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Résumé/abstract

This paper studies the impact of environmental policies when firms can adjust product design as they
see fit. In particular, it considers cross relationships between product design dimensions. For example,
when products are designed to be more durable, this may add production steps and increase pollutant
emissions during production. More generally, changes applied to one dimension can affect the cost or
environmental performance of other dimensions. In this theoretical model, a firm interacts with
consumers and a regulator. Before the production stage, the firm must choose the levels of three design
dimensions: 1) energy performance during production, 2)energy performance during use, and
3) durability. Depending on the assumptions, the dimensions are said to be complementary, neutral, or
competitive. The regulator can promote greener designs by applying targeted environmental taxes on
emissions during production or consumption. The main results shed light on the consequences of
modifying public policies. When some design dimensions are competitive, a targeted emission tax can
result in environmental burden shifting, with an overall increase in pollution. This paper also explores
the social optimum and the development of second-best policies when some policy instruments are
imperfect. Under given conditions, a government would want to regulate and constraint the level of
durability.
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1 Introduction

Product environmental quality and green design have been largely explored in the literature.!
The novelty of this paper is that it formally considers the multidimensionality of product
design as well as the potential for complementarity or competition in the selection of product
attributes.

During a product life cycle, pollution is generated at all stages: during material extrac-
tion, production, consumption, and end-of-life treatment and disposal. However, many of
these environmental impacts actually result from decisions taken during the product devel-
opment stage. Design choices influence material choices, production technologies, energy
performance during use, recyclability, durability, and so on. These are referred to as design
dimensions.

This paper focuses on the types of cross relationships between design dimensions. For
example, new composite materials in aircraft design reduce aircraft weight and gas con-
sumption. However, these materials are almost completely nonrecyclable. The result is an
environmental trade-off between energy consumption during use and end-of-life treatment,
which makes for a competitive scenario. Conversely, if a given technology simultaneously
improves product durability and recyclability, these dimensions would be considered com-
plementary.

There is a large variety of impact categories (e.g., global warming, water pollution, re-
source depletion), yet policies generally target specific pollutants, specific sectors or specific

2 Consequently, pollution externalities may be subject to dif-

life cycle stages in isolation.
ferent tax rates, either because the nature of pollutants emitted during production and

consumption differs (e.g., CO2 emissions, toxic waste), or because a single pollutant is taxed

1See, for instance, Fullerton and Wu 1998; Eichner and Runkel 2005.

?For example, the Clean Air Act (1970) deals with air pollutants, the Montreal Protocol (1989) with
substances that deplete the ozone layer, and the Kyoto Protocol (2005) with greenhouse gas emissions. On
the other hand, the End of Life Vehicles (2000) and the Waste of electrical and electronic equipment (2003)
directives both target end-of-life management.



differently in different sectors or life cycle stages. Firms may therefore select design attributes
that come with uneven political incentives for reducing their environmental impacts.

In this theoretical model, a firm interacts with consumers and a regulator. Before the
production stage, the firm must choose the levels of three design dimensions: 1) energy per-
formance during production, 2) energy performance during use, and 3) durability. Depending
on the assumptions, the dimensions are said to be complementary, neutral, or competitive.
The regulator can apply targeted environmental taxes on emissions during production or
consumption.

Several studies have investigated green design as a single dimension, such as durability,
recyclability, or remanufacturability.® For example, Bernard (2015) shows that, when granted
flexibility, firms may respond to environmental policies by adapting product designs in ways
that compromise the original policy objectives. When several public policies are in force,
the total effect on green design may be ambiguous or counterintuitive.

Similarly, Gandenberger et al. (2014) show how policy interactions discourage the re-
cycling of plastic packaging waste in Germany. Once recycling quotas have been reached,
thermal recovery and incineration become more advantageous options. This is because, apart
from targeted recycling policies, other waste management and climate policies indirectly af-
fect plastic recycling. By extension, we may surmise that such policy interactions may also
reduce incentives for design toward recyclability.

Some authors have investigated product design using two dimensions. In Fullerton and
Wu’s (1998) model, in which firms decide on product recyclability and the amount of packag-
ing, various market failures that lead to inefficient waste production or insufficient incentives
for green design are examined. The results show how different combinations of policy in-
struments can lead to the optimal outcome. For example, they consider a case where the

government avoids imposing a collection tax that people would try to circumvent with il-

3See, for example, Runkel (2003); Eichner and Pethig (2001 and 2003); Debo et al. (2005); and Bernard
(2011 and 2015).



legal dumping. Applying a mixed policy that combines a packaging tax with recyclability
subsidies can also lead to the optimal social outcome. Although a pioneer in the field, their
study only considers two dimensions that show a neutral relationship.

Although Chen (2001), Eichner and Runkel (2003) and Subramanian et al. (2009) do not
formally define cross relationships between dimensions, their implicit assumptions provide
interesting insights. Chen (2001) extends the multidimensionality of design attributes to
nonenvironmental dimensions. He proposes a scenario in which a firm chooses the environ-
mental performance and a traditional attribute such as vehicle safety. His results indicate
that in order to prevent green customers from switching to a traditional product, the envi-
ronmental quality of the traditional product is decreased.

Eichner and Runkel (2003) argue that the use of thicker materials in product design
would not only improve durability, it would also facilitate product recuperation. In their
model, product weight correlates positively with both durability and recyclability. According
to our definitions, these dimensions would be considered complementary. This argument has
significant implications for public policy making. For example, in a scenario where durability
is fully integrated in the market, market mechanisms will drive firms to internalize consumer
preferences and choose optimal durability for their products. However, in the absence of a
market for recyclability, firms will not choose optimal product recyclability. Consequently,
due to the complementarity between the two dimensions, the choice of durability would also
be inappropriate. Therefore, a public policy that encourages recycling could also restore
product durability to the optimal level.

Subramanian et al. (2009) examine design choices that affect product environmental
performance during product use and product remanufacturability. Due to consumer hetero-
geneity, a trade-off is made between the two dimensions, which therefore become competitive.
The "efficient" consumer type is offered a product with higher performance, which lowers
the usage cost such that the product is replaced less often. This results in lower disposal

costs, which in turn lowers the incentive for remanufacturability.



The above examples illustrate the importance of the cross relationships between design
dimensions. However, the nature of these relationships and their impact on various outcomes
remain unclear.

The main results of the present study shed light on the consequences of modifying public
policies. In particular, when some design dimensions are competitive, a targeted emission tax
can result in environmental burden shifting, with an overall increase in pollution. Another
result shows how a tax on emission during production can precisely discourage investment in
environmental quality during production. This study also explores the social optimum, and
second-best policies. As long as pollution externalities are internalized, the government can
ignore the possibility for firms to adjust the level of durability. However, when some policy
instruments are inappropriate, the choice of durability matters. Under given circumstances,

the government will want to regulate and constraint durability.

2 The Model

2.1 Production, emission and taxes

In this economy, a single durable good is produced by a monopolist. The product design
includes three dimensions: i) the environmental quality during production, q;;* ii) the envi-
ronmental quality during consumption, ¢o; and i) durability, 5. The environmental qualities
¢1 and ¢ are linearly related to the level of pollution emissions during production and during
one consumption period, respectively. The parameter ¢ is the share of new products that
remain in good condition after one consumption period, and can be used for a second pe-
riod. Durability 6 does not generate externalities, but determines the frequency of emissions

during production.

“In particular, quality q; can be interpreted as (the combination of) any dimension for which the envi-
ronmental impact occurs only once during the product lifetime, e.g., raw material extraction or waste and
end-of-life treatment.



Emissions e;(g;), for i = 1,2, are such that €)(¢;) = —1. It is assumed that there is
no depreciation in the good’s quality when it lasts for two periods. Emission levels depend
strictly on the good’s qualities as selected at the production stage. The pollution generated
by one product over its lifetime is D = e1(q1) + (1 + B6)ea(q2), where § is a discount
factor. Because the product is useful for more than one period, it is said to provide 1 + 34
(discounted) functional units. Pollutant emissions can be expressed per functional unit as

follows:

Df = % + 62((]2).

The firm’s unit production cost is ¢(q1t, g2+, 0¢) where ¢/(e) > 0, ¢’(e¢) > 0, and all the
cross derivatives follow the assumption made for the cost cross relationships between the three
dimensions. A positive (negative) cross derivative indicates a competitive (complementary)
relationship. For example, ¢, 5 > 0 means that improving product durability raises the cost
of meeting a low-emission standard during production.

The social planner establishes a political platform where 71 and 75 are targeted environ-
mental taxes on emissions during production and during one consumption period, respec-

tively.

2.2 The demand and supply

An infinitely lived representative household needs a given functionality or service supplied by
the produced good. For instance, the household needs one washing machine, one toaster, or
one vacuum cleaner. In this scenario, the parameter o represents the willingness to pay for
one consumption period, which is the corresponding welfare. At no time will the household

possess more than one of these goods.” For instance, toasters sold at lower prices do not

®These assumptions allow us to focus the analysis on design choices and the corresponding pollutant
emissions per unit of good. This avoids the time inconsistency problem, where firms, in subsequent periods,



induce households to consume more of that functionality. For simplicity, we assume that the
household keeps the product until the end of its useful life.

The environmental quality during consumption is directly related to energy consumption,
and it reduces the cost of using the product. For constant emission production per unit of
energy consumption, the price of energy p, is expressed in terms of the emissions. As a result,
the household’s net willingness to pay for a new good is affected by the good’s life duration
0 and the environmental quality during consumption ¢;. The household’s willingness to pay
for a new good is then WT'P, = (1 4 36;)(a — pee(qa4)), where (3 is a discount factor.

If a tax on emission during consumption 7 is applied, willingness to pay for new products

becomes:°

WTP, = (14 B6:)(a — (pe + T2)ea(gar))-

Given the price of new products p;, purchase occurs only if WT P, > p,. For each period,
the market size depends on products durability. In particular, the demand at time ¢, z¢,

respects the following rule:

Ty =

d 1 =012y it WTP, > py
0 otherwise.

where x;_; is the market size in equilibrium in period ¢ — 1.

Because the producer is a monopolist, the price schedule, which is the rental value for

overproduce while ignoring the rental value of previously sold goods (see, e.g., Coase 1972 or Bulow 1986).
In an argument & la Bagnoli et al. (1989), our representative household is, in fact, a finite market size and
time inconsistency does not hold.

675 can be considered as a tax on gas or energy. Alternatively, 7o could be charged to the producer as a
tax on expected emissions during consumption. For the monopoly scenario, the results remain the same.



the lifetime of each product, fully internalizes the consumer surplus:’

Pi(Ga,t, 043 72) = (14 B6s) (a0 — (pe + T2)e2(q2,))-
With 7 being the producer’s profit, the supply function is such that:

s {1 — 5t71xt71 if 7T(1 — 5t71xt71) 2 0
Ty =

0 otherwise.
In equilibrium, z¢ = 2§ = 2, and it is assumed that m(1 — 6;_12;_1) > 0 at all time so that

the market exists, i.e., x; = 1 — 0121 and p;(qat, 0¢;72) = (1 + 5:) (v — (pe + T2)e2(qa4))-

3 The equilibrium

The firm’s intertemporal maximization problem is therefore:

T
{ql,tg;’??gt,m} Vo = ;ﬂtfct [P((h,t, 0; 7'2) - C(Ql,t; q2.t, 5t) — T1€1(Q1,t)]
s.t. Tir1 = 1— 515([’15 (1)

Top = To glven

and where p(qaz, 01; 72) = (1 + 804) (v — (pe + T2)e2(q24)),

where the state equation (1) can be written as x4y — x; = 1 — d;x; — 4. To solve for the

dynamic problem, we use the Hamiltonian:

H, = Btwt [p(QZ,ta 0; 72) - c(Ql,ta q2.t, 5t) - 7'161(Q1,t)] + )\t(l — 0y — $t) (t =0,1,..., T)

"Bulow (1986) suggested that the monopolist could overcome the time inconsistency problem and increase
profits by renting the good instead of selling it. By assumption, we have that the monopolist will indifferently
sell or rent the good.



and the first order conditions are (for t =0,1,...,7):

0H, N _8C(Q1,t7Q2,t,5t) fr =0
a(h,t afh,t
OH, aC(Ql ty 42,t, 57&)
=0« (14036 e FTo9) ——————~- =0
8(]2715 ( & t)(p 2) 8(]2,::
0H, 0c(q1t, qa.t, 0
O 0 o, (Bl — (e + madealar)) - 2B )
00 00
0H, :
% =M1 —ME S [P(Q2,t, 0; 7'2) - C(q1,ta 42t 5t) - 7'161(91,75)] — M0 — M1 =0
t
0H,
a—)\;:xtﬂ—xt (t=0,1,...,T—1).

In steady state, ¢ = qii1 = @1 @2t = Qu+1 = @23 and §; = 01 = 0 Vi, and these

equilibrium conditions can be reduced to:

7, oclqi, g2, 0
0 (q1,q2,0;71) = filq1,q2,0;71) = _% L =0
1
q: aC ) 75
D1, 42.0:72) = fola1, 42 0:72) = (1+ 38) (pe +72) — % _ 0
2

g((_ha q2, 5) 7_1) =

f§(q1aq2a 6a Tl) = -

. 1
and 7 = ——.
14+6

ac(Qla g2, 5) + ( 6

1ol 1+ ﬁ5> [C<Q1aq275) + Tlel(ql)] =0

(5)

Equation (2) states that for each production period, the marginal cost of ¢; is equal to the

marginal benefit of saving the pollution tax 77 by reducing emission e;(q;). Equation (3)

means that ¢, is chosen so that its marginal impact on the selling price, which is weighted by

the discount factor § and durability 0, equals its marginal cost. Finally, equation (4) states

that the marginal cost of durability 6 must be equal to its discounted long-term impact,

which includes the fact that production costs c(qi,ge2,d) and the tax on emission during

production 71e1(q;) are paid less often. This result recalls Swan (1970) where, for given ¢;



and g9, the choice of durability minimizes the cost of supplying a given functionality from a

stock of durable goods.

4 The impact of taxes

This section examines the impact of a change in a series of parameters on the design choices
(¢1,G2,0). In particular, we study the parameters ¢ = 71,75 and 7, where 7 represents a

uniform tax: 71 = 79 = 7. The Hessian matrix is:

—Cqqn —Cqig2 —Cqi6 hii hiz his
H= —Cqig2 —Cqago B(pe+T2) —Cgs | = | hiz hoo hos (6)
—Cqis B (Pe+T2) — Cgos —Css hiz  hoz  hs3

All the elements on the diagonal are negative, 3 (p. + 72) is positive and the sign of the
other elements depends on the assumption made about the cost cross relationships. Note
that when all the design dimensions are cost neutral, i.e., all the cost cross derivatives are
zero, environmental quality during consumption ¢, and durability é remain complementary
with hes = 5 (pe + T2) > 0. When goods are more durable, consumers give more weight to
energy consumption in the future.

We assume that the solution for the optimization problem is a general maximum, which

implies that the Hessian matrix is negative definite. We also assume that H is invertible,
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and det H < 0. For a change in a given tax ¢, we have the following relationships:®

g, /do 011/0¢ Hy Hy Hi | | 0f1/06
dgo/do | = ~HT' | 0f2)00 | = qor | Hu Hm Hy | | 0f/00 | (7)
dé /dg dfs/0¢ Hiz Hy; Ha dfs/0¢

and detH = Hllhll + lehlg + nghlg < 0.

From equations (2) to (4), partial derivatives 0f1/0¢, 0f2/0¢, Ofs/0¢ give the direct impact

of a change in the parameters on the choice of design dimensions. They are:

9h = 9h —1>0 dh-o
o8 _ 9 — 9 — (14 35) >0 (8)

Ofs __ Ofs __ 8 Ofs _
== (ds)almzo -0

The total effect of a change in the parameters on the tree dimensions is given by the equations
in (7). Because each element H;; (for i,j = 1,2, 3, i # j) depends on the interaction between
all the cross relationships, they will be referred to as the relative relationships between
dimensions. For example, a direct change in ¢, resulting from a variation in a parameter,
Jf2/0¢, will have an impact weighted by His on ¢;. Note also that all the elements on the

diagonal Hy; (for i = 1,2,3) are positive under the dominant diagonal condition.’

Hyy, Hip Hiz hoshss — h35  hishog — hishss  hishas — hishao
SWe use | Hio Hao Has | = | hishos — hishss  hithss — his  hizhiz — hithos

H13 H23 H33 h12h23 - h13h22 h13h12 - h11h23 h11h22 - h%Q

9The dominant-diagonal condition states that the direct effects on one dimension are larger than all the
indirect effects. The diagonal (hi1, haa, hs3) has the largest elements.
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4.1 When relationships between design dimensions are neutral,

cost neutral or complementary

When all relationships are neutral and cost neutral, H takes the following forms, respectively:

—Cqin 0 0 —Cqq 0 0
H=| 0 —cpp 0 |andH=| o0 ~Cge B (pe+72)
0 0 —Css 0 B (pe + T2) —Css

whereas if all the relationships are complementary, H takes the form of matrix (6), where all
the elements not on the diagonal are positive. When all relationships are neutral, the total
impact of a change in the parameters depends strictly on their direct impact, as given by
the equations in (8). For the cost neutral and the complementary cases, the impact depends

on the complementarity between dimensions. This is summarized in the following tables:

Neutral Cost neutral Complementary

TL T T TT To T T To T
aq >0 =0 >0 aq =0 =0 >0 a =0 >0 >0
Q@ =0 =20 =0 Q@ =20 >0 >0 Q@ =20 >0 >0
d >0 =0 > 6 >0 >0 >0 6 >0 >0 >0

For the cost neutral case, the environmental quality during production ¢; is unaffected by
a change in the tax on emissions during consumption 7, i.e., dq;/dro = 0. This is because
the choice of ¢; does not directly depend on this parameter, and the cross relationships with
the two other dimensions are neutral. For the environmental quality during consumption
q2, however, the direct impact of an increase in the tax on emissions during production 74
is nil (see equations in 8), but the positive variation in durability ¢ improves g2, and the

total impact of 79 on ¢y is therefore positive, i.e., dgz/dr; > 0. This is the result of the
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complementarity between the environmental quality during consumption ¢ and durability
0, which also induces the positive effect of a tax on emissions during consumption 75 on

durability &, or dé/drs > 0.

Proposition 1 When the relationships between design dimensions qi, g2 and 6 are all neu-

tral or complementary,

e an increase in the tax on emissions during production 11 or during consumption Ts,
or an increase in a uniform tax T always improve green design and reduces pollution

emissions per functional unit Dy.

4.2 When some relationships between design dimensions are com-
petitive

The impact of a change in the tax on emission during production and consumption, 7; and

T4, are respectively:

B = e (M + s () () S0 = a1+ 59) S0
2 = e (Fo 4 s () (@) ) S 02 = il Hn(1 4 50) > 0
i = T (H13 + Hss (1:%) 61(‘11)) S0 2= g Has(1+50) S0

Which gives us the following proposition.

Proposition 2 When some of the relationships between design dimensions qi, qa and 0
are competitive, the full impact of a change depend on the relative relationships between

dimensions.

e A change in the tax on emission during production 11 has ambiguous effects on the

three dimensions.
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e A change in the tax on emission during consumption To has ambiguous effects on
the quality during production q; and durability 6, and positively affects quality during

consumption .

The following example illustrates how relative relationships become important. If we
assume that ¢; and ¢, are neutral; ¢; and 0 competitive; and ¢ and 6 complementary

(h1a =0, h13 < 0 and hgz > 0), this results in the following impacts:

dq, dgs do
1 . 12 - and —
iy < 0 s > 0; an s >0

Even if ¢; and ¢y are neutral, higher quality during consumption ¢ boosts the durability
choice 9, which in turn has a negative impact on ¢;. Dimensions ¢; and ¢, become relatively

competitive (i.e., Hys < 0).

Various scenarios have been explored in a simulated economy in Appendix A. In a first
scenario, environmental quality during consumption ¢ is complementary with both quality
during production ¢; and durability d, while quality during production ¢; and durability o
are competitive. The second scenario proposes a technology in which environmental quality
during consumption ¢» is complementary with quality during production ¢;, while the two

other cross relationships are competitive. Results give the following proposition:

Proposition 3 Under given conditions, competitive relationships between some design di-

mensions qi, g and o lead to the following results:

e an increase in T1 can have adverse effects in terms of emissions per functional unit

Dy, that is:

dD
=<

0.
dTl
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e an increase in the tax on emissions during production T, can reduce the environmental
quality of the good during production qi, causing therefore an increase in emissions
during production ey, that is:

dq de
G0 gng derl9r)

dTl dT1 > 0.

Proposition 3 says that a targeted tax on emissions during production possibly leads to
an increase in the overall emissions, or an increase in the targeted pollutant per unit of good.
While aiming for lower emissions of a specific pollutant, an environmental policy may have

adverse effects.

5 Optimal policies

5.1 Social optimum

The pollution generated by one product over its lifetime is D; = e1(q1,¢) + (1 + 86:)e2(qa)-

The social planner maximizes the current value of profits and consumer surplus, while
taking into account the environmental damage. Note that in the current scenario, the mo-
nopolist receives the benefit of the consumer’s full willingness to pay, and the consumer’s

surplus is null at all times:

T

max Wy = "V, — D 9

{q1,¢,q2,¢,0t,2¢} 0 ;6( t t) ( )
s.t. Tty1 = 1— 6txt

To = To given

and where p(qa, 01) = (1 + 80:) (a0 — peea(qar))-
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Using the Hamiltonian, we find the following steady-state conditions for the social optimum:

dc(qi, qa, 0

il a,0) = 2Dy (10)
41
oc(qr, g2, 0

(0. ) = (1 5+ 1) - A g (1)
. oc(qr, qa, 0
0*(q1, 42, 6) == — (QB;Z ) + (1 fﬁ5> (g1, G2,0) +e1(q1)] = 0 (12)
and z* = ] ié*. (13)

Comparing equations (2)-(5) to (10)-(13), we see that the social optimum is reached when

all pollution externalities are fully internalized. This is stated in the following proposition:

Proposition 4 The socially optimal levels of design are reached when 1P = 7B = 1.

5.2 Second-best policies
5.2.1 When one of the policy instruments is inappropriate

In some contexts, the social planner may be unable to correctly enforce one of the policy
instruments. Adjusting the other emission tax i) = 71, 75 is essential to reach a second-best
outcome. The social planner will then chose ¢ and the state variable z; by maximizing the
objective function (9) while taking the constrained tax level and the firm’s reaction functions,

equations (2)-(4), as givens. We use the following Hamiltonian:

H, = ﬂtfﬂt p(Z]\zt;gt) - C(@\lm EI\Z,t,gt) - @1@\1,75) - (1 + 5&)62@\2,7&)

"‘)\t(l—gtl't—l’t) (t:(),].,,T)
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In steady state, we have (see Appendix B.1 for details):

(—M+1>d—@+<(1+56)pe—w+(”55)>@_

oq dy 0qa di
oc(qr, g2, 8)\ do
(1 fﬁé (_C(Q17Q2>5) - 61(411)) + %) @ =0 (14)

Scenario 7; = 71: the government faces a political constraint on the tax on emissions

during production 71 = 7; and chooses ¥ = 75. Using (14) and the firm’s reaction functions

2)-(4), the optimal tax on emissions during consumption 757 for any given 7; is such that:
g 2 y g

_ . dq dga _, B dd
SB . _ . SB - _
Ty = (1 Tl)_dTg +(1 Ty )(1+65)_d7'2 —|—(1 T1)1+65 (61(ql)) d7'2 0
which can be rewritten as
_ H B Hjs
SB .= (1+B88)(1—758) 4+ (1 - ( 12 ):0 15
5 e (L4 80) (1= 737) o (L) (2 e ) g (15)

where the relative relationships Hi, and Hsz also depend on the selected tax on emission
during consumption 757. Using equation (15)’s first derivative, comparative static tells us

that

SB

d
sign—2— = sign (6(1—7’53)
T1

& (fo) P aaim)
dTy Hy 1436 Y o,

- 3 2 o B dq | Has
—(1=7) ((1+ﬁ5> la) g ¥ 1+55d_?1> Hﬂ)

When evaluated at 7; = 7I'% = 1, and knowing that 757(7, = 7I'8)

= 1, we have that

SB
drs

dry

= —sign <H12 + %61((]1)}]23) .

sign
T1=1

Scenario 7o = T5: the government faces a political constraint on the tax on emissions
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during consumption 7o = T, and chooses 1) = 71. Using (14) we obtain:

A~

)+(1—@)(1+55)@—o (16)

dTl_

8 s (1-17P) <d—; T @) g

1

and we have that

SB
dry
dTo

sign

= —sign <H12 + 1 f6661(q1)H23> .

To=1

Proposition 5 When the tax on emissions during production (consumption) is fived, 71 =
71 (T2 = T2), the policy maker can reach a second-best outcome with 7o = 758 (11 = 778).

When 71 (T2) deviates from the first best policy, we have that

sign (T;B - TQFB) = sign (1 —74) <H12 + Lel(ql)Hgg)

1456
and
sign (TigB - TfB) = sign (1 —7») <H12 + 1 fﬁéel(%)[‘fz:’)) )
respectively.

Proposition 5 can be interpreted in the following way. The second-best tax on emissions
during consumption 757 will depend on the ratio of relative relationships weighted by the
marginal environmental impacts. It also depends on how is the constrained tax level 7,
compare to the first-best level 7/'% = 1. If 7 is too low (i.e., 71 < 1), and if dimensions
are relatively complementary (H;2 > 0 and Hy3 > 0), then the policy maker will choose

SB FB

as an increase in quality during consumption ¢, will stimulate better quality
during production ¢; and longer durability 0. Conversely for competitive relationships, the

would be too large both because

first-best level of tax on emissions during consumption 752

it would discourage investment in the other design dimensions, and because a lower ¢, already

stimulates gqo. If 71 is too large (i.e., 71 > 1), we observe the opposite effects.



5.2.2 When the government also regulates the level of durability

Using %g—% = —%3—2 — %%, we can reorganize equation (14):
— af2/8Q1>
1—71) — (1 —7) (1+ 88) 22220 )
(4= -a-masm gt )
A
3 N dfs /86) ds /dr
1-— —(1-— 1 ) — =
(0= i o~ =T 100 G20 ) 2R
A >y C

~
B
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(17)

When externalities are fully internalized (71 = 7o = 1), the instrument 7; brings the ap-

propriate incentive for both quality during production ¢; and durability 6. When 75 is

inappropriate, however, 71 becomes insufficient to account for all indirect impacts. Equation

(17) shows how the use of a second policy instrument would allow to aim for variations in

¢; and ¢ more precisely (terms A and B, respectively). When available, the government

could reach a second-best outcome by choosing 7, as a targeted tax for ¢; and by regulating

durability 6.!° In that case, the Hamiltonian is:

H, = ﬁtxt [p(@,t; 5t) - C(qu,m qA2,t> 5t) - el(qu,t) - (1 + 55t)€2(qA2,t)]

+)\t(1—(5tl’t—l’t) (t:O,l,,T)

and the social planner chooses 71, §; and the state variable x; (see Appendix B.2 for details).

10

The law on planned obsolescence (France, 2015) is a recent example of a regulation for 4.
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In steady state, we obtain:

T 0f2/0q B Iy
OB —1 _(1— 14 gesBy 9200 _ L g Mz )
T1 ( T2) ( 5 ) af2/aq2 ( TQ) ( ﬁ ) h22 ( )
delqy, qo, 6752
s fﬁé (clar.12.05) + er() — 24 gﬁs ) 4
dg; d.
(1= )55 + L+ 81 = 7a) 5 = 0 (19
ac , ’6532
T 1+40 (clar, @2,07%) + ex(an) — - 335 )4
H H.
e spayq = o
(=T + (L 85°) 0 T 2 =0
And we have that
driP? b
= 1+ 5532 12
o N Gl
o dsoP? . Deldr. a. 552
S1gn —— = sign ((1 + 6(5532) Hys — Bhay (1 (;qu )) 0)
2 Im=1 5

Proposition 6 When the tax on emissions during consumption is fived, To = T4, the policy

maker can reach a second-best outcome with the policy miz (T352,6°52). When 7, deviates

from the first best policy, we have that

Sign (TfB2 - TfB) = Sign (1 — ?Q)hlg and
SB2
8GN <5SB2 - 5FB) = —sign (1 —72) ((1 + 55SB2) Has — Bhnac(ql’aqz’ 0 )> .
q2

5.2.3 When durability ¢ is ignored

Suppose that the policy maker has only partial information on product design and ignores
the possibility, for the firm, to adjust some of the design dimensions. To illustrate this,
assume that the government sets its policies while taking durability ¢ as fixed.

First-best scenario: both tax instruments are available. The policy maker uses the
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optimality conditions for ¢; and ¢» (10) and (11), takes into account the firm’s responses (2)

and (3), but ignores the choice of durability (4). The government sets 7, = 7o = 7i'8 = 71'B,
and obtains the first-best outcome. When all externalities are internalized, incentives are in
place for the optimal choice of durability as well.

Scenario 7o = T5: the social planner uses the second-best strategy described by equation

~SB
(18) and sets 7;”. Then the firm chooses the level of durability §  according to equation
~SB

(4): 6 =08(F75).
We have that

~SB _ ~sB\ 0f2/0q _ hia

7S _1—(1—72)(1+55 )8f2/8q2 1—(1—72)(1+55 >h22 (21)
~SB

~ SB. Oc(qr, g2, 0

T (ﬁ) o025 4 77 - ST 0

and, using Hay = hy1hgs — his,

dr, % hi2
= (1 5
dry | » ( +h ) hao
~SB ~SB
o dd _ ~SB oc(qr, g2, 0
sign | 1 = sign <—h33 (1 + o ) Has + 5H22%> (23)

5B ~SB
x ) d hi; 0 B
= sign (1 + 5(553) Has — BhnM + ﬁﬁM :

When comparing the equilibrium conditions (18), (19), and (21), (22), we see that if the
tax on emissions during consumption is constrained to the first best value 7o = 758 = 1,

the selected tax on emission during production will also be optimal whether or not the

government regulates the level of durablhty P2 = '7:‘193 = 7I'B = 1. This results in the first
best level of durability §°7? = PR Equations (20) and (23) describes what occurs

when the tax on emissions during consumption deviates from the first best value. This leads

to the following result:
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Proposition 7 When evaluated at the first best values, if (i) 9c(91.2.9) (ﬁ — hn) <

1436 0q2 h3s
0 ,q2,0
—Hys < (15 ) 245290 (—hyy), we have

d(SSBQ

< 0 and sign
dTQ

To=1 T2=1

dgs B

>0
dT2

s1gn

in which case, if the tax on emissions during consumption becomes inappropriately low,

~SB
Ty < 1, the social planner would want to requlate and constraint durability: 65 < § .

Proposition 7 describes the importance of taking into account all design dimensions as
soon as one of the pollution externalities is not internalized appropriately. Because of the
relative competitiveness between ¢; and § (Hsz < 0), too little tax on emissions during
consumption makes  more attractive. When the government selects the level of durability,
the firm takes durability as given when choosing the other dimensions. When the firm is
free to choose the level of durability, it considers all the indirect impacts. Under given
circumstances, the firm would choose a level of durability too high compare to the second-

best optimum.

6 Conclusion

This paper explores the interplay between a set of product design attributes and environ-
mental policies.

In the model, a monopolist chooses the levels of three design dimensions (environmental
quality during production, environmental quality during consumption, and durability) while
taking the taxes on emissions during production and during consumption as givens. Also,
incentives for green design emerge from the market because consumers are willing to pay
more for goods that are more durable and more economical in terms of energy consump-

tion. The main assumption is that the cross relationships between design dimensions are
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complementary, neutral, or competitive.

The impact of changes in tax policies was examined. When all design dimensions are
complementary or neutral, tax increases always spur greener design and reduce emissions.
However, when some design dimensions are competitive, the adverse effects may occur when
a more stringent environmental tax induces the production of more polluting goods.

The social optimal taxation level implies a uniform tax on emissions during both pro-
duction and consumption. Any deviation from the optimal tax levels can impact all three
dimensions, with adverse environmental consequences. Second-best policies must take into
account, crossed effects.

To conclude, targeted environmental policies should take into account firms’ responses
in terms of product design, especially when design dimensions show competitive cross rela-

tionships.

A Simulations

We build an economy where we define the following functional forms for the unit production
cost and pollution emissions:
2 d 2 . 52
aq; a 1

c(qu,q2,0;71,72) = 7+7+7+bQ1Q2+0915+f925

ei(¢;) = 2z —qfori=1,2
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where the signs of b, ¢ and f denote the cost cross relationship between the dimensions. The

Hessian matrix becomes:

—Coran —Cqra0 —Cqr6
H=| —Cue ~Cazaz B (Pe + T2) = Cgu
—Cq5 B (pe+Ta) — Cos —Css
hi1 <0 hi2 his —a —b —c
hia haa <0 hos = | —b —d B(pe+72) — f
hi3 has  haz <0 —c B(pe+72)— f —1

Note that optimality conditions for the choice of design, equations (2) to (4) can be

rewritten as:

~ 1
q1(5;71,72) = H_ [dTl — b(pe —l—TQ) —|—H13(5]
33
~ 1
(0,71, T2) = How [a(pe + T2) — b1y + Ha30]
33
~ ag?  dg?  i6* ,
Mq1,q2,0;71,7T2) = (% + % -5 + bq1q2 + T1(21 — @h)) — (16 +cqr+ fg2) =0

which highlight the role of H;3 and Hss in influencing the impact of § on ¢; and ¢o, respec-
tively.

We assign the parameters the following values:
a=5d=i=6; b=—1;f=—.5; and c=4.5

which means that environmental quality during consumption ¢ is complementary with both

quality during production ¢; and durability §, whereas quality during production ¢; and
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durability ¢ are competitive. Other parameters take the values:

B8=.97 p.=24;2, =18;29 =25 and 75 = 1.

We obtain interior solutions for 7; € [8.3,9]. The Hessian matrix is negative definite. In
the range of interior solutions, an increase in the targeted tax 7, favors ¢; and brings a
simultaneous reduction in ¢ and §. The overall result is that for lower values of 71, i.e., for
71 € [8.3,8.7], a tax increase increases the level of emission per functional unit D;. This is
illustrated in Figure 1.

Figure 2 shows the results using the following set of parameters:

a = 1,730;d =6.69;7 =.10; b= —8; f =3.30; and ¢ = 9.49

6 = 97 p.=24;21 =1.8;20 =25 and 79 = 1,

which assume that environmental quality during consumption ¢» is complementary with
quality during production ¢, and that the other cross relationships are competitive. We
see that an increase in the targeted tax on pollution during production 7; makes products

design more polluting during the production stage, i.e., ¢; decreases.
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Figure 1: Variation in the three design dimensions ¢, ¢» and J; and the emissions per unit

of functionality D with respect to 7.
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Figure 2: Variation in the three design dimensions ¢;, g2 and ¢§; and the emission per unit of

functionality Dy with respect to 7.
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B Second-best policies

B.1 When one of the policy instruments is inappropriate

The optimality conditions are (for t = 1,...,T):

aHt =0 Btmt |:(_ ac(Ql,t7q2,ta5t) + 1) daLt—‘r

Iy Oq1, i),
8C(Q1 ty 2.t 5t) ) da\z t
1+ B8,)pe — b P20 4 (9 4 g5 by
(( /6 t)p aqzt ( ,8 t) d'(?bt
aC(th, q2,t7 5t) B dgt . dgt .
<5(0€ Pe@(%,t)) 8—515 562(Q2,t) dl/)t /\ﬂtd% =0

0H,
a_mt =X-1— N & B (g1, 00) — (g, @20, 00) — ex(qu) — (14 Bs)ea(qz)]
t

- )\t(st - )\t,:[ - 0

0H
8_)\;:'/’Ut+1_$t t:()’l,,T_l

B.2 Scenario 79 = Ty

When 79 = 75 and the government chooses 71, d;, the firm must take durability as given and

—c —c
equation (4) is no longer applicable. The Hessian matrix (6) becomes H = e ne ] =

“Cqqr “Cqaqe

hir bz . . .
and the full impact of a change in a parameter (7) is
hiz hao

dq,/dg _ gyt df1/0¢ _ -1 hag  —haz df1/0¢
dgy/do Ofy)0¢ | dtH | _py ohy 0f2/0¢

and det # = hi1hgy — hiy = Hsz > 0.
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The optimality conditions are (for t = 1,...,7T):

OH, 8C(Q1 ts 2.t 5t) dqiy
— =0 B Lol LRl LA 1 )
87'1 e ( ath + d’Tl +

0 ) dq:

((1+55)pe _Oclqi, g5 01) +a +55t)) ©t_
8Q2,t dry
OH, dc(qu e, Gats O
S5 = 0| (80— puealane) = PUIEELE) ey )| < s
OH, dgq1y  OH; dgay —0
a(h,t do, aQ2,t do
OH, .
a_x =M —M&f [p(QZ,t; 5t) - C(Ql,t; g2, 5t) - 61((]1,t) - (1 + 55t)€2(Q2,t)]
t
- )\t5 - At—l = 0
O0H,
a—)\tt:l't_;'_l—ﬂft t:(),]_,,T—]_
and we use the following properties:
0
a_? = _qu5 = h13
0
a—? = [(pe + T2) — Cgo5 = has
dq -1 Hiz
— = ———(hoshis — hishog) = —
78 det?—t( 22113 12h23) Has
dqs -1 Hos
— = ————(—hsh hi1hog) = —
78 det’H( 12h13 + hi1hos) Has
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