioration of the background pollution in the environment. Moreover, the
agent’s reservation utility also decreases with the background pollution when all principals
misperceive and employ the standard contract.

In summary, comparisons in this section show that contracting on pollution not only
improves the welfare of the agent and the principal, but also benefits the environment when

it is adopted by all firms.
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5 Conclusion

In this paper, we examined optimal dynamic contracts in a principal-agent relationship when
pollution affects the productivity of the firm and the agent can take mitigating actions by
investing in pollution-abating activities. We show the optimal contract rewards for envi-
ronmental performance as well as financial performance. Numerical results, in a calibrated
version of the model, show that the optimal effort level decreases with the level of pollution
and the optimal environmental investment increases with it once a critical pollution threshold
is reached. The agent’s (positive) certainty-equivalent sensitivity to financial performance
decreases past that level and its (negative) sensitivity to environmental performance in-
creases, except at the threshold level where it jumps down. We also derive the stationary
distribution of aggregate pollution in an economy with a continuum of identical firms and
examine its properties. The emission rate, the environmental investment efficiency, and the
principal’s environmental concerns are shown to have significant impacts on the contractual
terms, the optimal policies and the stationary distribution. Finally, we show that rewarding
for environmental performance, in addition to financial performance, improves the welfare
of the principal and the agent in the stationary equilibrium.

The results in the paper provide guidelines about how to structure contracts when pol-
lution and emissions are a concern. They show that a simple amendment of the typical
performance-based contract can be an effective tool to mitigate the impact of emissions and
improve the welfare of economic agents. A critical aspect of the theory developed is the inter-
nalization of the costs of pollution by the agent or the principal. The first, who is working on
company grounds hence exposed to the firm’s emissions, directly bears health consequences
and therefore ought to care about his immediate environment. As for the second, who might
be living in distant suburbs and be less directly exposed, it takes a realization of the effects
of pollution on her employees and a concern for their well-being, as well as a recognition of
the damaging effects of pollution on productivity. The public dissemination of information
pertaining to the firm’s emissions, the ambient pollution in her geographical area and the
impact of pollution on productivity, may be conducive to raise such awareness. FEach of
the first two aspects, in combination with the third one, will be enough to justify contracts
rewarding on environmental performance.

While contracts may help to address some of the issues regarding pollution, the more

important question is whether they will have enough of an effect to solve the bigger challenge
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pertaining to climate change. Scientific evidence shows that global warming has accelerated
over the past few decades and is nearing thresholds that are thought to be tipping points for
the climate. Calls for action recommending a +1.5°C limit to further temperature increases,
as per the Paris Agreement at COP21, are likely to require drastic reductions in anthro-
pomorphic emissions. Achieving that goal through contracts seems unlikely since existing
contracts would have to be rewritten on a global scale and the relevant climate concerns
and effects internalized by all parties involved. Regulations imposing higher carbon taxes,
placing outright limits on emissions or mandating contracts rewarding for environmental

performance may all be needed to address the global challenge.
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A Appendix

Proof of Lemma 2

Consider the process

t
U =e U7 —{—/ e "u(cs, x4, Ts)ds.
0

It follows from the dynamic programming principle that Uisa supermartingale for an agent’s
arbitrary strategy (e, i, c) and is a martingale for the optimal strategy (e*,i*, ¢*). Combining
, , and It6’s formula, the drift of U , divided throughout by —rv.e " Uf, is

1 . . i i .
[7— + Wi — ¢ — gle, x4, Ty, K) + Zy(etp(xt,ft)K — i K — ki, K)) +7Z (/\etp@t, Ty K — PZtK)

c 1
- S[(27 KoV + (27 Ko)?) — = e et lat e Wttt gy qH, + d,,

This drift is non-positive for all strategies and zero for the optimal one. Therefore

1
dHt = mln{ - — = TWt + Ct +g(€taxtaft7K)_

e,,c Ve

ZyK(etp(%,ft) — i — kf(%)) - ZmK(Aetp(ﬁnft) - Pit)

+ % [(Zyo.y)Q + (Zxo_x)g} + iKQG—%CH-%-(xt-i-fft)-f-%T’Wt-‘r%TUt }dt —dI,.
e

The optimal (e*,i*, ¢*) in , , and are obtained from the first order conditions to
this problem. They are also the minimizer for the minimization problem above due to the
convexity of g, k, and the exponential function. Plugging the expressions of (e*,i*, ¢*) into
the previous expression of dH; and , we obtain the dynamics of U in .

Using the standard verification argument, we can show that (e*,7*,c¢*) is the optimal

policy for the agent.

Proof of Proposition

For a given constant background pollution intensity Z, the local pollution intensity x follows

dry = (Ap(ze, T(n + €;) — piy)dt + o dBy.
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Consider z as the state variable for the problem , the HJB equation follows from
the dynamic programming principle.

To derive the optimal compensation stream in , consider the compensation stream

1 :
ar; = | - - logr +g(ef, 2, T K) + Z—(ﬁxt + (1= 0)7) + 124, (A1)

where U is the agent’s certainty equivalent introduced in . Applying Lemma , we obtain

the dynamics of ¢/ in and agent’s optimal strategies in , , and . In particular,
plugging and (A.1)) into (8)), we obtain that dWW = 0, i.e., the agent optimally does not

save. Moreover, plugging (A.1)) into (14), we obtain

Ay = LK (2707 4+ (2707 )t + 27 KoVdBY + 77 Ko™ dB®.

Integrating the previous dynamics in time, combining with , , and plugging the result-

ing expression into ({A.1]), we obtain the optimal compensation stream in .

Proof of Corollary
When p = py and 0° = 6, the HJB equation admits an explicit solution

V(z) = —%(kf + mK () + constant.

c

Plugging the previous expression into (23)), we obtain (Z°, Z*) as the maximizer of and
the constant term is identified by matching constant terms on both sides of .

Proof of Lemma [5l

The proof is similar to that for Proposition [3] We present it here for completeness. Given
the contract sensitivities Z%¥* and Z°** given in , consider a compensation stream given
by

1
dr’ = (—— logr + g(e®*, K) + ﬁ(gxt +(1=07) + rut) dt, (A-2)

C ’Vc
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where e%* is given in (38) and U is the agent’s continuation certainty equivalent. Plug the
previous equation into with Z%* = 0 and ZY = Z%¥*. Then U follows

AUy = 12 (257 Kov)dt + 25V Ko dBY. (A:3)

If p were truly py, Lemma [2] implies that the agent’s optimal consumption rate would be
given by and the optimal effort and investment would be e®* and i**. Plugging
and into the agent’s wealth dynamics , we obtain dW; = 0, therefore, the agent
does not save.

The principal assumes that the agent follows the recommended policies e** and i%*.

Therefore, in the principal’s view, the firm’s cash flow follows

dY; = po(p + ¥ )Kdt + 0V KdBY. (A.4)

Combining (A.3]) and (A.4)), integrating in time, and plugging into (A.2)), we obtain (39)).

Proof of Lemma

Define the agent’s continuation certainty equivalent U by

Uy = sup Et[/ e " Dy(ey, J:s,f)ds] = —e Ver(Wetlh)
0

e,i,c

The process U admits the decomposition

40



with H, Z*, and ZY to be determined. Following the proof of Lemma [2| and using the form
of dI¥ in (39)), we obtain

dut = {TZ/{t + q)t} dt
20 (A — (pulg+ eV K — i3I — K35, KO) ] + ZE [, — Oupulgi + ) K — pis ) ]
(A.5)
_ * _ S, _ ﬂ S,y* y\2 _ 7Suyx S,* . S,y
O, =g(e;, K)—g(e;”, K)—r 5 (Z7YKo¥)* — Z°Y po(p + e>")K |t — rZ>YY,

C/r x T

+ %KQ [(ZY0") + (Z70%)?] (A.6)

where the agent’s optimal consumption ¢*, effort e*, and environmental investment i* are

given by , 7 , the recommended effort e** and the contract sensitivity Z5¥* are

given in (38) and . In particular, e* and i* depend on Z¢ = ZY + A\Z% and Z' = %
To remove the time dependency in ({A.6)), we introduce the new variable

cT * *
Y=Y+ (72 (Ko Z5 — po(u + > )K)t. (A7)

Consider Y and X as two state variables for the agent’s problem, U; = u (W, X;) for a
function U. Next, apply [to’s formula to u (Y, Xy) and compare with the right-hand side of

(A.5). We obtain
ZY = 03;21, AR 8)(2/7, and

1 ~ 1 ~
Vel 2 r7S,y* Sk * -k <% ’ 7

+ (= (Ka¥)*Z>v* — +e?K +p(p+e")K —i"K — k(i, K) ) oyU
(5o 2 —mlu+ SO +plut K =K =k K)) 05l
+ (Ap(p+ €K — pi' K) OxU

=l + g(¢*, K) — g(e%* K) — rZ5v Y + %KQ [(o—yayﬁ)Q + (al“axz/?)?].

The previous equation admits a solution
U, X) =U(X) + 25,

for some function &4. Hence 83;& = 75v*, oxU = oxU , and the previous equation is reduced
to the equation . Using ZY = Z5Y* and Z* = 0,U, we also obtain e* and i* from ([17))

and .
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Proof of Proposition [7]

Consider X and Y in ({A.7)) as two state variables for the principal’s value function V. Then
V' satisfies the following differential equation

1 1
rV :§(a$K)28§XV + 5(0%)23;3,\/ + (Ap(p+ €K — pi* K)OxV

(L@ K25 — po(+ VK +plp+ €K — 7K — k(i K) )V

Fp(p+ €K — 'K — k(" K) - g(e®", K) = rZ%Y = 224 — mK(Ca + (1 - Q).

C

This equation admits a solution
V(X,D) =V(X)— Z5Y.

Plugging this decomposition into the previous equation for V', we obtain the equation satisfied

by V in ([43).
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(a) Agent’s optimal effort, environmental investment, (b) Y

and optimal contract sensitivities to cash flow and pol-
lution

Figure A-1: Optimal policies, contract, and stationary density of local pollution
intensity in the calibrated

Notes: Panel (a) reports the agent’s optimal effort e*, the optimal environmental investment i*, and the
optimal contract sensitivities to cash flow Z¥ and to local pollution Z*. The black solid lines represent
the corresponding quantities when the productivity does not depend on the local nor background pollution
intensities, i.e., p = A. Panel (b) shows the stationary distribution of the local pollution intensity between
the 0.1%-quantile and the 99.9%-quantile of the stationary distribution. The background pollution intensity
in equilibrium is 0.323. Parameters are listed in Table

43



9 x107° Optimal Effort

5 Optimal Environment Investment
.
7
8lasmszens  wuues 22022 0.05 o
1 : ——0.246 AL
7 LI =0.27 0.04 .0’
1 : 4
© 6 LI ‘s 0.03 25
l H ¢’0'
5 i . 0.02 R
L] *
1 . G
4 TR ERNaagg,, 01 *
Seme=LlULue o0 l/.:
3 0 L..-
0 0.1 0.2 0.3 0 0.1 0.2 0.3
x

Contract Sensitivity to Cash Flow

Contract Sensitivity to Pollution
0.045 ™
. .
1 =
004 1uzuans 1 :
=1 1o
0.035 ll H -0.005 |1 -
H [
% 003 [ S I :
|1 : 1
0.025 [ -0.01 I :
l-.'_"_"_";-_---...,__" LI
0.02 TEs=a l:
T o e e e e e
0.015 -0.015
0.1 0.2 03 0 0.1 0.2 0.3

(a) Agent’s optimal effort, environmental investment, and optimal contract sensitivities to cash
flow and pollution

Stationary Density

30
----- A=0.22 Kl b
—o0.246 .'I' ‘.\
o A
25 A=0.27 :. s \
DN R
. =\
. I' P
- .
20 < =\
H 0
- .
: .l \
~ & .
g 15 =1 . “
. r SN
il 1\
10 < SN
i .\
4 %,
+ & %
st iy
.“/' RIS
,‘"‘ Ny
S \, . . TN
0.28 0.3 0.32 0.34 0.36 0.38

(b) Stationary distributions
Figure A-2: Impact of production pollution intensity

Notes: Panel (a) reports the agent’s optimal effort e*, the optimal environmental investment i*, and the
optimal contract sensitivities to cash flow Z¥ and to local pollution Z* for different production pollution
coefficients A = 0.22,0.246, and 0.27. The black solid lines represent the corresponding quantities when the
productivity does not depend on the local nor background pollution intensities, i.e., p = A. Panel (b) shows

the stationary distribution of the local pollution intelzlsity between the 0.1%-quantile and the 99.9%-quantile
of the stationary distribution. Parameters are listed in Table
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(b) Stationary distributions
Figure A-3: Impact of environmental investment efficacy

Notes: Panel (a) reports the agent’s optimal effort e*, the optimal environmental investment i*, and the
optimal contract sensitivities to cash flow Z¥ and to local pollution Z* for different production pollution
coefficients p = 1.43,1.67, and 2, corresponding to CO2 absorbing technologies with respective costs 700, 600,
and 500 dollars/tons. The black solid lines represent the corresponding quantities when the productivity
does not depend on the local nor background pollution intensities, i.e., p = A. Panel (b) shows the sta-

tionary distribution of the local pollution intensity béfr%veen the 0.1%-quantile and the 99.9%-quantile of the
stationary distribution. Parameters are listed in Table
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Figure A-4: Impact of principal’s environmental concern

Notes: Panel (a) reports the agent’s optimal effort e*, the optimal environmental investment i*, and the
optimal contract sensitivities to cash flow Z¥ and to local pollution Z* for different production pollution
coefficients m = 0.04,0.045, and 0.05. The black solid lines represent the corresponding quantities when the
productivity does not depend on the local nor background pollution intensities, i.e., p = A. Panel (b) shows

the stationary distribution of the local pollution intelzlséty between the 0.1%-quantile and the 99.9%-quantile
of the stationary distribution. Parameters are listed ini Table



%1078 Optimal effort Optimal Environmental Investment
8

0.07
--------...--.------..._ 0.06
7
0.05
6
® Optimal contract _ 0.04
5 = = = = = Standard contract 0.03
0.02
4
0.01
3 0
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
X X
Sensitivity in Y Sensitivity in X
0.045 0
0.04 -0.005
0.035 -0.01
=] =)
> 0.03 x -0.015
S [
0.025 0.025,, .
treaa,, .
0.02 -0.025
0.015 -0.03
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
X X

(a) Agent’s optimal effort, environmental investment, and sensitivities of agent’s certainty equiva-
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(b) Principal’s values in different contracts
Figure A-5: Impact of different contracts for given background pollution

Notes: All black solid lines represent the situation where all firms employ the optimal contract in Section
All red dotted lines represent the situation where one firm employs the compensation stream dI° in
, which we call the standard contract, but all other firms employ the optimal contract in Section [2 In
both cases, the background pollution intensity is T = 0.323, which is the equilibrium background pollution
intensity when all firms employ the optimal contract- Panel (a) reports the agent’s optimal effort e*, the
optimal environmental investment ¢*, and the sensitivities of agent’s certainty equivalent under the optimal
contract and the standard contract. Panel (b) shows the principal’s value in different contracts. Parameters
are listed in Table[Il
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(b) Principal’s values in different contracts (c) Stationary distribution

Figure A-6: Impact of different contracts in equilibrium

Notes: All black solid lines represent the situation where all firms employ the optimal contract in Section
All red dotted lines represent the situation where all firms employ the compensation stream dI° in
(B9), which we call the standard contract. Panel (a) reports the agent’s optimal effort e*, the optimal
environmental investment ¢*, and the sensitivities of agent’s certainty equivalent under the optimal contract
and the standard contract. Panel (b) shows the principal’s value in different contracts. Panel (c) presents
the stationary distributions of local pollution intens#¥: Z = 0.323 for the optimal contract, T = 0.524 for
the standard contract. Parameters are listed in Table [Il
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