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ABSTRACT

We develop a dynamic general equilibrium model with stochastic social preferences and
endogenous corporate investment in the green transition. Firms’ responses to changing in-
vestor tastes mitigate valuation effects of preference shocks occurring when investment is
fixed. Thus, small changes in social preferences can have negligible cost-of-capital conse-
quences, but large impact on corporate decisions. Our analysis shows that stochastic social
preferences delay the transition, especially when preference shocks correlate positively with
aggregate cash flows, and that they generate time-varying correlations between green and
brown firms’ returns. While risk aversion initially accelerates the transition it impedes it

later due to risk-sharing considerations.
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1 Introduction

Models of optimal portfolio choice in financial economics have evolved beyond their tradi-
tional exclusive focus on risk-return trade-offs to increasingly account for investors’ non-
pecuniary considerations. These considerations, often linked to investors’ identities and
ethical considerations, include responsibilities toward the environment, human rights, their
religious beliefs, and political preferences. Among these, environmental concerns are partic-
ularly prominent, with a significant share of assets now owned or managed by investors who
take into account firms’ environmental standards.! Accordingly, this paper primarily inter-
prets investors’ social preferences through the lens of their environmental concerns, while
recognizing that the insights extend to other forms of non-pecuniary considerations.

Social preferences are not constant over time and appear to change stochastically. In
fact, Pastor et al. (2022) find that shocks to investor tastes were the main driver of return
differences in the cross section of U.S. stocks with different ESG performances. The stochastic
nature of the evolution of social preferences is also evidenced by recent pushbacks from
some investors and law makers against the use of Socially Responsible Investment (SRI)
filters in the context of delegated portfolio management. Also, inflows to ESG investment
vehicles seem to have slowed or even reversed.? Furthermore, there exists academic evidence
that social preferences change in response to past economic performance, consistent with a
stochastic evolution of social preferences.?

The effects of the stochastic nature of social preferences on corporate investment strate-
gies, on firms’ cost of capital, and on the transition towards a green economy more generally
remain theoretically largely unexplored. The only exception hereby is the seminal paper by
Pastor et al. (2021) who, in an extension of their base model, allow for a one-time shock to

investor tastes and for an additional round of trading once the preference shock has been

L As of the end of 2024, assets of signatories of the Principles of Responsible Investment amount to more
than $128 trillion. Investors’ social preferences are also revealed via yield spreads between green bonds and
essentially identical non-green twins, see Pastor et al. (2022).

2For example, according to a Reuters article from November 21, 2024, ” Global climate funds set for first
annual outflows, Morningstar says”, net withdrawals from global climate funds totaled $24 billion during the
first nine months of 2024. Morningstar Sustainalytics attributed these outflows to factors including grow-
ing anti-ESG sentiment, see https://www.reuters.com/sustainability /sustainable-finance-reporting/global-
climate-funds-set-first-annual-outflows-morningstar-says-2024-11-21/

3See, e.g., Exley et al. (2023).
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realized.* Our paper provides a first fully dynamic stochastic general equilibrium model
where investors make portfolio decisions and firms make investment choices at each point
in time, anticipating the stochastic evolution of a representative investor’s taste for social
responsibility.

This framework generates several new insights that are unlikely to emerge in partial
equilibrium models with fixed technology supply and deterministic social preferences. First,
we show that firms’ real options to switch to a green technology crucially affect price dynamics
in response to preference shocks. When social preferences are sufficiently strong so that
additional firms find it optimal to switch to green technologies, rationally anticipated supply
effects undo much of the impact of shocks to social preferences on stock prices. Preference
shocks only change share valuations significantly when they are far below the threshold where
additional firms would find it optimal to switch to green technologies, or when most firms
have already switched to a green technology, as supply is inelastic in these cases.

Second, we show that uncertainty about future social preferences delays the move to a
greener economy. In the presence of stochastic social preferences, firms optimally delay the
exercise of their real option to switch to a green technology. This delay effect becomes even
stronger when preference shocks are positively correlated with aggregate cash flow shocks, as
empirical evidence suggests. Such a correlation makes brown technologies more attractive,
since it makes them less risky: when brown technologies experience low cash flows due
to a negative common cash flow shock, they simultaneously tend to experience a positive
valuation shock, due to weakening social preferences.

Third, we show that higher risk aversion initially helps the transition to greener tech-
nologies, but delays a complete transition of the economy away from polluting technologies.
This finding highlights an important interaction between risk-sharing and corporate social
responsibility. Investors demand both green and brown technologies to diversify risks. At
the beginning of the transition, green technologies are in limited supply. This lowers the
equilibrium cost of capital for green shares, thereby accelerating the transition. However,
when green shares become predominant towards the end of the transition, scarcity in the

supply of brown shares lowers their cost of capital, thereby slowing the transition towards a

4Gupta et al. (2022) focus on a different economic channel — search frictions in the sale of firms — and show
that these frictions can generate significant social costs by delaying corporate green reforms. In an extension
of their base model, they consider the case in which investors might become more socially responsible in the
future, which results in a further delay to trade in their setup.



fully green economy.

Fourth, stochastic social preferences induce time-varying correlations between the returns
of green and brown technologies. The intuition behind these correlation dynamics can be
explained as follows. In the absence of supply responses, social preferences only affect brown
firms’ values, since the representative investor in our model perceives non-pecuniary costs
only when holding brown shares. Consequently, when the cash flows of the two technologies
are positively correlated, stochastic preferences actually lower the return correlation between
the two stocks. This occurs because preference shocks do not affect the covariance, but they
increase the standard deviation of brown firms’ returns. This intuition holds when social
preferences are weak or substantially below past highs, so that supply effects are irrelevant for
equilibrium prices. However, as social preferences become stronger, it becomes more likely
that the number of green firms will increase as a result, which affects green share prices
negatively. Share prices of brown firms also drop, since the negative impact of stronger
social preferences on investors’ demand for brown firms always (weakly) exceeds the positive
effect on the option value to switch. Thus, as supply effects start to matter, they introduce a
positive covariance between the two stock returns, leading to an increase in their correlation.
The resulting empirical prediction is that one should generally observe an increase in the
correlation between brown and green firms as social preferences become stronger and some
brown firms switching to the green technology becomes more likely.

Finally, we show that a small observed difference between the cost of capital of brown and
green firms due to social preferences, which we refer to as the cost of capital gap, does not
imply a small effect of social preferences on technology supply. Specifically, the sensitivity
of the supply of green firms to a small increase in social preferences is not monotonically
related to the cost of capital gap. Furthermore, the observed cost of capital gap can vary
substantially when corporate technology supply is inelastic, i.e., when social preferences are
well below past highs. Altogether, we find that the cost of capital gap is not a reliable
indicator of the influence of social preferences on corporate behavior.

The analysis in this paper focuses on the effects of social preferences on corporate behav-
ior through investors’ portfolio decisions, intentionally excluding other channels that might
influence firms’ cash flows rather than their discount rates. For instance, social prefer-
ences could imply a consumer preference for goods and services from green firms over brown

firms. Furthermore, agents with social preferences may directly influence managers’ deci-



sions through voting at shareholder meetings or other informal channels, thereby impacting
firms’ cash flows. To isolate the effects of portfolio decisions, the model presented in this
paper abstracts from such additional potential effects of social preferences.

Our paper is related to several strands of literature. First, there is a growing literature
that analyzes the effect of social preferences on financial market equilibrium and corporate
investment in a one-period, static framework. This literature includes Heinkel et al. (2001),
Gollier and Pouget (2014), Hart and Zingales (2017), Pastor et al. (2021), Pedersen et al.
(2021), Broccardo et al. (2022), Edmans et al. (2023), Landier and Lovo (2022), Oehmke
and Opp (2024), Goldstein et al. (2022) and Berk and van Binsbergen (2024). These models
differ in how they model social preferences. Some assume that social investors simply find
it wrong to own shares of firms which do not accord with their ethical considerations, while
others assume that social investors perceive non-pecuniary dividends from their portfolio
firms, depending on how well they accord with their ethical standards. Yet another group of
authors considers that social investors only care about the consequences that their portfolio
decisions have on firms’ negative externalities on society.®

All of the above papers use a static, essentially one-period framework. Only few papers
analyze the role of social preferences for asset pricing and corporate investment in a dynamic
framework. Such exceptions are Hong et al. (2023), Jagannathan et al. (2023), and Busta-
mante and Zucchi (2024). We differ from the above papers by providing a continuous-time
framework that captures stochastic shocks to investors’ tastes and allows both investors and
firms to take this into account when making portfolio and investment decisions, respectively.

Finally, our paper is also related to a growing literature that provides experimental and
empirical evidence on social preferences. Overall, this literature provides convincing support
for the existence of social preferences that are reflected in agents’ investment decisions.
Studies that present such evidence include Riedl and Smeets (2017), Bauer et al. (2021),
Krueger et al. (2020), Dyck et al. (2019), Bolton et al. (2020), Hartzmark and Sussman
(2019), and Barber et al. (2021). Several papers within this literature provide evidence on
the specific type of social preferences that investors have. Overall, these papers find that
investors with social preferences do not seem to be motivated by the perceived consequences

of their investment decisions, but rather by intrinsic ethical considerations (see, e.g., Ottoni-

See Dangl et al. (2023) for a comprehensive discussion of different modeling approaches to social prefer-
ences.



Wilhelm et al., 2017; Hart et al., 2023; Heeb et al., 2022; Bonnefon et al., 2022; Cole et al.,
2023; Humphrey et al., 2022).

Another strand of the literature suggests that social preferences might vary over time, for
example in response to personal experiences (e.g., Choi et al., 2020, for exposure to heat and
Andersen et al., 2024, for investors’ children suffering from respiratory disease) or increased
transparency (e.g., Fisman et al., 2023, find investor portfolio reallocations due to information
from air monitoring stations installed in India). Our modeling approach accords with these
experimental and empirical findings and features stochastic non-pecuniary payoffs that social
investors receive from their portfolio holdings, depending on firms’ social responsibility.

The rest of the paper is organized as follows. Section 2 develops the model. Investors’
portfolio decisions are analyzed in Section 3.2 and Section 3.3 derives corporate equilibrium

decisions. Numerical results are presented in Section 4 and Section 5 concludes.

2 The model

We consider a model where time is continuous and the horizon is infinite. The financial
market consists of one riskless asset and two risky assets (shares). The riskless asset is in
perfectly elastic supply and yields a constant return of rdt over a time period [¢,t + dt).
Equity shares are issued by firms that produce with one of two technologies, which we refer
to as green and brown.

We normalize the total mass of all (green plus brown) firms and the number of shares to
one and denote firm type (technology) by f € {G, B}. The supply of firms with the green
technology (the supply of green shares) is denoted by S, so that the supply of firms with
the brown technology (the supply of brown shares), Sg, is 1 — Sg.

Investors and preferences. There is a continuum of investors with heterogeneous social
preferences. Investors are competitive, i.e., they do not act strategically and take prices

as given. In aggregate, social preferences of the entire investor base are characterized by a



stochastic parameter, g;, driven by persistent (random) shocks:°
dgy = pgdt + ogdzg,. (1)

The shocks to social preferences, dz; 4, may be correlated with shocks to firms’ cash flows,
as explained below.
We assume a representative investor who maximizes expected utility choosing consump-

tion C; and the holdings of green and brown shares, X¢; and Xp,

o0
U = max E, / e %u(Cy)ds
(XG,S7XB,5705)752t t
. . . . —vC¢ . .
where § > 0 is the representative investor’s discount rate and u(C;) = —% is an nstan-

taneous CARA utility function on consumption. While the investor derives positive utility
from consuming the physical consumption good, Cs;, there is a negative non-pecuniary div-
idend (“cold prickle”) associated with holding brown stocks whenever g; is positive, i.e., her

total time-t consumption is therefore decomposed into
Cydt = Cs4dt — gt X dt, (2)

where g;" = max{g;, 0} prevents brown stocks from delivering positive non-pecuniary benefits

when social preferences are weak such that g, is negative.”

Firms, production technologies, and cash flows. At time 0, all firms are endowed
with the brown technology and each marginal firm has an option to switch to the green
technology. The full transition to the green technology, i.e., the exercise of all individual
firms’ options requires total investment /. Brown firms’ value-maximizing managers choose
when to optimally exercise their option, rationally anticipating other brown firms’ optimal

investment policies and the effects of investors’ stochastic social preferences. The investment

6We do not distinguish between social investors who care about environmental issues and pure financial
investors. Consequently, we are agnostic about whether aggregate preferences increase (decrease) as a re-
action to an increase (decrease) in the fraction of social investors or because existing social investors show
stronger (weaker) preferences for green investments.

"The cutoff level at g, = 0 is an arbitrary choice with no qualitative influence on the results.



is irreversible.® We hereby assume that each firm behaves competitively, taking prices as
given.

Firms’ cash flows are subject to aggregate shocks (dz4.) and technology-specific shocks
(dzs). Over a period [t,t + dt), firms’ cash flows are:”
dypy = pdt+odzpy + oadzay, (3)

dyc: = pdt+odzgy+ oadzag. (4)

Technology-specific and aggregate shocks to cash flows are, by definition, pairwise uncor-
related, i.e.,

covldzgt, dzp ] = covldzayt, dzas] = covdzpy, dzay] = 0.

However, green and brown firms’ cash flows are correlated through aggregate shocks, i.e.,

covldyas,dyps] = covlodzgy + oadzay, odzpy + oadzay)

= o5dt = p(o® + 0%)dt

2
where p = 021—‘;2 is defined as the correlation coefficient of the two cash flows.
A
Since there is evidence that shocks to financial returns are related to shocks in social

Y we also allow aggregate cash flow shocks and innovations to social preferences

preferences,!
to be correlated, i.e.,

covgldzay, dzg ] = pagdt.

3 Competitive market equilibrium

This section first derives firms’ technology decisions (Subsection 3.1) and then the represen-
tative investor’s portfolio decisions (Subsection 3.2). Subsection 3.3 combines supply and

demand side analyses and provides equilibrium risk premia and share prices as solutions to

8While this assumption keeps the model tractable, it can be relaxed within our modeling framework.
Appendix C provides a detailed discussion including selected results for the case where investment is fully
reversible.

9We assume that expected cash flows of both firms equal udt. If differences arise, e.g., caused by costly
pollution abatement expenses incurred by green firms, the present value of future costs can, without loss of
generality, be modelled as part the adjustment costs I, introduced above.

108ee, e.g., Exley et al. (2023).



a fixed-point problem, i.e., the market-clearing prices and risk premia that are consistent
with those used by firms and investors when determining optimal portfolio and investment

decisions.

3.1 Firm valuation and optimal technology choice

As will be shown below, ex-dividend share prices depend on both social preferences, g, and the
endogenously determined supply of green firms, Sg. In contrast, firms’ cash flows, dys and
dyg, follow stationary distributions, i.e., have no persistent component. While they impact
investors’ portfolio choice, they do not affect ex-dividend share prices as state variables. In
this subsection, we take risk premia for green and brown shares, 7¢(g; S¢) and 75(g; S¢), as
given and derive share prices Pg(g; S¢) and Pg(g; S) contingent on preferences g and the
supply of green shares Sg. Using this notation, we can derive the valuation equations for

brown and green firms’ stocks.

3.1.1 Brown firm valuation

To derive the share price of brown firms, we conjecture that their optimal technology choice
is a free boundary problem. That is, for a given S, brown firms have no incentive to switch
to the green technology by incurring the cost I per unit of reformed firm as long as social
preferences g are below a critical threshold §(Sg), which depends on optimal choices by
other brown firms in equilibrium. In this section, we take the optimal investment strategy
of brown firms as given and derive valuation equations in the range of preferences where the
supply of the green technology, Sg, is constant, i.e., g < g(Sg). The investment threshold
will be optimally determined and the conjectured optimality of the free boundary will be
verified in Section 3.3.

The share price of a brown firm can then be expressed as the present value of expected

future dividends plus the value of a real option to switch to the green technology:

]SB(gt; SG,t) = max Et

Ty >t

g T - T ~ ~
/ e~ W (r+nlosiSads gy, 4 o= Ji" (r+7a(gsiSe.))ds ( Pa(grs, Ser) — [>]
t

where T} is the optimal time of the investment required to switch to the green technology,



defined as
T} = inf(s > t|g, = G(Say)).

Applying the Feynman-Kac Theorem to the share price function, we obtain the Hamilton-

Jacobi-Bellman (HJB) equation for the region g < §(Sg) where Sg is fixed:!!

~ ~ o/ 1 !
(r +75(9; 56)) Pp(g; S¢) = max | i+ g Pp(g; Sa) + §U§PB(9; Sa)| - (5)

3.1.2 Green firm valuation

Since green firms do not have a real option to switch technology, their share price is given
by

pG(Qt? SG,t) = FEy

[o¢]
/ e Ji (rt7a (gs;SG,s))dsdyG’T '

t

Applying the Feynman-Kac Theorem again, we obtain the following HJB equation for

P(;Z12

~ = /! 1 DI/
(r +7a(g; Sa))Palg; Sa) = 1+ 1gPe(g; Sa) + Eang(g; Sa). (6)

Thus, Equations (5) and (6) state that the total return, i.e., the risk premium plus
the riskless rate, required by investors (the left-hand sides of the equations), must equal
the expected return provided by the green and brown stocks (the right-hand sides of the

equations), respectively, where the expected dividends are
pdt = Eildyc] = Ei[dys]
and expected capital gains or losses are
(1aPitai5) + 3024 (035) ) dh = BldPygi Sl f € (B.G}.

Note that non-pecuniary dividends, —g;", do not explicitly enter the expressions for share

HSee, e.g., Oksendal (2003).
12Gince green firms do not face an optimization problem, their HJB equation is reduced to an ordinary
differential equation (ODE).



prices. However, as will be shown, they affect share prices through their impact on the

equilibrium risk premium.

3.2 Investors’ portfolio decisions

We now turn to the demand side of the financial market. We hereby take the share price
functions, Ps(g; S¢) and Ps(g; Sg), as given and first derive the conditional distribution of
the excess financial returns of the two risky assets in the following Lemma. We then analyze
the representative investor’s demand for green and brown shares, X and X g, and solve for
risk premia by inverting the demand.

Letting W, denote financial wealth at time ¢ and assuming that the supply of green
assets does not change over the interval [t,t 4 dt], the investor faces the following budget

constraint!'?

Wtert = (1 + Tdt)Wt - C$,tdt + (dyG,t + dpg(gt> — rpG(gt)dt)XG7t
+(dyp, + de(gt) - TPB(gt)dt)XB’t.

Denoting the wealth differential by dW; = W, 4 — W, the resulting wealth dynamics are

AW, = rWidt — Csydt + (dyg, + dPolg) = rPo(g)dt) X,

+ (dys + dPo(g) = rPo(g0)dt) X

— rWidt — Cydt + (dye + dPo(g) = rPolg)dt) X,

+ (dys + dPp(g) = rPp(g)dt - g*dt) X, (7)
where the second equality follows from Equation (2) stating that the investor derives util-
ity from consuming the physical consumption good reduced by the non-pecuniary losses.
Inspecting these wealth dynamics reveals that the wealth differential contains a linear com-

bination of the excess financial returns of the two risky assets with their weights given by

Xt and Xp,4, respectively.

13For ease of exposition, we suppress the argument S when the supply of technology is kept constant and
write prices and risk premia as Pg(g), Pr(g), and 7g(g), 75(g) where no ambiguity arises.

10



Lemma 1 characterizes the conditional distribution of the excess financial returns:*

Lemma 1 Over a period [t,t+ dt) and conditional on g, define the stock price differentials
(i.e., capital gains/losses) as

~ ~ A

dPg(9:) = Pa(gevar) — Palg),

A ~ A

Pp(givar) — Pp(g:).

%
t
S
Il

The excess financial returns are bivariate-normally distributed, i.e.,

dyg+ + df’g(gt) - TPG(gt)dt

R . ~ N (Mnpdt, Msdt),
dyp: + dPg(g:) — rPg(g:)dt

i P,
where My = [WG(Qt) AG(gt) with

75(9:)Pr(9t)

. A Y -
fePe = u+ugpg;+§ajpg—rpg,

. S P
7TBPB = M+M9P£3+§U;PE—TPB,

by X
and My, = c(9:) a(9:) with
ZG’B(gt) ZB(gt)
EG = O';(I:)é)2+0'2+0-124+2pAg0-gO-APé:7
EB = O';(P/B)2+O'2+0'124+2[)Ago-gO-APé7

Sep = 0.PLPh+ 0% + pagoacy(PL + Pp).

We can now solve the investor’s optimal portfolio decision. Let U(W,g) denote the

investor’s value function. Using the results stated in Lemma 1 and applying the theorem of

14Gee Appendix A for a proof.

11



Feynman-Kac, we obtain the HJB equation of the investor:

T
X 0
SUW,g;86) = max u(C)+ (W —CUw+ [ (Ma—| || Uw
7XG>XB B g
1 [xa]" . [x Xo]" 1
G G G
+3 [XB] M | 5| U + B] MUy + iUy + 503Usg- (8)

ngé<g) + PAGOADy
03 P5(9) + pagoacy
dya + dPg and its second element reflects the co-movement of dg with dyg + dPpg.

where My =

] and its first element reflects the co-movement of dg with

Following a standard method in the literature (see, e.g., Miao and Wang, 2007), we

conjecture that the investor’s value function takes the form
U(W,g;5¢) = _ie*vr(WJrH(g;Sc))' (9)
Y Y ’}/r

The following proposition summarizes the investor’s optimal consumption and demand for

risky assets. Appendix A provides the derivations.

Proposition 1 The representative investor’s optimal consumption is given by
C* =r(W+ H(g:5q)), (10)

and the optimal demand for the risky assets is independent of investors’ wealth, W, and

[Xé] = iMil <MH - [g]) — H'(g)Mg ' My, (11)

given by

Xp| 7 g

where H(g; Sq) satisfies the differential equation

) T

X; X¢ 1

§=r+yr*H — (7;) [Xf] My, [Xf] — pgyrH' — 50577” (H” —r (H/)2> : (12)
B B

In models with CARA utility and exogenously fixed riskless interest rate, optimal con-

sumption depends on investors’ wealth, but demand for risky assets and, thus, prices of these

12



assets do not. To provide further intuition for the above results, we note that the first com-
ponent of optimal demand, as given in Equation (11), is proportional to the investor’s risk

tolerance 1/ and captures her demand for risky assets as a myopic mean-variance optimizer.

0
captures the
gt

The term My represents the investor’s expected pecuniary returns, while [

non-pecuniary losses associated with social preferences.

To interpret the second component of optimal demand, we first note that H(g; Sg) cap-
tures the investor’s certainty equivalent arising from the opportunity to invest in risky assets
and to adjust consumption to fit her time preference 4, in addition to consuming the constant
interest from investing in the riskless asset (see Equation (10)). Thus, this part represents
the investor’s intertemporal demand for risky assets as a hedge against shocks to the invest-
ment opportunity set. Indeed, Lemma 1 implies that the investment opportunity set for
risky assets varies with ¢ and is therefore subject to preference shocks.

Finally, solving Equation (11) for the required risk premia yields the investor’s inverse

demand function

A —1 A~
I Ps 0 Y Y X¢ 2p/ 0
el |te o O Rl B N I B b A,G+pA90“’UA +1 1] a3)
TR 0 PB EGB EB XB UgPB +,0A90'gO'A g

3.3 Equilibrium asset prices and technology supply

In this subsection, we derive the competitive market equilibrium. That is, we solve for the
equilibrium share prices, P5(g) and Pg(g), and risk premia, m(g) and w5(g), that (i) clear

the financial market for the risky assets

X& = S, (14)
X5, = Sp=1-5g, (15)

13



and (ii) are consistent with the values conjectured by firms and the representative investor

when solving their respective optimization problems

~ A

Pa(g;5¢) = Pelg;5¢) = Falg; Sa),
Py(g;S¢) = Pg(g;Sc) = Ps(g; Sa),
m6(9:5¢) = Ta(g;S¢) = falg; Sa),
75(9;S¢) = 7p(g;Sc) = 7p(g; Sc)-

Hence, evaluating inverse demand functions (13) at the equilibrium prices yields the

following proposition:

Proposition 2 The equilibrium risk premia of green and brown shares are given by

—1
r Yo XaB Sa UEP/G + PAag040A " 0
Yo Xg 1—5¢ U§P1’3 + pag0y0a gt
Proposition 2 implies that risk premia depend on social preferences, share prices, and tech-

nology supply.
Note that if the representative investor optimizes myopically and disregards social prefer-

FPs 0
0 Pp

TG !

TR

ences, the equilibrium risk premia would follow a standard single-factor pricing model, where
each stock’s risk premium is simply the product of the market risk premium and the stock’s
market beta. However, as demonstrated by Pastor et al. (2021), market betas alone cannot
fully account for risk premia in a world with social preferences. When these social prefer-
ences become stochastic, even a two-factor model is not sufficient to explain equilibrium risk
premia, as investors also require compensation for risk arising from shocks to the investment
opportunity set in response to changing social preferences, as Proposition 2 above implies.
Thus, risk premia are determined by a three-factor model in our setup.

These factors correspond to three distinct portfolios: the market portfolio, a “social”
portfolio capturing the effects of non-pecuniary payoffs arising from social preferences, and
a hedging portfolio, reflecting the impact of stochastic changes in social preferences. In
Appendix A we provide the proof of the following Corollary, which establishes that these
three portfolios indeed span the equilibrium dollar risk premia of individual stocks in our

model:

14



Corollary 1 The equilibrium dollar risk premia are determined by a three-factor asset pric-

Ba,n Ba,s (16)
BB,h BB,s

where w, P, 1, Py, and w,Py are the dollar risk premium of the market, hedging and social

ing model
BG,m

B,m

= TP + 1P + 7 P

portfolio, respectively; and Bfm,Brn, and Brs, [ € {G, B}, are the market, hedging, and

social beta of stocks of green and brown firms, respectively.

Finally, substituting the equilibrium risk premia in the valuation equations (5) and (6),
we characterize equilibrium share prices and firms’ technology choices, as summarized in the

proposition below:

Proposition 3 Forg < g(Sg) the following system of ordinary differential equations (ODEs)

holds:
rP, PN ¥ S o2PL + 0,0 0
G + G GB G L H g (/; PAgO g0 A " )
rPg YaB 2B 1—SG UgPB—i-pAgUgO'A g
1% P(I; L, Pg

Furthermore, after imposing market-clearing, Equation (12) becomes'®

Sa
1—Sq

2
§=r+r*H — —(Wn)

T
Sa ;1 " 72
5 ] My, L - SG] — pgyrH' — 39577 (H —r(H') ) . (18)

In summary, for each S € [0, 1], the system of differential equations (17) and (18) has
to be jointly satisfied for g € (—o0, §(Sg)]-

Optimal investment and equilibrium technology supply. At the free investment

boundary, g(Sg), prices must satisfy the value-matching condition

Ps(g; SG)‘gzg(SG) = Pa(g; SG)‘g:g(SG) — I (19)

5Tn the competitive equilibrium, individual investors (and therefore the representative investor) do not
internalize the impact of their own investment decisions on share prices. This is consistent with imposing
the market-clearing conditions before solving for H(g).
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The optimal choice of g is determined by the smooth-pasting condition

0Fc(9; Sa) _ dPg(9;S¢c)

. 20
Jg 9=3(5¢) dg 9=3(5¢) (20

The value-matching condition implies that, for a given value of Sg, brown firms start
switching to the green technology when social preferences g reach the investment threshold
g(S¢). The smooth-pasting condition is the first-order condition for optimal investment at
the threshold g(S¢), applied by each single firm. Since firms behave competitively, brown
firms switch until they are indifferent between switching to the green technology and staying

brown, which determines the supply of the green technology in the competitive equilibrium?!®

aPB e —
E(Q, Sg) =0, (21)

which implies the boundary condition

dP, 0Pp ,_ 0FPg dP,
=2 =@ 8e) = (G 5e) = — | (22)
dg lg=g(se)  dg dg dg lg=3(Se)

Any further positive shock dg beyond §(Sg) motivates more brown firms to switch,
thereby increasing the supply of green firms by dSs and reducing the remaining supply
of brown firms by —dSg until the new supply of green firms satisfies g%g(g; S¢) = 0, which
implies g + dg = g(Sg + dS¢). At that point, brown firms are again indifferent between
switching and remaining brown. Prices of both firms adjust to Pg(g + dg; Sg + dSg) and
Pg(g + dg; S + dSg). Subsequent negative shocks to g push g into the interior region
g < g(Sg + dSg), where the solution is determined by the HJB equation (5). Consequently,

the trailing maximum of the social preferences parameter g, defined as gmax,s = SUPg<s<; 9s;

16The optimal decision to switch to the green technology in a competitive equilibrium also implies

Ps(g; S = Pa(g; Sg + dS
G(g G) 9=3(Sc) G(g “ G) 9=9(Sc)

where dS¢ is the infinitesimal change in supply brought by competitors also switching to the green technology.

Thus,
0Pg

E(Q;SG) =0.
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determines the equilibrium supply, denoted by Sg(gmax.¢)- '

Firms’ optimal investment decisions also imply boundary conditions for H, i.e., the term
that captures the representative investor’s investment opportunity set. As discussed, when
social preferences increase and reach g, then some brown firms switch to the green technology.
This can be interpreted as some brown firms repurchasing their brown shares and financing
this repurchase by issuing new green shares. These firms then use parts of the proceeds
from the issued shares to fund the investment to adopt the green technology (recall that Pg
exceeds Pp by exactly I when social preferences reach g). In a competitive equilibrium, the
resulting supply change, dSq, does not affect the representative investor’s utility, since she
is indifferent to small changes in her portfolio, i.e., OU/0Sg = 0 at the investment threshold
(see Appendix B for a discussion of why the investors’ utility is insensitive to changes in the
supply of green shares at the boundary g.). From the investor’s value function (9), it follows
that this indifference implies (W + H)/0Ss = 0. Since prices of green and brown shares
do not change with Sg at the boundary, financial wealth W does not change with S¢ either.
This implies the boundary conditions that must be satisfied by H at g:

OH

E(@SG) = 0, (23)
dH(g; Sa) OH _

i Gt = —(7;5q). 24

dg 9=3(5¢) dg (9;5¢) (24)

We discuss conditions on Pg, P, and H for ¢ = gs,=100%, at g = 0, and their asymptotic
behavior for ¢ — —oo in Appendix B.

4 Numerical Results

This section provides a numerical analysis of the effects of stochastic social preferences on
share prices and corporate technology choices. It thereby provides insights into the determi-
nants of an economy’s transition path towards green technologies and shows how the riskiness
of green and brown stocks and their resulting risk premia evolve dynamically. We solve the

system of ODEs (17) numerically with a Chebychev collocation approach, as described in

1"To ease exposition, we suppress the argument gmax: and simply denote the equilibrium supply by Sg.
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Judd (1998) and Dangl and Wirl (2004).'"® Table 1 summarizes the parameter values for
the base case of the numerical solutions. The parameters are chosen so that their values
appear reasonable in absolute and in relative terms, but are not calibrated to match specific

empirical observations.

4.1 Share Price Dynamics and Social Preferences

We start with the analysis of the relationship between share prices and social investor prefer-
ences. Figure 1 presents the case where 25% of all firms are initially endowed with the green
technology or have already switched to this technology. Panel (A) illustrates the prices of
green firms (dark green line) and brown firms (dark brown line) as functions of the social
preference parameter g. Prices in dark green and dark brown are plotted up to the critical
threshold gg . _o59, indicated by the vertical dashed line, at which social preferences are high
enough to incentivize additional brown firms to switch to the green technology and both
price functions adjust, as we discuss later.!”

Panel (A) of Figure 1 shows the stock prices for different social preferences; starting
with negative values of g. Recall that for g < 0, social investors do not perceive a negative
non-pecuniary dividend from holding brown firms. However, Figure 1 shows that, even for
negative values of g, the share price of green firms is above that of brown firms. Since the
evolution of ¢ is stochastic, the price of brown firms already reflects that, in the future,
(some) investors may internalize the negative externalities that these firms generate. As
g increases, the price wedge between green and brown firms increases, since it becomes
more likely that investors will perceive negative non-pecuniary payoffs associated with their
holdings of brown shares.

We also observe that an increase in g affects both share prices negatively, although green
shares less so than brown shares. The negative effect on green shares is a consequence of
the market’s rational anticipation of future supply effects. Investors understand that if g
increases by a sufficient amount, then some brown firms will switch and adopt the green

technology, thereby reducing the market clearing prices of green shares.

18The Internet Appendix I provides further details on the numerical procedure applied. An application of
this numerical solution method to environmental economics can be found in Dangl and Wirl (2007).

Internet Appendix II compares the implications of the dynamic model for share prices and risk premia
to a simple, static model in which g is kept constant. It shows that accounting for stochastic preferences has
important implications for asset prices, as we discuss in more detail there.
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As g approaches the critical threshold gg,—25%, the slope of the dark green line becomes
more negative, and that of the dark brown line less negative. Both phenomena reflect the
increasing (anticipated) supply effects on share prices, as discussed above. In other words,
this makes the value of brown firms drop less as ¢ increases, and it makes the value of
green firms decrease more, since investors rationally anticipate that it becomes increasingly
likely that the supply of firms with the green technology increases. At the critical value of
Jsu=25%, additional brown firms start to switch, thereby increasing the total supply of green
firms beyond 25%. This happens at ¢ = 1.49. At this critical value of g, the slopes of the
dark green and the dark brown lines are identical and the distance between the two lines
equals I, the cost of switching to the green technology, as is evident from the value-matching
and smooth-pasting conditions (19) and (20).

The fraction of green firms, Sg, is therefore determined by the historical maximum of
g and switching takes place gradually when g reaches new maxima. Brown firms act com-
petitively at the investment boundary, thus, at the optimal level of Sg, brown firms are
indifferent between investing and staying brown, 0Pg/dSs = 0. To shed additional light
on the switching behavior of brown firms and its pricing implications, Panel (A) of Figure
1 also illustrates the case in which all firms start out with the brown technology (Sg = 0)
and shows the share prices in light brown and light green for values of ¢ that represent
historical maxima. For low values of g such that g < gs,—o%, no green firms exist, since no
switching takes place and only the light brown line is shown. This line is below the dark
brown line, since there are now only brown firms in this range, and there is less risk sharing
in the economy, so that the market-clearing prices for brown firms are lower than in the case
where 25% of firms are green (see the dark brown line). As before, the slope of the light
brown line eventually becomes less negative, reflecting the increased supply effect on the
share price of brown firms, but now this effect starts much earlier, i.e., for lower values of
g. When g reaches new maxima to the right of gg,—o%, brown firms gradually switch to the
green technology. Thus, for g > gs,—o% = 0.79 a light green line is also shown in the figure,
reflecting the value of green shares. For increasing values of g, more brown firms switch until
eventually all have switched to the green technology when g reaches gs,—100% = 3.31 for the
first time, indicated by the right dotted vertical line.

Along the light brown and light green lines, brown firms are indifferent between staying

brown and switching to green, and, consequently, the prices always differ exactly by the
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investment cost I. Furthermore, both price functions become quite flat, which implies that at
the investment threshold, any positive shock to g, which represents an increase of internalized
social costs associated with holding brown firms, is largely offset by the decisions of some
brown firms to adopt the green technology, i.e., by the associated increase in the supply of
green firms and the decrease in the supply of brown firms. When ¢ surpasses gs.—100% for the
first time, the last brown firms have switched to the green technology and the light brown
line disappears. The light green line becomes a horizontal line at this point, as the value of
the green firms no longer depends on g.

Figure 2 also illustrates the relationship between share prices and social preferences, but
does so for the case where there already exists a large number of green firms. Specifically,
Figure 2 assumes that 75% of all firms are initially endowed with the green technology or
have already switched to this technology in the past. In this case, if social preferences are
sufficiently weak such that g < —2.3, the share prices of green firms in Panel (A) of Figure
2 are actually lower than those of brown firms. This is so since there is a larger supply
of firms with this technology and, therefore, their contribution to systematic risk in the
representative investor’s portfolio is larger, which makes them less attractive. The opposite
is true for firms with the brown technology, which offer attractive diversification benefits to
the representative investor.

As social preferences become stronger, i.e., g increases, the share price of brown firms
decreases much faster than that of green firms, such that brown firms’ stock prices eventually
end up below those of green firms. Over this range of g, the impact of potential future
technology switches is small, since there is already a large supply of green firms. The impact
becomes visible and the slope of the brown curve becomes less negative, as soon as g reaches a
value of approximately 2.0. Finally, the switching boundary, i.e., the second dashed vertical
line denoted by gs,—75%, is reached when ¢ equals the value of 2.68. We note that, as g
reaches that boundary, both stock price paths become less sensitive to g, due to the impact
of supply on share prices in competitive equilibrium.

Panels (B) of Figures 1 and 2 illustrate the dynamics of the risk premia of green and
brown firms as social preferences change. We start again with Figure 1 and focus on the
dark brown and dark green curves, which reflect the case where 25% of firms are green. We
observe that, even for negative values of g, brown firms exhibit higher risk premia. For this

range of g, this is largely driven by the fact that only 25% of firms are green, whereas the
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large supply of brown firms of 75% requires a higher risk premium to allow markets to clear.
Once we get into the range where social preferences are positive, i.e., polluting technologies
come with a negative non-pecuniary dividend, the required risk premium of brown firms
rises sharply, as the stochastic ¢ now directly affects brown firms’ non-pecuniary payoffs.
However, the rate at which the required risk premium increases slows down as g approaches
the threshold gg,—25%, since at this point the supply impact, caused by switching from brown
to green technology, becomes more significant and makes the brown firms less exposed to
further increases in g.

Inspecting the dark green line, i.e. the required risk premium of the green firms when
25% of firms use this technology, we observe that the required risk premium is always below
that of brown firms, and this has two reasons. First, only 25% of firms use this technology,
and consequently they are in demand for risk sharing purposes. Second, in contrast to brown
firms, green firms are not directly affected by the stochastically evolving social preferences,
which are internalized by the representative investor. As a consequence, the required risk
premium of green firms rises only very moderately as social preferences become stronger.
Only when g increases sufficiently such that it becomes more likely that the supply of green
firms will increase due to switching firms, green firms’ become more exposed to g, which
requires a slightly increasing risk premium.

The light brown and light green curves represent the equilibrium risk premia when all
firms are initially brown and, as we move to the right, each value of ¢ represents a new
historic maximum. For low values of g, it is not optimal for brown firms to switch. The
required risk premia are above the dark brown line, as there are more brown firms in this
case. Once g is positive, brown firms become substantially riskier, and this triggers a sharp
increase in their required risk premium, similar to the one shown by the dark brown line.
However, as firms start to switch, the supply of brown firms decreases, which slows down
the increase in their risk premium associated with an increase in g. At ggs,—25% the light
brown and the dark brown line touch, since both lines represent the required risk premium
of brown firms when 25% of firms choose the green technology. Beyond this point, the light
brown curve keeps going up since the higher perceived social loss associated with the brown
stocks must be compensated by higher financial risk premia to ensure market clearing.

The light green line only starts at g = 0.79, since this is the level of social preferences

that triggers the first brown firm to switch to the green technology. As g increases further,
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the representative investor requires an increasing risk premium, since the supply of green
stocks increases and they contribute more to the overall risk of the market. Once all firms
have switched to the green technology at ¢ = 3.31, the required risk premium becomes
independent of g and remains constant.

Panels (A) of Figures 1 and 2 also suggest that the correlation between cum-dividend
price changes of brown and green firms vary with social preferences since the stock price
sensitivities with respect to changes in social preferences depend on ¢g. Figure 3 illustrates
the dynamics of the correlation between the stock returns of brown and green firms for
changing g and the base-case parameters underlying Figure 1.

To interpret Figure 3 we recall that the correlation of the cum-dividend price changes is
defined by

on = XaB
7B - T~ N~
VEiaeVvis
o4 + o—gPéPg + pagoacy(PL + Pp)

= .(25)
\/02 + 0% + 02(PL)? + 2pAgaAagPé\/0'2 + 0% + 02(P)? + 2pagoa0,Pp

According to the numerator of the above expression, the correlation between the two stock

returns has three components. The first represents the variance of the common cash flow

2
g’

multiplied by the product of the two stock price sensitivities, Pf,Py. The third component,

shocks, ¢%, while the second captures the effect of stochastic social preferences, i.e., o

finally, reflects that preference shocks and aggregate cash flows may be correlated, i.e., that
pag may be different from zero. Since in the base case pa, = 0 (see Table 1), only the first
two terms in the numerator are relevant when interpreting Figure 3.

The denominator of Equation (25) is equal to the product of the standard deviations of
green and brown stocks. Note that, if prices are not exposed to shocks in social preferences,
ie., if P, = P; = 0, then the correlation coeflicient between the two stocks is pg g = 0.5,
since in the base case 0 = 04 (see Table 1).

Figure 3 shows that, for very low values of g, the correlation coefficient converges to 0.5,
since neither Py nor Pg depend on g, i.e., P, = P; =0 as ¢ — —oo. This happens because
the probability that brown shares will ever be perceived as generating negative non-pecuniary
payoffs is effectively zero in this case. As g increases, both brown and green share prices

are affected by preference shocks, i.e., P; and P/, are negative, increasing the covariance
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between the two returns and pushing the correlation in Figure 3 above 50%. Only when ¢
approaches the threshold g,,—25%, we see again a small drop in the correlation due to the
increasing supply effect, which reduces the sensitivity of stock prices to g, as it makes it
more likely that the supply of green firms will go up.

Thus, the model implies that the correlation between the returns of green and brown
firms increases as social preferences become stronger and move from past troughs towards
their historical peaks. In contrast, when social preferences fall substantially below historical

highs, one should observe a decrease in the correlation between brown and green firms.?

4.2 Time-Series Dynamics: An Example

To shed more light on the joint evolution of social preferences, supply of technologies, risk
premia and stock return correlations, we next analyze the equilibrium along a specific path
of the stochastic g-process. We hereby consider again the base-case parameters summarized
in Table 1.

Panel (A) of Figure 4 shows the drawn path for g (left axis) and the corresponding
evolution of the fraction of green firms, Sg (right axis). The initial value of g at ¢t = 0 is
0, a level for which brown firms do not have an incentive to switch to the green technology
so that Sg = 0. At t = 0.50, g reaches 0.79, which represents the initial threshold at which
some brown firms decide to transition to the green technology, leading to an increase in Sg.
S¢ continues to grow whenever g reaches new maxima whereas it does not change in periods
during which social preferences are below previous highs. At ¢ = 20 more than 80% of firms
have become green.

Panel (B) of Figure 4 shows the corresponding stock prices Pp and Pg. For easier
comparison, the green firms’ stock price is adjusted for the cost of switching, i.e., the figure
shows Py — I, which represents the value that a brown firm could achieve by switching
technology. Value maximizing corporate technology decisions imply that the price of green
stocks adjusted for I is always lower or equal to the share price of brown firms. The latter
is the case in periods where g reaches new peaks and some brown firms switch to the green
technology, i.e., brown firms are indifferent between investing I and becoming green and

staying with the brown technology. In contrast, (cost-adjusted) share prices diverge when

20This relation is more pronounced when S¢ is less than 50% where brown firms’ share price responds less
to social preferences and thus, has a smaller standard deviation.
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social preferences drop below previous levels. This valuation gap is particularly large between
t = 11.7 and t = 17.6, where g drops substantially below its previous maximum and stays
below the maximum for an extended period. We also see that brown firms outperform green
firms when social preferences drop below historic highs. In contrast, as social preferences
recover from past troughs and move towards historical highs, we observe an outperformance
of green firms, consistent with the empirical evidence presented in Pastor et al. (2022).

Panel (C) of Figure 4 shows the evolution of risk premia over time. Most of the time,
brown firms have a higher cost of capital than green firms because social preferences make
the representative investor less willing to hold them. However, this is not always the case.
When social preferences fall significantly below previous highs, brown stocks become less
costly to hold, as the representative investor internalizes to a lesser degree their external-
ities. Along the g-path considered in Figure 4 this happens, for example, between t = 15
and t = 17. During this period, social preferences are weak compared to previous highs
and there is already a large supply of green firms, since g had reached high values in the
past. In this situation, brown firms actually experience a lower cost of capital than green
firms. Once g increases again, so does the equilibrium risk premium for brown shares. Note
that, as g continues to rise, the risk premium gap increases substantially to offset the large
non-pecuniary disutility that the representative investor incurs from holding brown shares.
Despite this, the supply of green firms remains constant at approximately 79% until time
t=19.7.

To induce further growth of the supply of green firms towards the end of the time period
shown in Figure 4 requires a larger risk premium gap, as Panel (C) shows. This is needed
because most firms have already switched to the green technology by this time, reflecting
the high past maximum ¢. Therefore, brown firms become very valuable “diversifiers.” As
a consequence, it requires a large difference in the cost of capital between the two types of
firms to induce additional brown firms to switch. This manifests itself in Panel (C) as we
move toward time t = 20.

Finally, Panel (D) of Figure 4 illustrates the correlation between the two technologies’
cum-dividend price changes. These correlation dynamics resemble the dynamics of the gap
between the price of the green firms (adjusted for the cost of switching technology) and the
brown firms presented in Panel (B). When the price gap widens, as is the case, for example,

after time t = 11.7, the correlation between green and brown stocks decreases. In contrast,
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when the price gap is small or zero (i.e., when we are at or near a new peak of the social
preferences, which induces some additional brown firms to switch), the correlation tends to
be high. We observe such situations, for example, at the beginning of the path of g, when

t = 3, or again later, when ¢ is around 10.

4.3 Impact of Model Parameters on the Green Transition

In this subsection, we analyze how key model parameters influence the economy’s transition
toward the green technology. We begin by analyzing the effect of uncertainty of future pref-
erences, 0,4, as illustrated in Figure 5. Panel (A) reveals that an increase in the uncertainty
about future preference shocks delays corporate decisions to become green. For low prefer-
ence uncertainty, i.e., o, = 0.5, the first brown firms already switch to the green technology
when g is slightly above 0.55. For this case, we also observe a fast rate at which the transition
to the green technology occurs, i.e., a steep slope of the dark green line in Panel (A). Once
g has increased to approximately 2.5, the transition is complete.

In contrast, for a high value of preference uncertainty, i.e., o, = 2, the transition process
starts much later, i.e., at a substantially higher value of g. Specifically, g must reach a value of
approximately 1.1 before the first brown firm switches to the green technology. Additionally,
the transition also occurs more slowly, as the complete transition is only reached at a value of
g that is approximately 4.5. Thus, Panel (A) of Figure 5 shows that preference uncertainty
slows an economy’s transition toward the green technology.

Our finding that uncertainty delays the green transition aligns with insights from Bernanke
(1983) and McDonald and Siegel (1986). However, unlike in their frameworks, brown firms
in our model cannot strategically delay the transition to maximize the values of their real
options, due to the competitive behavior among firms. In other words, if a given brown
firm postpones its transition to the green technology, it will be preempted by other brown
firms making the switch. The number of brown firms that need to transition to ensure that
competitive firms are indifferent between switching and not switching depends on the supply
effects on share prices. As the volatility of preference shocks increases, these supply effects
become stronger, meaning that fewer brown firms need to change to counteract a given pos-
itive shock in social preferences. Thus, greater uncertainty about future social preferences

delays the green transition in our framework.
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Panel (B) of Figure 5 shows the impact of risk aversion on the supply of green firms.
The higher the risk aversion of investors, the earlier firms start to switch to the green
technology. However, the transition happens at a slower rate, i.e., the Sg-line becomes
flatter as investors’ risk aversion increases. Thus, for high degrees of risk aversion, even
moderate social preferences induce some firms to switch to the green technology. This is
so, since the green technology is initially a good diversifier for the representative investor’s
portfolio, since she only holds brown shares. This encourages some firms to switch even when
social preferences are weak. However, diversification benefits decrease as the number of green
companies increases. Eventually, when many brown firms have already transitioned, brown
firms become more valuable diversifiers explaining the lower adoption rate for the green
technology for a given rise in g.

It is interesting to observe that, for low values of risk aversion, the full transition happens
over a narrow range of g values. In this case, risk sharing is not very important and, as soon
as preference levels are high enough to induce switching from brown to green technologies,
the transition progresses very quickly.

Finally, we analyze the impact of investment costs on the transition toward a green
economy. If switching from brown to green is costless, i.e., I = 0, then the base-case
parameterization implies that, in the absence of social preferences, i.e., g < 0, 50% of firms
choose green and 50% brown technologies. This maximizes the diversification benefits for
the representative investor. As soon as social preferences become relevant, i.e., g > 0, some
additional brown firms transition and become green. In comparison, when investment costs
are positive, as captured by the other two lines, we do not observe any green firms in the
absence of social preferences, as we consider an economy where all firms are initially endowed
with the brown technology. Thus, the pure diversification benefits generated by having some
green firms are insufficient to induce brown firms to switch. Furthermore, positive switching
costs imply that the transition is delayed. It only starts when preference levels exceed specific

thresholds, at which price differences equal the investment costs.
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4.4 Interactions between Aggregate Cash Flows and Social Pref-

erernces

As discussed above, there is evidence that social preferences are affected by the state of
the economy. In this subsection, we therefore allow shocks to social preferences, dz,, and
common cash flow shocks, dz4, to be correlated and analyze the consequences. To this
end, we compare an economy where the two shocks are negatively correlated (ps, = —0.9)
to an economy where common cash flow shocks and social preference shocks are positively
correlated (pag = 0.9). The two cases are illustrated by Panels (A) and (B) of Figure 6.

Comparing Panel (A) to (B) of Figure 6, one first observes that a positive correlation
between social preferences and the aggregate cash flow component makes brown firms rela-
tively more, and green firms relatively less valuable. This is so since a positive correlation
effectively makes green firms riskier compared to brown firms.

To derive the underlying intuition, consider a negative shock to the common cash flow
component, dz4, which coincides with a negative shock to social preferences, dz,. Since both
technologies are exposed to this negative common cash flow shock, both firms’ dividends
tend to be below expectations in such a state. However, holders of brown shares are partly
hedged against such a negative cash flow shock, due to the weakening of social preferences
that tends to occur at the same time. Such a preference shock makes social investors more
willing to hold brown shares, and this extra demand for brown shares supports their share
price.

Green shares, in contrast, do not enjoy the same natural hedge, as a weakening of social
preferences in a state with negative common cash flow shocks does not lead to additional
demand for green shares. Thus, a positive correlation between social preferences and common
cash flow shocks makes stocks of brown firms more attractive compared to those of green
firms.?!

At g = —3, for example, Panel (B) shows that brown firms’ share prices are approximately

89.5, which is higher than the share prices of green firms, which are approximately equal to

2INote that green share prices may still increase in response to a drop in social preferences, since such
a preference change makes brown firms’ real options to switch technology more out-of-the-money, i.e. it
becomes less likely that the supply of green firms will increase. However, as can be seen, for example, in
Figure 1, the increase in the price of green firms in response to a drop in g is always less than that of brown
firms. Thus, the hedging effect from preference shocks is more pronounced for brown firms.
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86.3. This contrasts with the case of a negative correlation depicted in Panel (A). Here, for
g = —3, both share prices are lower than those in Panel (B), but the prices of brown firms
(approximately 82.8) are now below those of green firms (approximately 84.6). The fact
that share prices are higher for positive p4,4 is intuitive, as social costs due to holding brown
firms tend to be lower (higher) when common shocks to cash flows are negative (positive)
and this provides essentially a hedge to the representative investor and reduces the risk of
her portfolio. The opposite is true for negative pa,.

Panels (A) and (B) of Figure 6 also show that the critical value of social preferences,
Jse=75%, at which additional brown firms wish to switch to the green technology is higher
when p = 0.9 compared to the case of a negative correlation. Also g(Sg = 100%), i.e., the
critical value of social preferences at which all firms have switched to the green technology,
is substantially higher when the correlation is positive.

In summary, Panels (A) and (B) of Figure 6 imply that social preferences have weaker
effects on corporate behavior if they evolve procyclically, i.e., if g tends to decrease in bad
and increase in good economic times, since this makes green firms riskier relative to brown

firms,?? and value-maximizing brown firms have less incentive to switch to a green technology.

4.5 Social preferences, firms’ cost of capital and technology supply

We end Section 4 with an analysis of the effect of social preferences on the difference between
green and brown firms’ cost of capital and discuss whether this difference is a relevant measure
of the importance of social preferences for the supply of brown versus green firms. To do
this, we calculate the difference between the cost of capital of brown and green firms that
is obtained in the absence of social preferences and compare it to the one that is obtained
when the representative investor exhibits social preferences. We refer to this difference-in-
differences as the cost of capital gap, in the spirit of Berk and van Binsbergen (2024).
Panel (A) of Figure 7 illustrates this cost of capital gap measure, the solid upwards
sloping line, at the investment boundary, g(Sg), for different levels of Sg. It also plots the
total derivative of the supply of green firms with respect to g represented by the curved
dashed line. Thus, we calculate the cost of capital gap and the derivative of Sg along the

envelope where g = @, i.e., firms are at the threshold where the marginal brown firm is

228ee Bansal et al. (2022) for empirical evidence.
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indifferent between switching and not switching to the green technology.

The figure shows that, when S = 0 and the first brown firms switch to green, the presence
of social preferences induces a cost of capital gap of slightly more than 1%. That is, the
difference between the cost of capital of brown and green firms is slightly more than 1% larger
if the representative investor exhibits social preferences than if she has no social preferences.
However, even at this low implied value of social preferences, the supply of green firms is
already sensitive to a small change in g, namely dSq/dg ~ 30%. At that point, the implied
value of social preferences is ¢ = 0.79, which means that non-pecuniary dividends from
holding one share of brown firms are —0.79, compared to the expected monetary dividend of
= 10. Thus, a unit increase in g reduces the expected total dividend of the representative
investor by approximately 1/(10 — 0.79) x 100% = 11% but increases S by 30%. This
sensitivity increases sharply with Sg until it reaches a maximum of approximately 42%,
which corresponds to a cost of capital gap of approximately 2.8% and a total supply of green
firms of 0.45. As we consider stronger social preferences, which induce higher supplies of
green firms, the sensitivity of the supply of green firms to increasing social preferences starts
to decline. As Sg approaches one, the sensitivity of the supply of green firms to g drops
again to approximately 0.38.

Panel (B) complements this analysis by providing an example of the cost of capital gap
over time assuming the same stochastic evolution of g that is considered in Figure 4. Thus,
in this panel, the cost of capital gap is not only shown at the investment boundaries, §(S¢g),
but instead along a particular g-path. It reveals considerable variation in the cost of capital
gap along the trajectory of g. It increases and becomes closely correlated with preference
dynamics when g moves close to the investment boundary, at which the supply of green
firms reacts instantaneously to positive shocks in g. Conversely, when preferences are below
their past peaks, the cost of capital gap remains close to zero for extended periods of time,
such as between times 2.5 and 7.5 and again between times 15 and 17. However, it would be
misleading to infer from such periods of low cost of capital gaps that social preferences had
little impact on corporate technology choices. The low values in these intervals are actually
a consequence of earlier shifts in social preferences, which had already led to a significant
increase in the supply of green firms.

Overall, Figure 7 highlights that the cost of capital gap is not a useful metric to evaluate

the impact of social preferences on corporate decisions. To address this question, it is
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essential to consider the cumulative supply effects caused by the stochastic evolution of
social preferences over time. Even when analyzing the effects of small changes in social
preferences at a given point in time, Panel (A) of Figure 7 illustrates that the focus should
be on the sensitivity of the supply of green firms to preference shifts, rather than the cost
of capital gap. This corresponds to the derivative of Sg with respect to g, which is not

monotonically related to the cost of capital gap, as Panel (A) of Figure 7 clearly shows.

5 Conclusion

This paper analyzes an economy where social preferences evolve stochastically, and firms
possess real options to adapt to investor preferences by transitioning from brown to green
technologies. We find that in such a dynamic world, firms’ responses to changing investor
tastes mitigate or even reverse many of the effects that preference shocks would have in
a world where corporate investment decisions are fixed exogenously. For example, stronger
social preferences generally hurt not only brown firms’ stock prices but also the ones of green
firms, since the market rationally anticipates future corporate supply responses to such a
preference shock.

We find that uncertainty about the future evolution of investor tastes delays the transi-
tion to a greener economy. When preference shocks are positively correlated with the state
of the economy, i.e., social preferences are likely to become stronger in good economic states,
as indicated by empirical evidence, then this delays the switch to green technologies even
further. This is so, since a positive correlation makes brown firms less risky, as low cash
dividends are likely to be partially offset by investors’ preference shifts from green to brown
technologies. The analysis also documents the effect of risk aversion and firms’ risk charac-
teristics on the transition to a greener economy. We find that higher risk aversion of investors
induces some firms to switch earlier, but delays the complete transition.

The analysis also demonstrates that in a world with stochastic investor tastes and en-
dogenous corporate decisions, the effect of green investors on the difference between brown
and green firms’ cost of capital is not a good measure of the impact that social preferences
have on corporate decisions. We find that significant technology supply shifts can occur in
response to a shock to investor tastes, even though the resulting effect on the cost of capital

gap is small.
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Overall, our findings suggest that understanding the interplay between investors’ social
preferences and corporate decisions requires acknowledging that preferences may change over
time. In such a setting, firms’ decisions are the solution to a dynamic problem. Such a new
paradigm offers important insights, but also represents challenges for empirical analyses. Es-
timating cost of capital effects of social preferences is, at least conceptually, straightforward,
but our analysis implies that this is not an appropriate empirical strategy to analyze the
relevance of social preferences for corporate decisions. Instead, the analysis of stochastic
preferences and endogenous corporate decisions suggests that empiricists should focus on
novel research strategies. Important building blocks for such new empirical work include
identifying proxies for the dynamics of social preferences, estimating the associated effects
on corporate decisions, and analyzing the implied dynamics of stock return characteristics,
such as the joint evolution of social preferences and stock returns of firms using green and
brown technologies. While such novel empirical strategies may not be straightforward to
execute, their advancement appears to be a promising and important direction for future

research in finance.
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Table 1 Parameter Values

Aggregate absolute risk aversion of all investors

Expected cash-flows

Volatility of technology-specific cash-flow shocks

Volatility of aggregate cash-flow shocks

Risk-free rate of return

Expected non-pecuniary dividends

Volatility of non-pecuniary dividend shocks

Correlation between preference shocks and aggregate cash-flow shocks
Costs to switch technology
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Figure 1: Share prices and risk premia with dynamic technology choices (low Sg)
The figure shows prices (Panel (A)) as well as risk premia (Panel (B)) of brown and green
firms for different levels of social investor preferences. In this case, 25% of all firms are
initially endowed with the green technology or have already switched to this technology (i.e.,
Sg = 0.25).
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Figure 2: Share prices and risk premia with dynamic technology choices (high S¢)
The figure shows prices (Panel (A)) as well as risk premia (Panel (B)) of brown and green
firms for different levels of social investor preferences. In this case, 75% of all firms are
initially endowed with the green technology or have already switched to this technology (i.e.,
Sq =0.75).

(A) Share prices

90
|

956=0% 9SG=100%

Pa sa=15%

9Sa=75%

Pg, Pp

80
|

(B) Risk premia

6%
J

5%
!

- 75(9; SG(gmax = 9))

4%

//

/ wp(g; Se: = T5%)

7, TB
3%
|

AN

Y 76 (955G (gmax = 9))

2%
!

1%
!

0%
|

38



Figure 3: Social preferences and correlations between green and brown firms
The figure shows correlations between price changes of brown and green firms for different
levels of social investor preferences.
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Figure 4: A given path of social preferences.

Panel (A) shows the sample path together with the supply of green firms; Panel (B) shows
the share prices of green and brown firms for this path; Panel (C) plots risk premia of green
and brown firms over the sample path; Panel (D) shows the correlation of cash flows and
share price changes of green and brown firms.
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Figure 5: Supply of green firms and comparative statics
The figure illustrates how the supply of green firms depends on uncertainty about future
social preferences (Panel (A)), risk aversion (Panel (B)), and investment costs (Panel(C)).
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Figure 6: Share prices with dynamic technology choices for different correlations
between preference and cash-flow shocks

The figure shows prices of brown and green firms across different levels of social investor
preferences. Panel (A) illustrates results for the case of a negative correlation between
preference shocks and common cash-flow shocks (i.e., pa, = —0.9) while Panel (B) focuses
on a positive correlation (i.e., pay = 0.9).
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Figure 7: Difference-in-differences of risk premia (cost of capital gap) and the
sensitivity of S; to shocks in g

In Panel (A), the solid line shows the diff-in-diff of risk premia (costs of capital) of green
versus brown firms between our model with stochastic social preferences and a model without
social preferences. The dashed line shows the sensitivity of the fraction of green firms to
shifts in preferences dSg/dg at the investment threshold. Panel (B) shows the diff-in-diff of
risk premia (solid line, left scale) over time, based on the realized path of g (dashed line,
right scale), which is identical to the one considered in Figure 4.

(A) Diff-in-diff and the sensitivity of S to shocks in ¢

5%
|

_________

0)
T
0.40

const=
4%
|

I
0.38

I
0.36

3%
|
dSq/dg

stochastic)—diff, (g
I
0.34

diff; (g =stochastic)—diff, (g =const= 0)

2%
\

diff, (g
I
0.32

1%
[

0 0.2 0.4 0.6 0.8 1
Sa

45



stochastic)—diff; (g =const= 0)

diff, (g

0.01 0.02 0.03 0.04

0.00

(B) Diff-in-diff of risk premia across time

5 10 15

46

20




Appendix

A  Proofs

Proof of Lemma 1. Applying It6’s Lemma to Pg(g) and Pg(g), we can show that the

vector of excess financial returns from holding the two risky assets is given by

pot pg PG+ 502 Pl — Py
,u‘i‘,LLgpé—i‘%O';Pg—TpB

N J/

TV
Expected excess returns = Risk premia

dt

dyg+ + dpG(gt) — TpG(Qt)dt
dyB,t + dPB(Qt) - T’PB(gt)dt

D/
Pe(g:) odzgy +oadzay
+ Y OgQZgt  + :
Pg(gt) odzpy + oadzay
~—_——— Preference shocks — _
Price-preference sensitivity Cash-flow shocks

The rest follows from Brownian motion’s basic properties and the definition of M and Ms,.

Proof of Proposition 1. The investor makes optimal consumption and portfolio decisions
to maximizes the right-hand side of Equation (8). First-order conditions imply that the

representative investor’s optimal consumption satisfies
I/(C*) - UW (Al)

and optimal demand for the risky assets is given by

Xé Uw 0 Uwg o1
= ——M. My — — Mg My. A2
[Xr;] Uww ( ’ H) Uww > 70 A

Substituting the conjecture (9) into the condition for the optimal consumption (A.1) yields

C*(W.g) = r(W + H(g))-
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Moreover, the conjectured solution implies

Uw = (=yr)U; Uww = (y7)°U;
Uwg = (yr)?UH';
Ug = (—r)UH'; Uy = (—yr)U (H" —yr(H')?).
Using the above partial derivatives to simplify Equation (A.2) yields Equation (11) stated

in the proposition.

In the final step, we derive the ordinary differential equation for H(g). Evaluating HJB

(R

equation (8) at the optimum yields

SUW,g) = u(C*)+ (rW —C)Uw + | ¢

B

) Uw + MU,

T
1 [ XE X& 1,
— M U; U, —o2U,
+2 [XE] > X; ww + g g+2<7g 99
L [x:] [x 1
* * G G

where the second equality follows from rearranging Equation (A.2), i.e.,

(01

and using it to simplify the HJB equation.

X

0
) U + MpUpyy = —Ms [
g

Using the conjectured solution (9) and its partial derivatives, we derive an ordinary

differential equation for H(g), which is stated in Proposition 1 as Equation (12)

(7)° [Xar e [X@

S=r—+r*H —

1
_ H — = 2 (H”— Hl2>.
2 XE XE] /J“gfy/r 20-9’77” /-)/T( )

Proof of Corollary 1. In market equilibrium, the representative investor holds the market
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and her optimal demand is given by:

2 pr/
Se¢ | _ 1, 1|meFe 1. 4]0 -1 |0aF6(9) + pagoaoy
= — Mg o Bl B B B 0Vl BN
1 - Sa o 5 Pp r g 0. Pp(9) + pagoaoy
market portfolio MYV optimal portfolio social portfolio hedging portfolio
where

(i) the MV optimal portfolio of the representative investor in the absence of non-pecuniary

payoffs due to social preferences

(ii) the social portfolio reflects the demand resulting from current social preferences, i.e.

non-pecuniary payoffs g*;

(iii) the hedging portfolio captures the representative investor’s hedging demand against

shifts in future social preferences dg.

Denote the total, dollar return of green stocks by dRg = dyg + dPg and that of brown stocks
by dRg = dyg + dPg. In this case we have
_ 1 ]oca
dt O-B,dg ’

where ¢ 4, = cov(dRg, dg) is the covariance of dR¢ and dg; and o 49 = cov(dRp,dg) is the

03 P6(9) + pagoaoy

02Ph(9) + pagrac,

covariance of dRg and dg. We can therefore rewrite the expression for the hedging portfolio

as

H Mgt |G|
dt O-B,dg
Se | [dr
The market portfolio’s total return is dR,, = “ “ , the social portfolio’s
1—Sa¢ dRp
T
110 dR
total return is dR; = —— [ +] M? “ , and the hedging portfolio’s total return is
g B
H b [ar
o
ARy = —— | ©% mgt |74
dt |op.4 dRp
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To proceed, we note that the covariances of individual stock returns and portfolio returns

OGm| SG

)
["G’Sl = Mydt <_ngl [0D _ L [0] dt, (A4)
OB,s T g* gt

|y [~ E oy |90 || Z e |T6as |
OB,h dt O B,dg O B.dg

Thus, we can rewrite the equilibrium risk premia defined in Proposition 2 as

are given by:

—~

A5)

Ta P, S o4
GGl = ~r | My, CNat+H YY)+ N dt
7TBPB 1-— SG OB.dg g
oa,m 0G,h aa,s
= ar —r —r
_UB,m] LB,h [UBJ
- 1
OG.m O OG.s
= oy |TGm Tan TGl | (A.6)
_UB,m OBh OBs 1

where the second equality follows from Equations (A.3), (A.4), and (A.5).

Next, the variances and covariances of the three portfolios are given by:

T
o2 = 5 | g | o6 dt, (A.7)
1— 5S¢ 1— 5S¢
1 [o]" 1 0 1 [o]" 0
A —— M| Msdt | —— MGt = Mt dt, (A.8
RN H Y <w ) H) (or)’ H ) H o
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T
R I T My.dt BV LR
h dt O-B,dg = dt >z UB,dg

T -
H')?
— ( ) 0G,dg Mz_l 0G,dg 7 (Ag)
dt 0B,dg UB,dg_
O = ¢ Mydt | —— My - | e dt,  (A.10)
1 =5 v gt 1 Se| gt
S, g H’ S. T
Om,h = “ Mzdt ——Mgl O-G,dg = —H, G O-Gvdg ’ (Al]_)
1—Sq dt OB.dg 1—S¢| |oBag
110 g )2 | 0 T
Osh = . Mgl Mzdt __Mz_ll 0@G,dg _ _H/ Mgl 0@G,dg
r g+ dt OB.dg yr ng O B.dg
(A.12)
Therefore, the risk premium of the market portfolio is
S, ! S. 0
T Fmdt = S N D 5 VS0 e ey 1 R B S e P
]-_SG ]-_SG OB,dg g+
- ’YTU?n —VTO0Omh — YT Om,s (A].?))

where the second line follows from Equations (A.7), (A.11), and (A.10). The risk premium

of the social portfolio is

T
1]0 S 0
Pt = | —— Mt e (M| ¢ {at+m |79 ) | at
gt 1— 5S¢ O B,dg g"
= VWOms = VIOsh — VT0, (A.14)

where the second line follows from Equations (A.10), (A.12), and (A.8). The risk premium
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of the hedging portfolio is

T
H' S 0
WhPhdt = _— 0G.dg Mil yr ME ¢ dt + H/ 0Gidg + dt
= Yromn — fyra,% — Yros, (A.15)

where the second line follows from Equations (A.11), (A.9), and (A.12).
Summarizing Equations (A.13), (A.14), and (A.15) in compact, matrix form yields

2

T P Om Omh Omgs 1

TPy | dt =1 (opy  0F  osn| |1
2

7 Py Oms Osh Os —1

Pre-multiplying both sides of the equation by the inverse of the variance matrix, we have

-1

crg1 Om.h  Oms TP 1
Omh Op O TP, | dt =1 | -1 (A.16)
Om,;s Osh 0'3 7 Py —1
1
Using Equations (A.16) and (A.6) to eliminate yr | —1/|, it is straightforward to show
—1
that
-1
P 0—7%7, Om,h  Om,s Wum
s OGm O 0G.s
el =79 Gh 76 Omph Oh  Osh TPy, (A.17)
75 Pp OBm OBh OB 9
Om,s Os,h Oy 7TsPs
where

BB,m BB,h ﬁB,s

Om,h gy, Os.h -
O0Bym OBh OB

2
g Om,h  Oms
[UG,m 0a,h UG,S] " 2 lﬁG,m ﬁG,h ﬁG,s]

Om,s Os,h Og

is a 2-by-3 matrix of market, social, and hedging betas obtained in a multivariate regression
of the individual stocks returns - dRgs and dRp - on the three portfolio returns - dR,,, dR},
and dR;.

92



Figure A.1: Portfolio decomposition Portfolio holdings are decomposed into the mean-
variance efficient portfolio, the social portfolio, and the hedging portfolio for base-case pa-
rameters and Sg = 25%. The weights of the hedging portfolio are multiplied by a factor
10.
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B Boundary conditions for F;, Pg, and H

Boundary conditions at g = gs.—100%.- When g > gs,—100%, social preferences become
irrelevant and the entire stock market consists of green shares. Consequently, the price of
green shares becomes constant, Py, = 0, there is no intertemporal demand to hedge against
shocks to social preferences, H' = 0, and the variance of the market portfolio becomes o+ 0%
and the ex-dividend share price becomes constant.

Substituting these conditions into Equations (17) and (12) and requiring Ps(g; S¢) (in a
trivial way also Pg) and H(g; S¢) to be continuous and smooth as g approaches ggs,—100% to

avoid arbitrage, we get

: H 2 2
(9,5¢)—(355=100%,100%) G<g G) r 7 ( A)
9Fa(g;5¢) 0
(9,5¢) (s 5=100%,100%) dg 7
: H 2 2
lim Pg(g; S = ——v(oc"+oy)—1,
(9,56)—(gs5=100%,100%) B(Q G) r " ( A)
dPg(g; S
(9,56) (s 5=100%,100%) dg
d—r v
lim H(g; S = + L (6?2 4+5%),
(9,5¢) (s 5=100%,100%) (g G) yr? 2 ( A)
0H (g; S,
lim Oflg5) _
(9:56)@sg=100%100%)  Jg

Boundary conditions at the investment threshold g = g(Sg) Value-matching and
smooth-pasting conditions for share prices are stated and discussed in the main text in
Equations (19) to (22). Boundary conditions that must be satisfied by H at the boundary
g(Sg) can be derived from utility maximization of competitive investors. If, after a positive
shock to g at the boundary g(S¢), a marginal firm of mass dS¢ considers to transform to the
green technology, competitive investors must be willing to absorb exactly the change in asset
supply by selling a marginal brown share at Pg(g, Sg) and buying the newly created marginal
green share at Pg(g, Sq + dS¢) = Pgp(g,Sc) + I. If such a transaction increased investors’

utility, investors would be willing to sell the brown shares at a slight discount, thereby
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triggering further firms to change to the green technology (see the optimality condition for
optimal corporate investment). If; otherwise, this transaction reduced utility, investors would
buy the newly issued green shares only at a price below Pg(g,S¢) + I, which deters firms
from transitioning to the green technology. Thus, in equilibrium, optimal investment implies
oU/0Sg = 0. According to (21), asset prices do not change with Sg at the boundary g.
Thus, at the boundary g, wealth W is not affected by the change in Sg, as can also be seen
from the budget constraint (7). Consequently, from (9) it follows that 0H/0Sg = 0.

Boundary conditions at g = 0. Social preferences g* = 0 whenever g < 0; otherwise

g" = g. No arbitrage requires share price functions be continuous and smooth at g = 0, i.e.,

Pelg)| =Pelg)| . Pslg)| =Pslg)|
g=0- 9=0+ g=0 9=0+
0Pc(g) _ 9Pg(9) dPg(g) _ 9Pg(9)
dg  lg=0- g lg=0,’ g lg=0_ g lg=0,
The boundary conditions for H(g) are
H(g)‘g =0- = H(g)‘g =04,
OH(g) _ OH(g)

g lg=0- g lg=0,

Asymptotic behaviors of Pg,Pg, and H for g —+ —o0o. For decreasing values of g, the
value of the real option that brown firms can switch to the green technology vanishes and
the supply of green shares Sg becomes constant. Moreover, the investor’s non-pecuniary
dividends per share also vanish

gt =0as g— —oo.

As a result, share prices are constant, i.e., P, = Pj = 0, and therefore the investor does
not have any hedging demand against preferences shocks, i.e., H' = 0. Furthermore, My

simplifies to

ME — EG ) EG B
ZG B> ZB
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where

2 2
ZG = o +UA7
2 2
YXp = 0 40y,
)
Xogp = O

Using P/, = Pj = 0 to simplify Equations (17), the share prices are

PG M 1 500'2 + 02
== -7 o (B.1)
Py |1 (1 — Sg)O' + 03
Next, using H' = 0 to simplify Equation (12) and solving for H yields
5 se | S
F=""C41] "¢ Myl 79| (B.2)
yr 2 1—-Sq 11— 5¢

No arbitrage requires the price functions to be continuous and smooth as g — —oo,

lim_Pa(g) =5 —1(Sco®+0%),  lim_Palg) =1 (1= 56)0 + %),

g——00
im 2569 _ o gy, 9P
g——oo  0Jg g——oo  0g

= 0.

Finally, H(g) is continuous and smooth as g — —o0, i.e.,

T
im H(g) — =L 2| %6 | ag| ¢,
g——00 2 21— Sq 11— S¢
i 229 _
g——oo  Jg

C Reversible transition

In the main text, the transition of firms to the green technology is assumed to be irreversible.
While this assumption makes the analysis more tractable, there are good reasons why the

results should qualitatively carry over to a framework where transition is reversible. First,
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there is an asymmetry in how changes in social preferences affect incentives to switch to green
versus reverting back to brown. Non-pecuniary payoffs, i.e. the cold prickle from holding
brown firms, ¢;, is naturally asymmetric. Le. it is implausible that many investors would
indeed feel positive non-pecuniary payoffs from holding polluting stocks, This is why we
only consider non-pecuniary payoffs when g, is positive. Thus, ¢g;” increases, non-pecuniary
payoffs induce more brown firms to switch to green. The opposite, however, is not the case.
As g; becomes negative, a further “weakening” of social preferences does not make brown
firms more attractive relative to green firms, i.e., g;” simply remains zero. The only possible
incentive for some firms to switch back from green to brown technology when g;” drops is
due to diversification. However, this benefit has a limited effect on prices, and for many
plausible parameterizations, green firms would never find it optimal to transition back to
brown.??

Second, the effect of irreversibility in standard real options theory stems from a positive
value of waiting to invest which usually leads to delayed investment (the investment option
must be sufficiently in the money to justify its exercise). In our model, however, competition
among firms wipes out any value of waiting. If a firm waits with investment until the
underlying project has positive net present value, competing firms would preempt it and
invest early. Hence, the effect of irreversiblilty on the investment threshold is limited in a
competitive setup.

To integrate (partial) reversibility into the existing model would (i) make the model more
complex, (ii) add degrees of freedom regarding the conditions under which firms can switch
back to brown (i.e., the expenses / proceeds associated), and (iii) increase the computational
demand when solving the model numerically. However, the polar case, where a switch to the
green technology is fully reversible, i .e. the investment cost [ is recovered when switching
back to brown, can be solved analytically and can serve as an informative benchmark. This
Appendix therefore provides the solution to this case.

When technology choices are fully reversible, S¢ is no longer path-dependent, i.e., Sg =
Sc(g). Furthermore Py = Pg + I = P for S in the open interval (0,1) and P = P(g), i.e.,

23The maximum price difference between shares of brown and green firms when g; — —oo and Sg — 1
is given by Pg — Pg — ~o2. Hence, if the costs for switching back to the brown technology exceed this
level, there will be no reversion of the green transition at all. Assuming that switching back to brown costs
the same amount I as switching to the green technology, our base-case parameterization is such that firms
would never transition back to being brown, even if possible.
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it no longer depends explicitly on Sg.
According to Proposition 3, P must simultaneously satisfy the system of PDEs

rP o (s Sa , USP/ + PagOg0 A N 0
r(P—1) 1-Sq T3P+ pagTg0a g*

ILL / 1 5 P//

= + Hg P + 50-9 p ’ (Cl>
where My, simplifies to
) 2 by
ME = o )
X ¥+ o?

with X = 02(P')? 4 2pag040,P' + 0.
P simultaneously solves both PDEs of the system (C.1) only if these equations are iden-

tical. Large parts of the PDEs are equal anyhow, so the differences is

1 gt —rl
+L —~
2 2vro?

which simplifies to

Figure C.1 shows the location of transition thresholds when investment in the green tech-
nology is fully reversible (dashed lines) together with thresholds presented in the main text
(irreversible transition, solid lines) for different levels of investment costs I. Reversibility
implies that Sg = Sg(g;) and that the green transition is completely reversed if social pref-
erences deteriorate. Compared to the reversible case, irreversible transition takes place later
(at higher levels of ¢;) but is never reversed. Competition among firms prevents extreme de-
lays of the investment which are observed in optimal investment decisions under uncertainty

when firms have exclusive claims on the investment project.
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Internet Appendix

I Numerical method for solving the system of Hamilton-

Jacobi-Bellman equations

We numerically solve the system of differential equations (17) and (18) in Proposition 3 for
given Sg separately in the regions ¢ <= 0 and g > 0. This appendix describes the employed
numerical methodology. Boundary and optimality conditions are applied to the determined
functions as described in the main text. We start with candidate solutions Pg, Ppg, and H
of the system of differential equations (17) and (18) in Proposition 3 which are elements of

the polynomial space spanned by the first n Chebyshev polynomials T, ..., T, 1,
Ti(g) = cos(icos™'(g)), i=0,...n—1.

The 3n coefficients cq ;, ¢p,i, and cy,; determine the functions Pg, Pp, and H
1 n—1
Palg) = 5660 + 21 caiTi(9),
1 n—1
Pelg) = §CB,0 + ; cs,i1i(9),
1 n—1
H(g) = §CH,O + ; criTi(g).

Referring to the system of HJB equations (17) and (18), define the differential operators
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Po| 1o |PE| [P
Psl 2 °|Ps|  |rPs

Yo Sasl [
iy ¢ XGB Sa ey
Yo Yp | |1-5¢

2 T

Sa Ya g
Du(Pa Py H) = 61—t + 2
#(Fo, P, #) T 2 |1-S¢| |Zes X

D6¢(Pa,Ps, H)
QB(PGy PB? H)

1

+ pyg

0Pl + Pagigoa N 0
0'373/3 + pagy0a gt| ]’

A

/ 1 " !/
+ugyrH + 50277‘ (’H —yr(H )2> :

where YXg, Y p and Ygp are also evaluated at P.
If Pg, Pp, H are solutions of (17) and (18), then

Da(Pa, Pp,H) 0
QB(PG»PBuH) =10} . (Il)
QH(PG7PB7H) 0

The collocation method relaxes condition (I.1) such that it requires D¢ (Pg, Pr, H),
Dp(Pg,Ps,H), Du(Pg, P, H) to vanish only on the space spanned by the first n Cheby-

chev polynomials (and not everywhere).
This means, that after projecting D¢(Pg, Ps, H), ©5(Pa, Ps, H), Du(Pq, Pp, H) onto
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the Chebychev basis, all projection coefficients k ; must vanish,

ke, = (D¢(Pa,Ps, H)|T;)

n—1

= —ZQG P, Pu, 1)(27)Ti(#])
7=0

kpi = (®p(Pa, P, H)|T;)

_ %Z 5(Pa, P, H) (1) Ti(21)

= 0, (1.2)
kni = (®u(Pe,Ps, H)|T3)
o 1=l
= EZ_: 1(Pa, Pp, H)(2})Ti(2])
= 0 .
1 = 0,...,n—1,
and 2z}, j = 0,. — 1 are the n roots of T,,.

The relaxatlon translates the systems of HJB equations (17) and (18) into a system of
3n nonlinear equations (I.2), i.e., we have to find the set of 3n coefficients ¢ of Py, Pg, and
H that make the 3n coefficients k of ® vanish.

For the treatment of value-matching conditions, we treat c o, ¢ ; as a functions of the
boundary conditions and drop two projections restrictions k ,_o = 0 and k_,—; = 0 from
the set (I.2). Smooth-pasting conditions at free boundaries are met by variation of the free

boundaries.

II Comparison to a model with static preferences

In this appendix, we first solve for share prices and risk premia in a model with static
preferences, i.e., social preferences g and the supply of green firms Sg enter the model as
parameters. We then compare share prices and risk premia derived in the main text to those

from the static model.
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Since g and Sg are treated as model parameters, we note that the static model is just a
special case of the main model in that P/(g) = PA(g) = Ps(g9) = Pi(g) = H'(9) = 0. As a
result, the system of ODEs (17) in Proposition 3 is reduced to

el

- 7(03 + 0_2SG)7

’I“PG
TPB

2 2 2
o+ o o
AT A A

o4  o*+o}
Solving for the share prices yields

Py =

g—l-

e
r
_ M 2 2

PB = ;—’Y(O'A‘i‘o'(].—SG))—T

Using the prices of green and brown shares, we calculate their risk premia as follows:

Tg = i—?‘,
Fa

T — i—’/’.
Pg

Figure II.1 compares the share prices and risk premia implied by the model with static
preferences to the ones arising in our main model with dynamic preferences when the supply
of green firms is low, i.e., 25%. The vertical, dotted line at which all the other lines end
indicates the investment threshold, i.e., the level of social preferences, at which more brown
firms would transition to the green technology in a world with dynamic preferences.

The solid lines represent the model with dynamic preferences and are identical to those
shown in Figure 1, while the dashed lines capture the static case. As shown in the equation
for Py derived just above, the price of green stocks does not depend on g in the static model,
as green stocks are not affected by the extent of “cold prickle”that social investors exhibit.
On the other hand, prices of brown stocks depend linearly on g, as long as g is positive and
are also unaffected once g becomes negative. We also see that Py > Pp, as Sg < Sp and,
thus, green stocks are less affected by systematic risk.

Another interesting observation is that prices in a static model exceed prices in a dynamic

one, almost everywhere in the graph. This is the case for green stocks, as their prices are
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depressed in a dynamic model by the risk of more brown firms switching to become green in
response to a sufficiently large positive shock in preferences (see also Panel (B) that shows
that the risk premium of green stocks is larger in the dynamic model and increases towards
the investment threshold).

In the case of brown stocks, the picture is more nuanced. Relatively far away from the
investment threshold, Pg is lower in a dynamic model compared to the static case, as in-
vestors rationally anticipate that preferences might increase in the future, making brown
stocks less attractive and riskier (see also Panel (B)). However, once we approach the invest-
ment threshold, there is a countervailing positive effect arising from the endogenous decision
of brown stocks to become green and, thus, Pg in a dynamic model exceeds Pg in a static
model when we are close to the investment threshold.

Figure I1.2 shows the same comparison in a world in which 75% of all firms are green.
Qualitatively, the patterns look very similar but quantitatively we observe some changes. For
example, the difference in Py between the static and the dynamic model becomes smaller
compared to Figure II.1, as most of the firms are already green. We also observe that Pg
and Ppg intersect in the case of the dynamic model, as discussed before, as well as in the case
of the static model. In the later case, however, that point is reached much faster, moving
from right to left, reflecting that the in the dynamic model Pg is depressed by the risk of
increasing social preferences in the future.

Figure I1.3 focuses on the time-series dimension, assuming a realized sample path of g,
and highlights the importance of accounting for the stochastic nature of the preferences in
the model, compared to a world in which investors assume g to be constant. For this purpose,
we assume that investors in a static model take the observed g and S¢, which corresponds to
the equilibrium S¢g according to the dynamic model, as given. Thus, investors in the static
model experience the same dynamics of g and Sg but do not explicitly account for them.
Figure I1.3 uses the same sample path as Figure 4.

Specifically, Panel (B) shows the evolution of prices of green and brown firms over time.
We observe that the price of green firms is basically flat and unaffected by variation in g,
consistent with the derivations summarized at the beginning of this appendix. Prices of
green stocks only change in response to Sg, as green firms become more systematically risky
when Sg increases.

Prices of brown firms vary inversely with g, as long as g is positive, but are flat as soon
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as g becomes negative. It is also worth noting that price levels in Panel (B) of this figure
are always higher than in Panel (B) of Figure 4 for green firms, as investors in a static world
ignore the risk arising from endogenous technology transitions of brown firms. Similarly,
prices of brown firms tend to be higher in the static case, as investors ignore uncertainty
arising from stochastic preferences. However, when g reaches very high levels, prices of brown
stocks in the dynamic world exceed prices in the static world, as they are pushed upwards
by the real option to switch to the green technology. Accounting for stochastic preferences
and endogenous technology choice, thus, turn out to be important drivers of asset prices in

our setup.
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Figure II.1: Share prices and risk premia in a model with stochastic preferences
compared to a model with static preferences (S = 0.25).

The figure compares prices (Panel (A)) as well as risk premia (Panel (B)) of brown and green
firms for different levels of social investor preferences in a model with dynamic preferences
(solid lines) to a model with static preferences (dashed lines). In this case, 25% of all firms
are initially endowed with the green technology or have already switched to this technology
(i.e., S¢ = 0.25).
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Figure I1.2: Share prices and risk premia in a model with stochastic preferences
compared to a model with static preferences (S = 0.75).

The figure compares prices (Panel (A)) as well as risk premia (Panel (B)) of brown and green
firms for different levels of social investor preferences in a model with dynamic preferences
(solid lines) to a model with static preferences (dashed lines). In this case, 25% of all firms
are initially endowed with the green technology or have already switched to this technology

(i.e., SG = 075)
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Figure I1.3: Share prices in a model with static preferences for a given path of
social preferences.

Panel (A) shows the same sample path of g together with the supply of green firms according
to the full dynamic model as those presented in Figure 4. Panel (B) shows prices of green
and brown firms.
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