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Abstract

This paper employs a multi-task principal-agent model to examine how a corpora-
tion’s organizational structure and liability rules for environmental damages affect
the incentive schemes offered to managers. We derive environmental liability rules
for risk averse managers under two alternative organizational structures: a product-
based organization (PBO) and functional-based organization (FBO). For a PBO, it
is shown that efficiency is independent of whether the firm or managers are liable
for environmental damages; in a FBO it is optimal either to hold the firm liable for
environmental damages or, equivalently, to only hold the environmental managers
liable for damages. It is also shown that the two organizational structures are equally
efficient when there is no correlation between environmental damages from products
and no spillover between managerial effort across products or functions. Numerical
results further reveal that beneficial spillovers between functions for the same prod-
uct favours a PBO over a FBO; beneficial spillovers across functions favours a FBO.
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1 Introduction

The interplay between compliance and environmental liability are fundamental to
balancing production and environmental objectives within corporations. A case in
point is Volkswagen’s emissions scandal. Elson et al. (2015) show how Volkswa-
gen’s corporate governance and organizational structure led to management prac-
tices which were non-compliant with environmental regulation, despite the corpora-
tion stating well-defined and transparent environmental targets. This case illustrates
that the “compliance function” (Miller 2018) within Volkswagen did not operate
effectively within the firm as an internal control mechanism. With the potential for
conflicting organizational objectives around profitability and environmental perfor-
mance, there is renewed interest in corporate behaviour towards regulatory compli-
ance and the legal implications for managers and the corporation of environmental
non-compliance (Langevoort 2018).

The Volkswagen scandal demonstrates that production and environmental deci-
sions are not necessarily aligned to one another. Empirical studies analysing the
relationship between corporate governance structures and environmental perfor-
mance have, however, revealed a more positive relationship. For instance, Berrone
and Gomez-Mejia (2009) find that financial rewards to senior managers are posi-
tively related to corporate environmental performance. The authors contend that
effective environmental governance structures support and reinforce this linkage.
Martin et al. (2012) report a case study showing that climate-oriented management
practices are more likely to be adopted by corporations where decisions are taken by
a designated environmental (or energy) manager. Pro-environmental management
practices, in turn, tend to positively affect energy efficiency and productivity, which
is conducive to meeting environmental objectives and to (potentially) avoiding regu-
latory non-compliance.

Walls et al. (2012) show that the interdependency between environmental perfor-
mance and a corporation’s organizational structure is multi-dimensional, and iden-
tify the need for additional theoretical work to analyse some of the core depend-
encies. This is what our paper intends to do. In particular, we contribute to the
literature by taking an economic-organizational design perspective. The focus of our
paper is on how to govern and organise production and environment-related deci-
sions at the corporate level in a context of environmental liability. Through such
a lens, the specific question that arises is how to allocate environmental liability
within the boundaries of a corporation to maximize expected profit. We address this
question by examining the interlinkage between environmental liability and a corpo-
ration’s organizational structure.

To investigate this interdependency, we employ a multi-task principal-agent
(MTPA) framework, which serves as a natural way to study the interaction between
incentives and behaviour at the corporate and managerial levels. We adopt and mod-
ify the model developed by Besanko et al. (2005), which distinguishes between a
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product-based organization (PBO) and a functional-based organization (FBO). A
FBO consists of functional divisions, such as production, research and development,
marketing, finance, human resources, and environmental protection, each division
covering all products. A PBO is organized into product lines, where each product
manager is in charge of all functional areas for the product under her control. In
what follows, we assume that a FBO has a two-divisional structure: one division
responsible for the production' of all final goods produced by the firm and another
division responsible for environmental protection of all products. Both divisions,
however, affect the level of gross profits and the level of environmental damage.

We show that the choice of organizational structure has implications for the
allocation of liability between individual managers and the corporation. For risk-
averse managers, our first result shows that the allocation of liability between the
firm and manager does not matter for efficiency in a PBO. This neutrality result for
the allocation of liability in a PBO is an extension of the neutrality propositions by
Kornhauser (1982) and Sykes (1984). This result is also in line with Coase’s (1960)
theorem, in the sense that in a world without transaction costs the initial allocation
of property rights does not affect efficiency. Arlen and MacLeod (2005) have con-
firmed this in an applied analysis of care organizations. Our second result indicates
that the neutrality proposition does not necessarily hold in a FBO, implying that the
allocation of liability does matter for a FBO. More specifically, in case of a FBO it
is optimal either to hold the firm liable for environmental damages or to make the
environmental function manager entirely liable.

The relevant literature in the environmental domain using a MTPA framework
goes back to Gabel and Sinclair-Desgagné (1993), who analyze the effect of mon-
etary incentives on environmental risk-reducing activities within corporations. The
emphasis of their analysis is twofold. First, they explicitly take into account that
there are objective upper bounds to the amount of effort that can be undertaken by
an individual agent. Second, they analyze how the accuracy of technology, used to
measure effort, affects the optimal incentive schemes. We extend Gabel and Sin-
clair-Desgagné (1993) in two ways. First, we analyze the effects of environmental
penalties on the organizational structure. Second, instead of incorporating the incen-
tives exogenously into the model, we endogenously determine the incentives for
environmental protection from the corporation’s profit-maximizing behaviour and
assess how these incentives affect its functioning through the organizational struc-
ture. Sinclair-Desgagné and Gabel (1997) employ a principal-agent model to analyse
the use of internal audits as a way to incentivize the management of environmental
resources within the corporate hierarchy.

A related strand of literature that use MTPA models assesses the relative effi-
ciency of different penalty schemes, including whether corporations or individual
managers should be held liable to civil or criminal charges. Seminal contributions in
this tradition (see Kraakman 2000) are Kornhauser (1982) and Sykes (1984, 1988),
whereas Segerson and Tietenberg (1992) offer a first application to the specific prob-
lem of environmental enforcement. MTPA has also been applied to job design issues

! Here we relate to production in the broadest sense, including supporting activities mentioned above
such as marketing and human resources.
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(Holmstrom and Milgrom 1991) and to the study of incentives and allocation for
teaching and research in universities (Gautier and Wauthy 2007). Corts (2006) offers
a more fundamental study examining the interplay between tasks and asset ownership.
Further, the literature on vicarious liability (Kornhauser 1982) traditionally compares
the efficiency of imposing civil liability on the principal (here the firm) rather than on
the agent (here the manager). Segerson and Tietenberg (1992) also consider the possi-
bility of criminal sanctions imposed on managers, but this topic is beyond the scope of
this paper. To foster transparency and clarity throughout the analysis, we concentrate
here solely on the incentive structure and exclude the option of criminal sanctions.

2 The model

We adopt the model developed by Besanko et al. (2005), but make it specific for our
purpose by embedding environmental protection into it. Consider a firm that con-
sists of a risk-neutral owner and two risk-averse managers. The firm sells two prod-
ucts, indexed i = 1, 2. There are two functional areas indexed f = e, p: environmen-
tal protection (e) and production (p). Production should be seen here as a proxy for
all non-environmentally-related functional areas. Further, for each product i, denote
e; and p; as the effort levels managers expend on the environmental and production
functions, respectively. In a FBO, e¢; is the effort of the environmental manager to
reduce the emissions of product i; in a PBO, ¢; is the effort of the manager that is
responsible for product line i to reduce the emissions associated with product i. A
similar intuition applies to p,. That is, whereas it expresses the effort of the produc-
tion manager to manufacture product i in a FBO, in a PBO p, represents the effort
of the manager that is responsible for product line i to manufacture the product. The
effort levels are endogenous and cannot be verified by outside parties, hence cannot
form the basis of enforceable contracts.

Let 2/ = [p;, e;] (withi =1,2) and v = [fi.f2] (with f = e, p) denote the manag-
ers’ effort vectors in a PBO and FBO, respectively. It is assumed that the disutility of
effort for a divisional manager in a PBO is given by C; zi) = %ziTC,»z,- (i=1,2);in
case of a FBO, the disutility of effort is C; (vf) = Efofvf (f =e,p), where

16
C=C; = [ 51
of span” when she has to split time and attention between different tasks (Besanko
et al. 2005). This means that the product manager decides how to allocate effort
between the two functions for their product, while the functional manager decides
how to allocate effort between the two products for their function.

Gross profits (before wages and environmental penalties) for product i are consid-
ered to be deterministic and linear:

} and 6 € [0, 1). The latter term reflects a manager’s “diseconomies

7P pj € €) = Gip; +mie; + spyp; + sege; i=1,2 i#]. (1)

We assume that gross profits proportionally increase with production effort, i.e.,
¢; > 0. The effect of environmental effort, #;, on profit may be negative or positive.
On the one hand, it could be negative if environmental effort increases production
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costs. On the other hand, as mentioned in the introduction, environmental effort can
lead to energy-savings and improved energy efficiency and productivity. We also
make no prior assumptions with respect to the sign of the spillover effects sp;; and
se;;. For instance, it is possible that spillover effects capture the idea that production
and environmental effort for one product can often increase the profitability of the
the firm’s other products (Besanko et al. 2005).

The environmental damage, D;, from manufacturing product i is given by:

Di(pi.pj-eie) =dp; + bie; + sdyp; + sbye;, =12 i#], )

where d; > 0 and b; < 0. As with profit, we make no prior assumptions with respect
to the sign of the spillover effects sd;; and sb;. Equations (1) and (2) are based on the
assumption that the link between effort on the one hand, and profit and environmen-
tal damage on the other hand, is independent of the firm’s organizational structure.
That is, a vector of effort allocations gives the same (gross) profit or environmental
damage, regardless of the organizational structure. This allows us to isolate how the
organizational structure affects the cost of effort to managers and the corresponding
risk they face.

Suppose that the environmental regulator observes the following verifiable signal
of product-related environmental quality:

D;=D;+&, i=12, (3)

where the measurement error &; has zero mean and (?:1, 5:2) follows a bivariate nor-
mal distribution with covariance matrix:

2 2
o ro
a=(7% ). @
re,  op
Here 512) is the variance of measured environmental quality and r € [—1, 1] is the

correlation between the environmental damage signals from the products. The two
identifiable signals of environmental performance, generated by this formulation,
is applicable if products are manufactured in different locations or emit different
pollutants. The term r is the correlation between the noise in the measurement of
signals for environmental damage, possibly because the signals are measured by
the same type of equipment or by the same inspectors.” Following Besanko et al.
(2005), we further assume that it is impossible to identify the contributions of the
functional areas to the products.

Holmstrom (1979) shows that incentive schemes within the firm should account for
all signals that reduce the error in measuring the agent’s effort. Our model includes
four measures of management performance: two related to product profits (z; and
7,) and two related to observed environmental performance (D, and D,). Follow-
ing Holmstrom and Milgrom (1987), we restrict compensation packages to be linear

2 If the two products are produced at the same location and emit the same pollutants, then the environ-
mental regulator can only observe aggregate environmental damages Dagg = Zi=l’2 D; + &. This corre-
sponds to a nonpoint source pollution case where the exact source of damages is unclear. Here we restrict
attention to point source pollution.
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functions of these variables. The incentive schemes are further limited to a subset of
these variables. Thus, compensation of product managers is only linked to the perfor-
mance in relation to their product; compensating functional managers is only linked to
performance in their own function. In other words, the responsibilities of each man-
ager correspond to the vector of performance signals the firm holds her responsible
for.

If the contributions of individual products to pollution can be observed, and
a share 1 — 0 of liability is imposed on the manager by the firm in response to a
penalty D, imposed on the firm by the regulator, then total wages, W;, received by
the manager of product division i in a PBO are:

W, =a, + [z:D])a,— (1 —0)D; i=1,2, 5)

where a;, is a constant, al.T = [a,,,, aD_] is the payment schedule for a product division,
and (1 — @)D, is the penalty share imposed by the firm on the manager. If the firm is
a FBO, payments are:

W, = ay + 7", — (1 = 0)(D; + D) (62)
W, = a, +D"a, —y,(1 = 0)(D, + D,), (6b)

where a,, and @), are cqnstants; al = '[oth], aDZ] and a; = [(1.”10, %2] are the. pay-
ment schedules for the environmental division and production division, respectively;
n! = |7, m)) and D" = [D,,D,]; and w;(1 — 0)(D, + D,) is the penalty schedule
imposed by the firm on a manager in a functional organization, with y, +y, = 1.
A manager’s expected utility in a PBO can be written as:

Var(W,)

EU, =EW,) —p -C(z) i=1,2, (7

and as:

N Vary(W,)
EUp = EW)) = p———

>~ Gy f=ep, ®)

for a manager in a FBO. The term p > 0 reflects managers’ Arrow—Pratt measure of
absolute risk aversion, which is assumed to be the same across both managers. Tak-
ing into account that the only non-deterministic component of the manager’s util-
ity function is the environmental damage signal, the variances of the compensation
schemes are:

Var(W)) =2 (a, - ©) ' M(a, - ©) i=1,2 (9a)

Var,(W,) =a’ Qpa, +2(1 = 0)*(1 + ry2os = 2(1 + r)(1 — O)w,c5a’u  (9b)
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Var,(W,) =2(1 = 0)°(1 + ry o7, (%)

00
01

Manager i’s expected utility expressed in (7) can now explicitly be speci-
fied for the two distinguished organizational structures. Substituting (5) into
(7), the expected utility for managers in a PBO reads as expected wages minus
the expected liability payments, minus the risk premium, minus the disutility of
effort:

with M = [ ] 0T =[0,1-0landu’ =[1,1].

Var(W,)

EU; = ay + [z, 20Dz 2] a; — (1 = 0D (z,2) = p >

- Ci(zi) i #],

(10)
with Var(VVi) given in (9a). The expected utility of managers in a FBO can be
derived by substituting (6a) and (6b) into (8), which yield, respectively:

Var(W,) B

EU, = a, + [D)(v,.vp):D, (Ve’vp)]Tae -y, (1-0) 2 Di(v,.v,) —p > C,(v.)
i€l,2
(11a)
Var(W,)
EU, = ay + [ﬂ:1 (vg,vp);ﬂz(ve,vp)]Tap -y, (1-06) 2 D,»(Ve,vp) -r— P CP(VP),
i€l,2
(11b)

with Var(W,) and Var(W,) defined by (9b) and (9¢), respectively. Following Besanko
et al. (2005), we normalize the managers’ reservation utility to zero (i.e., EU; = 0).
The intercept of the compensation schemes can then be used to satisfy the participa-
tion constraint. In that case, the owner’s objective is to maximize total surplus (i.e.,
profit minus the risk premium, minus the disutility of effort, minus the penalties
imposed on the managers) subject to the IC constraints.

In case of a PBO the IC constraints are:

[0::Si]la; —(1 = 0)S; =Cgz;, i=1,2, (12)

where Q7 = [¢;,,| and ST = [d;, b;]. To facilitate and simplify the analysis of the
optimal solution in the next section, the IC constraint can also be written more suc-
cinctly as [Qi;Si] [ai - @] = C,z;. Finally, under a FBO the IC constraints for the
functional areas f = e, p are, respectively:

Teae -(I- 0)W3Teu = Ceve (13a)

Rpap - - H)Wpru = vap (13b)
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with T, = [ by by ] T = [ dy sdy ] and R, = [ b1 P ] . Equation (13a) is

sbyy by P sdy, dy P P12 b2
the IC constraint related to the environmental manager, which reflects the transfer
payment and liability. For this manager, matrix 7, appears in the term related to the
transfer payment and the term related to liability. In contrast, (13b) shows that the
product manager gets paid on the basis of profit (through the R, matrix), but they
also account for their share of the extra environmental cost, as reflected by the T,
matrix.

The solutions for the organizational structures can be compared with the per-
fect information (i.e., “first-best”) solution where the risk neutral firm owner pays
the managers directly for their observed level of effort. The firm’s owner absorbs
the variation in the environmental penalty and assumes the liability:

T

z; Ciz;
Max Z 7P, pj» €5 €;) — Di(p;, pj. €;,€)) — 5 . (14)
i=1,2:ij

The optimal (internal) solution is found where marginal net profit with respect to
the vector of all effort equates with the marginal cost of effort. The details and deri-
vation of this solution is given in the Appendix and used as a benchmark for the
numerical example in Section 3.4.

This completes the full description of the model. We are now in a position to
examine how the various conditions apply to the two organizational regimes, to
which we turn next.

3 Analysis and comparison of organizational structures

We will analyze and compare the two organizational structures under the assump-
tion of risk-averse managers by following the first-order approach in solving the
MTPA problem (see Sinclair-Desgagné 1994). The analysis is further based on
the assumption that the firm and managers are not able to avoid liability by strate-
gically declaring bankruptcy.

A total of five results are derived analytically. This is complemented by a
numerical exercise, which enables us to examine the relative performance of a
PBO and FBO under different parameter sets. It also allows us to assess model
sensitivity. All the derivations and proofs are in the Appendix and are based on
representing both organizational structures using common matrix notation.

On the basis of the analytical and numerical analyses, it emerges that extend-
ing liability to managers plays a minor role in the efficiency of the firm. The rea-
son for this is that the firm has to compensate managers for the extra liability, and
this compensation fully adjusts for additional liability. Based on numerical analy-
ses over a range of parameter values, liability has no effect on effort in a FBO, but
does change the firm’s profitability when the share of environmental damage is
not fully assigned to the environmental manager.
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The second insight from our modelling exercise is in terms of the choice of
organizational structure. In simple terms, if there are beneficial effects within
a function, then a FBO is favoured. This is because a manager internalises the
beneficial spillovers between functions for a product. In contrast, if beneficial
spillovers are across functions for a product, this favours a PBO. This contrast-
ing finding provides an insight into the potential role of “green” technologies
in production. For instance, in some firms energy savings can increase profits,
whilst in other settings pollution control activities and expenditures can reduce
profitability.

Before providing some more detail underlying the full list of results, we list
them systematically below.

Result 1 The performance of a PBO is liability-neutral.

Result 2 In a FBO, it is always optimal to allocate all environmental liability to the
environmental manager.

Result 3 In a FBO, profit varies with liability if an arbitrary share of environmental
damage is allocated to the environmental manager, implying non-neutral liability.
This is a corollary of Result 2.

Result 4 The PBO and FBO are equivalent in terms of effort and social welfare if
there are no spillover externalities and the correlation between measurements of
environmental damage from products is zero.

Result 5 Beneficial spillovers within managers’ domain increase the effort and thus
social welfare for that organizational structure over the other.

3.1 Result 1: PBO neutrality

In a PBO, the risk-neutral owner of the firm maximizes gross profits less compensa-
tion and the share of the fine paid by the firm:

TIPBO — 2 [u" Piz; — (ap + (z;:D))a;) — 6D},

i=1,2;i#j (as)

where P, = [S(zl sbl ] . If the individual rationality constraint is binding, using (10)
i SDji
allows us to rewrite the objective function in matrix form

o2 [(a” —OM(a, —©)] ICg
P80 = Z u'Pz,—p bl@ ]— : -Du (16)
i=1,2:ij 2 2

subject to the IC constraints
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Cizi = |QsSi]a; — (1 - 0)S; = [0S [a, - ©] i=1.2.
Solving for z; gives:
2 ="¥;(a; - ©), (17)

where ¥, = Ci‘1 [Qi;Si]. Substituting (17) into (16) and taking the derivative with
respect to a; yields the optimal value for the compensation payments:

al = (PICY; + Mpop)™'u" (P;)¥u + 0. (18)

Substituting this expression into the IC constraint (17) it becomes immediately evi-
dent that profit is independent of the liability imposed upon managers, since the
liability term ® cancels out. The main intuition is that the individual rationality con-
straint ensures that the transfer payment for environmental performance is directly
adjusted for liability.

3.2 Results 2-4: FBO allocation of liability, neutrality and equivalence

Result 2, which indicates that it is always optimal to allocate all environmental
liability to the envrionmental manager, is a direct consequence of the variance
equations (9b) and (9c). The variance of the product manager is independent of
the transfer payment. Allocating risk to the product manager, therefore, increases
wages without increasing effort, hence is a deadweight loss. On that basis we can
restrict attention to schemes where y, = 0 (and, correspondingly, y, = 1, since
v, +y,=1).
The firm’s objective function for a FBO structure is:

IFBO — [”TTpr _ (ap() + n_Tap)] + [MTTeVe — (a, +DTae)] — 6Du. 19)

This profit function is maximized subject to the IC constraints (13a) and (13b)
(again with y, = 1). Solving this constrained optimization problem leads to Result 3
and 4 (see the Appendix for derivations and proofs).

3.3 Result 5: beneficial spillovers

Beneficial spillovers are defined to relate to parameters #;, sp;;, and se;; in the profit
function, and sd;; and sb;; in the damage function. The intuition is that if a benefi-
cial spillover occurs within a manager’s domain of responsibility, they account
for that benefit and optimise effort accordingly. For instance, #; is the effect of
environmental effort on profit within a PBO manager’s domain. The more ben-
eficial environmental effort ¢; is to the profit of product z;, the higher the effort is
of a PBO compared to a FBO. An example of a beneficial spillover within a man-
ager’s domain in case of a FBO is parameter sb;. This means that environmental
effort for one product reduces damage by the other product. If this parameter is
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beneficial (i.e., negative in this case), it implies that a FBO involves a higher level
of optimal effort than a PBO.

3.4 Comparison of organizational structures: a numerical exercise

Further to the main analytical results derived above, we present a numerical exam-
ple to assess the relative performance of a PBO and FBO under alternative param-
eter sets. This further explores Result 5 by relaxing the restrictive assumptions about
parameters in the profit and damage function. The problem has a structure that
allows us to identify sets of parameters that ensure the firm is viable. This means
that for both a PBO and FBO profit is postive for some p;,e; € R*. For a firm to
incentivize any production effort from a risk-neutral manager, the marginal net profit
has to be non-negative, i.e., ¢; + sp; — d; — sd; — p; 2 0. For the firm to incentivize
environmental effort it implies that —b; — sb;; + n; + se; — ¢; > 0. Note that the last
terms in these expressions (p; and e;, respectively) denote the marginal cost of effort.
The following assumptions allow us to construct an internal solution:

1. The two products have identical profit functions, environmental damage functions
and behavioural parameters;

2. Production (environmental) effort strictly increases (decreases) environmental
damage (i.e., d,,d, > 0 and b, b, < 0, respectively);

3. The baseline solution is where all spillover effects are zero
(5p12 = Spy; = sej, = sey; = 0) and environmental effort has no effect on profit
(n, = n, = 0), the correlation between sources of environmental damage is zero,
and the allocation of a share of environmental damage to the product division is
Zero;

4. The parameters for product effort are normalised to ¢, = ¢p, = L.

5. Risk aversion is set at p = 0.03 and is identical for both managers and the vari-
ance equal to o7 = 2.

For the parameters in Table 1, a firm with risk-neutral managers would target effort
defined by the optimal internal solution such that p; = p, =1 —0.3 = 0.7 and envi-
ronmental effort e, = e, = 0.4. This result can be modified to account for risk aver-
sion related to random environmental damage by adding a risk premium function,
rp(e;) = @, which has the effect of reducing the environmental effort. For an
internal solution: —b; — sb;; + n; + se; — rp’(e;) — e; = 0 and rp’(e;) > 0.

Table 1 contains all assessed parameter sets as well as the corresponding results.
The baseline case (a) is where the PBO and FBO are equivalent, and confirms the
analytical results as derived earlier. The parameters are then systematically varied
to derive comparative statics results. Comparing parameter sets (b) and (c) with the
baseline (a) shows that a PBO is more (less) efficient than a FBO when the correla-
tion between product-line environmental damages is positive (negative). This result
is explained by the fact that a positive correlation in the damage from two products
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affects the variance of measured environmental quality. This increases wages in a
FBO; however, it has no effect on the variance of a PBO, as it is independent of the
correlation coefficient [cf. Egs. (92)—(9¢)].

4 Conclusion

This paper employs a multi-task principal-agent model to examine how a firm’s
organizational structure and liability rules for environmental damages affect the
incentive schemes offered to managers. Two organizational structures are compared:
a product-based organization (PBO) and a functional-based organization (FBO). In
a PBO managers are responsible for all functions of a single product; in a FBO man-
agers are responsible for functions across all products. For a PBO it is shown that
efficiency is independent of whether the corporation or managers are held liable for
environmental damages. In a FBO it is optimal either to hold the corporation liable
for environmental damages or to allocate all the liability to the manager responsible
for the environmental function. Imposing liability on the production manager in a
FBO increases risk without affecting incentives and increasing production or envi-
ronmental effort.

If the marginal effects of effort on gross profits and environmental damages are
constant, then it is possible to compare the effort levels under the two organizational
structures. Analytical and numerical results indicate that the preferred organizational
structure for society and the corporation is one where beneficial spillovers arise across
the managerial domain of responsibility. For instance, a FBO is preferred over a PBO
if beneficial spillovers (i.e., ones that increase profit or reduce environmental damages)
are present across environmental effort related to different products.

Appendix
Assumptions
(A1) All managers have the same risk aversion parameter.

(A2) The share of environmental damage in a FBO is always imposed on the envi-
ronmental manager (i.e., y, = 1).

Matrix specification for organizational comparison
Here we restate the PBO and FBO results using a common format, which allows for

a general comparison of the organizational structures. The coefficients of the (linear)
profit and damage functions can be represented in a single matrix as follows
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dmy Om; Omy Om

op, op, Oe O

on on om om b1 P M osep
B= op; dpy Odep dey | _ P21 ¢2 S€y M

oD, 0D, 0D, 9D, dy sdi, by sby, |

dp, Op, OJde; Oe

oD, oD, oD, oDy sdy, dy sby b,

dp, Op, Ode; Oe,
The variance—covariance matrix is extended to

00 0 O

oi_|00 0 0

2

Given our aforementioned assumption of y, = 1, for both the PBO and FBO the
extended liability vector is given by

(@) =10,0,(1 - 6),(1-6)].
The total variance for a PBO is
Var,(a, ©") = o7 () — @) M*(a, - ©*) &k =PBO
where M4 is

0000
0000
0010])
0001

MA =

The total variance for a FBO is
Var (¢, ") = (¢, - ©")'Q* (e - ©") k=FBO

The firm’s total effort cost for a given organizational structure is

T A
TC, = —*

k = PBO,FBO

If 6 = 0, the Cf matrix is a 4 X 4 identity matrix; otherwise it reads as

1060 1600
01096 6100
A _ A
Cepo = 5010CFBO_ 001067
0601 0001

Diseconomies of span penalise a PBO manager who divides her time between pro-
duction and environmental effort. In case of a FBO it entails penalising allocating
effort between products across the same function. The compensation vectors for the
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ot o7 = T _
organizational types are: app, = [aln,azﬂ,alD,aZD] and agp, = [alﬂ, 0y X1y 0‘21)]-

The fixed payments to ensure participation are: ag’ PO = 9015 Cloz] and
% rpo = [, @0}

The organizational structures are differentiated by the IC constraints. The PBO
accounts for the direct effects of product and environmental effort, and the spillover
effects within the product division. The FBO accounts for spillover effects across their
functional area. In general, the IC constraint is given by the marginal condition:

C)z=By(a,—©}) k=PBO,FBO, (20)

where B, = IC, 0BT and with o indicating element-wise matrix multiplication

1010 1100
0101 1100
[Copo =11 910[Cmo=]0011
0101 0011

This notation allows the PBO and FBO firms’ objective function to bel analysed
using a common format. It is also useful to define the term ¥) = (Cf) B,. After
the participation constraint has been substituted into the objective function one
obtains

Var,(a,,®) 2/ Clz
P _

I =y'Bz -
y B 2 2

k =PBO, FBO.

The optimal (first-best) solution

T A
7 Gz

=y'Bz - 5

Differentiating and solving for z yields the following optimal level of effort
7= (Cﬁ)_lBy

The first-best solution provides the usual benchmark. It also allows a measure of the
cost of inaccurate monitoring by the regulator.

Result 1

For a PBO, substituting into the objective function for z;, = ¥;(a, — ©*), the IC con-
straint gives:

o3 (@ = O M (o = 04)  [Wy(ey = 0] Wyl - )]

I* = y"BY, (¢, — ©,) —
Yy k(ak k) P 3 3

2n

Taking the derivative with respect to apgg and setting equal to zero yields:
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(o, — O =y"BY,E' k=PBO, (22)

where B, = po’lszA + ‘P]ZCQ‘P,(. Substituting this into the objective function and the
IC constraint, Result 1 follows directly as the level of effort and the level of profit is
independent of liability. The optimal effort vector is derived from the IC constraint
(20)

7 = V0"BY,EHT k=PBO.

Result 2: FBO neutrality wheny, =1

For a FBO, the objective function is:

(¢ —©) QN (a — @) [ - )" CAW, (a, — @)
2 2 !

I* = y"BY (a, — ©") = p
(23)
Taking the derivative with respect to apgq and setting equal to zero yields:

(o, — O =y"BY,E' k=FBO, (24)

where B, = pQ* + W] C!W,. From this result it is clear that the level of effort and
profit is independent of liability as from the IC constraint (20):

7 =Y.' BY,EN"  k=FBO.

Result 3: FBO wheny, < 1andy, + y, = 1

This result generalises the result for an FBO where the shares of environmen-
tal damage are allocated between the environmental and production functions.
There are now two liability vectors: @) = [O, 0,w,(1-0),y,(1 - 9)] for the
environmental manager and CRNE [O, 0,w,(1 =0),y,(1 - 9)] for the production
manager. Note that @ = (@ — ©°), incorporates the constraint y, + vy, =1 1Tt
has already been established that the share of environmental costs imposed on
the production manager does not affect effort, as the variance for the production
manager is constant.

For a FBO, the objective function, following the substitution of the participa-
tion constraint and IC constraint, reads

[(a, — ©°) QA (a, — 0°)] o Aoy
Hk =yTB\Pk(ak_®e)_p ( k ) > ( k ) _p[( )2 ]
L )

2

(25)
k = FBO
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Taking the derivative of the objective function with respect to app and setting equal
to zero yields:

(ap — 0" = y'BY, =, (26)

where B, = pQ* + W] C;'¥,. From this result it is clear that the level of effort and
profit is independent of liability as from the IC constraint (20)

7 =P.O'BY,E.

The profitability of the firm depends on how the damage, and therefore the risk, is
allocated. If the share of risk is optimised, we show that it is optimal in general for
a FBO to allocate risk exclusively to the environmental function. This can be shown
by taking the derivative of the objective function with respect to the vector ®¢, not-
ing that ® = (®" — ©°). Following simplification, the derivative yields:

1 Trm -1
@) = ;(—((xk - 098, +y'BY,)(Q") .
Substituting from (26) for (¢, — ©°)7 then gives:
1 ——1rm -1
)" = ;(—yTB‘szk 'E, +)'BY,) (') =0,

which indicates that it is always optimal to allocate liability entirely to the envi-
ronmental manager as the optimal share of environmental damage allocated to the
production manager is zero.

Result 4

This result applies to y, = 1, r = 0 and restricted parameters. The matrix of coef-
ficients is given by:

9m Om 9m Im;

dp; Op, de; Oe
o on on om | |4 000
B = dp, Op, Oe; Odey, | _ 0 ¢2 00
— | oDy, oD, oD, oD, | — d 0 b, 0

dp, Op, Ode Oe
oD, oD D, oD, 0 d, 0 by

dpy Opy ey dey

The equivalance proof between the organizational types requires showing that z
PBO = <FBO
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mbi%bﬁtavl Y00+ lq _
81°0 (440] €0 0’0 9¢°0 050 (ast7g) Castla g5 —1q— 5
0L0 0L0 0L0 0L0 0L0 0L0 -1 r-1 P-1 'd
10— = Ygs = figs 10— = Ygs = “gs 0 % Yqs = "gs “Tonoqnds [eruSUIUONIAUT
G0+ 209 (1+ ) +(U'p—"q)
TT0 61°0 €0 9¢°0 6£°0 050 (ut'go)lq (Up=g)(h—'q)—(1+u+'p—"'q—) Joo— h+'q— 2
Q001+ 1) +(U'p="q)
L0 69°0 L0 0L°0 1L°0 0L°0 ‘r—1 (W= (1—'p)—(1+ i+ p—'q—) Tod— p—1 'd
10—="U 1To="u 0 # ‘U “109]J0 TRIUSWIUOIIAUD YOI
9od+lq _ 9od+29 _
620 620 0t'0 a a 'q— 2
0L°0 0L0 0L0 -1 P-1 P-1 'd
JouaeAmnbyg
ogd ogd 153Q-181L] ogd ogd 1891811 og4d odd 18991811
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¢ —d, 1/¢, 0 0 0
—d
by —d, 0 1/¢, 0 0 ¢1 (e dl)
po=| -t = b T b5 (¢, = dy)
PBO Brpo’ NG Btpol b2 +d\(¢, —d))
b __bd _ _bdy b +d —d
_b§+fmg 0 by (B2+pad) 0 B2+po?, 2 T by — )

where the first matrix is Wppg El;éo and the column vector is y B¥pp. For a FBO
this reads

¢ —d, /¢, 0O 0 0
—d
b, —d, 0 1/¢, O 0 1 (b1 —dy)
o= -4 |=| o o -~ b2 (hy — dy)
FBO b%+po‘lz) h%+p0'[2) —bi
bl __b _
= o 00 b +!2’612> €

where the first matrix is Wgpg Egéo and the column vector is y” B¥pg. This proves
equivalence.’

Result 5

This result uses the equivalence result to assess whether a small change in the spillo-
ver parameters increases effort differently for the two organizations. The approach is
to approximate the solution using the equivalence result given above and then take
the difference between the effort under a PBO and FBO. The results are derived by
normalization so that ¢; = 1. Results are shown in Table 2 and are only given for
one product and environmental damage, as the results are identical. The difference
between the effort vectors for the organizational structures is assessed by approxi-
mating the optimal effort by a first Taylor series approximation and taking the dif-
ference between the effort vector for a PBO and FBO. Effort is approximated at the
point of equivalence where zpgo = zppg and the spillovers are zero.
For the profit spillover:

nbipo),
_ ~ bi+poj,
ZPBO T ZFBO M|y po2 ((d,~Dpo—bi(di+1) |

’

2 2
bi+po,

which indicates that if there is a positive (negative) parameter #; between profit and
environmental effort, a PBO will have a higher (lower) production and environmen-
tal effort than a FBO. The numerical example indicates that the firm and society
would favour a PBO. For the environmental spillover:

3 The results are derived using the FullSimplify command in Mathematica™.
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0
~ 2 2
2pBo T ZFBO N | 2biropsby |
b,.2+po'12)

which indicates that environmental effort is higher in a FBO than a PBO if there
is a negative (i.e., damage-reducing) spillover. There is no difference in production
effort.
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