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Abstract 27 
With the development of modern information technology, relying on nano-28 

technologies and remote sensing, a number of systems can be envisaged that allows for 29 

monitoring of the activities of producers, consumers or travelers – road pricing schemes being 30 

just one example. In the paper, monitoring technology is modeled as a physical equipment 31 

that can be bought or rented. Each agent has to choose between paying a fixed fee or 32 

installing monitoring technology and paying a tax on actual emissions. We determine the 33 

second-best tax rates, the pattern of monitoring technology adoption, and identify conditions 34 

for the voluntary diffusion of monitoring technologies over time. 35 

In particular, we analyze a dynamic model of stock pollution when the regulator has 36 

incomplete information on emissions generated by heterogeneous agents. The paper’s 37 

contribution is to explicitly study a decentralized policy for adoption of monitoring equipment 38 

over time. We thus focus on individual incentives to adopt monitoring technology and on the 39 

trade-off between decentralized policy and a policy consisting of compulsory monitoring at 40 

the time the technology becomes available. Each agent is assumed “guilty until proven 41 

innocent”, and in principle required to pay the highest pollution fee until having proven that 42 

they are entitled to a refund.  43 

 44 
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1. Introduction 48 

Modern society develops in an age of computers and wireless technology. Information 49 

technology has the capacity to change public policy and regulators face new challenges in 50 

devising public policies that use new remote sensing technologies. The development of 51 

modern information technology that has a component of wireless communication, 52 

miniaturization of computing capacity, and remote sensing, enables the introduction of an 53 

increased number of systems that allows monitoring of activities of producers, consumers and 54 

travelers. In some cases, e.g., road pricing in Singapore, we already see instantaneous 55 

monitoring of activities that generate externalities. These new technologies currently require 56 

large investments, but if the costs decrease over time, voluntary adoption of the technology 57 

may occur. The investment may comprise two parts: government investment in the scanning 58 

infrastructure, and individual investment when purchasing the product to pay for it being 59 

identity tagged.  60 

 61 

The objective of this paper is to study the adoption of such new monitoring technologies 62 

over time. What is the socially optimal time path of investment in monitoring technology? 63 

What policy should the regulator adopt to encourage investment in monitoring technologies? 64 

The paper’s contribution is to explicitly study a decentralized policy for adoption of such new 65 

technology for monitoring over time. We thus focus on individual agents’ incentives to adopt 66 

monitoring technology, and on the trade-off between a decentralized policy and a policy 67 

consisting of compulsory monitoring. The analysis is based on a stock pollution problem 68 

when the regulator has incomplete information on individual emissions, but can measure the 69 

current stock of pollution. The optimal policy suggested in the paper in cases when 70 

monitoring or auditing are feasible but costly is that each agent is assumed “Guilty until 71 
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Proven Innocent” as proposed by Swierzbinski (2002), i.e., agents are required to pay the 72 

maximum pollution fee, and it is up to them to prove that they are entitled to a refund. 73 

 74 

Many of today’s most important pollution problems are plagued by costly information on 75 

individual emissions. Examples include traffic emissions and agricultural runoff into water, 76 

such as nitrogen or pesticide leaching from fields. Carbon emissions from stoves and burners 77 

are another example. The diffuse pollution from many small sources whose individual 78 

emissions are unobservable constitutes a nonpoint source pollution. Although it seems 79 

difficult to control such pollution in practice, economic theory has developed techniques for 80 

providing socially correct incentives when individual actions are unobservable, i.e. moral 81 

hazard. Such allocation mechanisms have been applied to the environmental problem of 82 

nonpoint source pollution (Segerson, 1988; Xepapadeas, 1991; Herriges, Govindasamy and 83 

Shogren, 1994; Laffont, 1994; Hansen, 1998). The basic mechanism proposed is to levy a tax 84 

equal to the full social marginal cost on each polluter (following Holmstrom, 1982). In some 85 

cases, it can be difficult to do so, in particular when polluters do not realize their impact on 86 

the aggregate measure of pollution (Cabe and Herriges, 1992), or when the regulator cannot 87 

be certain about the level of cooperation within the group (Millock and Salanié, 2005). 88 

Investing resources in improving the monitoring of individual emissions may thus be 89 

worthwhile. Xepapadeas (1995) showed how risk-averse polluters may prefer to pay an 90 

emissions tax rather than a variable ambient tax.  91 

 92 

Millock, Sunding and Zilberman (2002) proposed a nonpoint source policy for flow 93 

pollution based on a decentralized choice between investment in metering of individual 94 

emissions and the payment of a fixed tax per source. The resulting equilibrium partitions 95 

polluters in two groups. One group will install monitoring technology and hence reduce 96 
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pollution to the socially optimal level; another group, for which the net social quasi rents from 97 

production are less than the cost of installing individual monitoring devices, will prefer not to 98 

install monitoring technology and will be assessed a fixed tax. Thus, the definition of 99 

nonpoint source pollution is not fixed but will evolve as the social cost of pollution changes 100 

and as the cost of monitoring technologies is reduced over time. The first papers to study the 101 

dynamics of investment in monitoring have focused on the regulator’s centralized decision of 102 

investment in her stock of knowledge about the pollution process (Xepapadeas, 1995; Dinar 103 

and Xepapadeas, 1998, 2002; Farzin and Kaplan, 2004). Dinar and Xepapadeas (2002) 104 

develop a model of the regulator’s information acquisition for regulating groundwater in 105 

irrigated agriculture. Monitoring is treated as the regulator’s stock of knowledge 106 

(information), which can be added to by investments in geographical information systems 107 

(GIS), or study of the soil conditions in the region and other factors that affect transport and 108 

fate. There is thus no individual decision to adopt a monitoring technology at each individual 109 

source. The model shows theoretically and empirically (Dinar and Xepapadeas, 1998) that it 110 

is more efficient to direct resources to investment in knowledge capital about the emissions 111 

process than trying to monitor input use in order to levy input taxes as a proxy to pollution 112 

taxes. Farzin and Kaplan (2004) also model monitoring as an effort on behalf of the regulator 113 

to improve a stock of knowledge capital, including knowledge of pollution transport and fate. 114 

They analyze the problem of a private or public manager that must target abatement resources 115 

on their property under a fixed budget, and where the sediment load (pollution) is a function 116 

of unknown site-characteristics. Their simulations confirm that information acquisition 117 

improves the budget allocation of the National Park Manager and hence reduces expected 118 

damage compared with the case of an ex ante, uniform prior distribution of abatement effort. 119 

 120 
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The scheme that we propose for delegation of the investment in monitoring has potentially 121 

important applications since it results in diffusion of monitoring technology over time through 122 

voluntary adoption of the new technology. Resources are thus saved since monitoring costs 123 

may decline over time as the technology develops if there are economies to scale in 124 

production. One potentially relevant application is the use of smart dust in monitoring and 125 

tracing pollution to its source (Warneke et al., 2001; Sailor and Link, 2005). Identity 126 

preservation is already part of current food safety policies that rely on the tracing of a faulty 127 

product towards its origin (source). The trend today is towards nano-level identity 128 

preservation and tracing, and identity preservation through the tagging of molecules of dirty 129 

input can now be envisaged using nanotechnologies. Identity preservation applied to polluting 130 

inputs such as pesticides and chemical fertilizers would enable the regulator to trace the 131 

source of pollution in case of environmental degradation. The possibility to use identity 132 

preservation as a means to mark polluting inputs thus has interesting applications for water 133 

quality policy, and will significantly improve on the information that is available to the 134 

regulator. 135 

 136 

2. The Model 137 

We model a large number of agents that are heterogeneous with regard to a special 138 

parameter θ. The parameter θ should be interpreted as an efficiency indicator that is 139 

unobservable to the regulator. It could represent production technology, managerial ability, or 140 

site-specific ecological conditions. In order to keep the model simple, we assume that θ is 141 

fixed and does not change over time. Both the regulator and agents know the overall 142 

distribution of θ, which is defined on a support ,



 , with a known continuous probability 143 

density function g(θ) and distribution function G(θ). The total number of agents is N and 144 

 145 
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g()d  N




 . 146 

 147 

The heterogeneity parameter θ combined with input use determines output of each agent. 148 

Profits are represented by a reduced form notation where pollution (z) is viewed as an input to 149 

production, and profits net of input costs are denoted by  (z,) . The profit function   (z,)  is 150 

assumed twice differentiable, increasing and concave in pollution and the efficiency 151 

parameter.
1
 There are 2 different cases for

2

z
. Either the efficiency parameter increases the 152 

marginal productivity of the polluting input and
2

z
 0 , or increased efficiency implies 153 

reduced marginal productivity of the polluting input and
2

z
 0 . Both cases can occur, but 154 

in different contexts. For example, if θ is a quality parameter and very productive agents also 155 

are very polluting, we would be in the first case; pollution from fertilizer use in agriculture 156 

would be an illustration. On the other hand, when the efficiency parameter measures 157 

efficiency in input use and pollution is created from unused residues from production, the 158 

second case applies.  In the analysis, we will assume that the second condition holds and that 159 

more productive agents also have less pollution, as is the case with modern irrigation 160 

technologies that imply less water run-off and hence pollution from the field.  161 

Pollution is a function of the heterogeneity parameter θ: z=z(θ). The technology adoption 162 

indicator at time t isi (,t) , where i=0 indicates no monitoring, and i=1 indexes monitoring. 163 

The technology share i (,t) is between 0 and 1. For example, 1(,t)  1if everyone of 164 

                                                 
1
 We assume agents share a common production function (as well as pollution function) and that output differs 

only because of differences in θ and use of inputs. Later on, we will introduce an index i to indicate the 

difference in pollution when a firm is monitored or not. 
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quality θ has invested in monitoring technology at time t. The following condition has to hold 165 

at each time t: 166 

 167 

 

  


i
(,t)1 t.

i0,1

         (1) 168 

We thus take into account effects on the extensive margin, that is, the possibility that some 169 

agents will not produce. 170 

 171 

We can now define pollution at time t as a function of θ and whether an agent is monitored 172 

or not: zi=zi(θ,t). Using the share of monitoring technology adoption, aggregate profits and 173 

pollution at time t are defined as: 174 

  

(t)  
i
(,t)(z

i
(,t),)

i0,1










 g()d





      (2) 175 

 176 

  

Z(t)  
i
(,t)z

i
(,t)

i0,1










 g()d





       (3) 177 

 178 

Each agent pays a fixed annual unitary cost for monitoring, denoted vi, with v0=0 and v1= 179 

v(t). It is assumed equal for all monitored agents, since it represents a cost connected with the 180 

technology of tagging the pollution and not the individual agent. One example is transponder 181 

technology in road traffic control. The aggregate monitoring technology cost borne by the 182 

agents is: 183 

  

V (t)  
i
(,t)v

i
(t)

i0,1










 g()d





       (4) 184 
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There is also a fixed cost to the regulator to develop the infrastructure that supports the 185 

monitoring system, denoted by M(t). This cost is incurred at the moment of installing 186 

infrastructure. It is assumed that this cost decreases over time at a rate k, that is, 

  

M (t)

M (t)
k  187 

The pollutant accumulates over time with emissions Z(t), less the natural rate of decay, α, 188 

here assumed to be a simple linear function of the stock, S(t): 189 

  

&S(t)  Z(t) S(t)  
i
(,t)z

i
(,t)

i0,1










 g()d





 S(t)    (5) 190 

 191 

Finally, the social cost of the stock of pollution at time t is an increasing convex function 192 

C(S(t)). 193 

 194 

3. Optimal Regulation without Observing Pollution – The Case of a Franchise Fee 195 

Assume first that monitoring technologies are not available or that their cost is 196 

unaffordable. In this case, it is not possible to observe the agent’s emissions and only fixed 197 

fees are possible.
2
 When an agent of quality   faces a fixed fee, he solves the following 198 

problem:  199 

  z
0

Max (z
0
(,t),)  F(t) s.t.

  z0
0 .  200 

For every , either 

  
Êz

0

*(,t)Ê solvesÊÊ
 z

0
(,t), 
z

 0Êor 
  
z

0

*(,t)=0. This equation reflects 201 

the behavior of agents that cannot be observed individually. In this case, agents will produce 202 

at the private profit maximizing level as long as profits are positive.  203 

                                                 
2
 We study the extreme case when only a fixed fee is possible. Extensions of the model may include alternative 

regulatory measures depending on the information available to the regulator in the initial situation: input taxes (if 

input use is observable at no cost) or best management practices (if technology or practices are observable at no 

cost). In all cases, the policy instrument will be a second-best one, imperfectly correlated with the variable of 

interest, in this case pollution. 
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 204 

The solution of the private problem leads to computing critical quality levels 
  


0
(F)  such 205 

that agents with 
  
 

0
(F)will be operating while all the agents with 

  
 

0
(F)are not 206 

operating. The pollution level of an agent vary with the heterogeneity parameter, and we can 207 

derive the following results on the impact of θ on pollution: 208 

dz*

d



2

z
2

z2

 0  iff 
2

z
 0  209 

The condition for a negative relation between pollution and the efficiency parameter holds 210 

when pollution originates from residues of production, and when the heterogeneity parameter 211 

is an indicator of input use efficiency, as in the case of more efficient irrigation technology 212 

which implies less runoff from the field and less pollution. 213 

Let

  

J
0
(F ) (z

0

*(,t),)


0

( F )



  g()d . 214 

 215 

Then, the regulator’s problem is to find the level of the fixed annual fee over time to 216 

maximize social welfare. Thus, the optimization problem is given by:  217 

  

F (t )
Max J

o
(F(t))C(S(t)) ertdt

0





s.t.ÊÊÊÊÊS(t) Z
0
(F(t))S(t),   S(0) s

0

 218 

where

  

Z
0
(F ) z

0

*(,t)


0

( F )



  g()d , that is, the aggregate level of emissions, s0 is the initial 219 

stock of pollution at time 0 and r is the social discount rate. We define the current value 220 

Hamiltonian by  221 

  
H

0
 J

0
(F(t)) C(S(t))  

0
Z

0
(F(t)) S(t) , 222 
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where 
 0

 denotes the costate variable. It has been multiplied by minus one to facilitate the 223 

interpretations. The first-order conditions for an interior solution are given by 224 

  

H
0

F

J

0
(F(t))

F
 

0

Z
0
(F(t))

F









 =0       (6) 225 

  

H
0

S
 

0
 

C(S(t))

S
 &

0
 r

0
       (7) 226 

  
S  Z

0
(F(t))S ,S(0)  s0        (8) 227 

Equation (6) states that the loss in private benefits (due to activity close-down) from a 228 

marginal increase in the fixed fee should equal the marginal decrease in aggregate emissions 229 

evaluated at the shadow price
 0

. Equation (7) explains the variation in the shadow cost of a 230 

delayed reduction of a marginal unit of the pollution stock from period t to period t+1. It 231 

establishes that the change is equal to the extra discounting and “decay” forgone paid on the 232 

shadow cost, 
  
(  r)

0
, minus the social cost of the extra pollution associated with the 233 

delay,  C / s . 234 

 235 

For a sustainable environmental policy, the social planner is particularly interested in the 236 

achievement of a steady state, defined by equations (7) and (8) with
  
&

0
 &S  0 . The following 237 

proposition describes the local stability properties of the steady state under the assumption of 238 

an interior solution for the control variable. 239 

 240 

Proposition 1: The steady state equilibrium point of the system of equations (7) and (8) is 241 

characterized by a local saddle point, where the stable path leading to the steady state is 242 

upward sloping. Therefore, the pollution stock, S, and its shadow cost, 
 


0
, evolve over time 243 
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in the same direction. Moreover, 

  

F


0

 0 , that is, the optimal fixed fee and the shadow cost 244 

also evolve in the same direction. 245 

Proof: In appendix.  246 

 247 

If the initial pollution stock is smaller (greater) than the steady-state stock of pollution, the 248 

optimal policy consists of choosing the fixed fee F(t) initially below (above) its steady-state 249 

value and progressively increasing (decreasing) F(t) until the steady-state is reached.  250 

 251 

4. The Mandatory Monitoring Solution 252 

In this section we present the benchmark when monitoring technologies are available from 253 

time 0 (M=0). In this case, the most common policy has been the imposition of monitoring on 254 

all sources of pollution. Then, the social planner has full information on each polluter’s type, 255 

and the nonpoint problem converts to a point source pollution problem where Pigouvian taxes 256 

can be implemented. Thus, the problem of the agents is now given by: 257 

  z
1

Max (z
1
(,t),)  (t)z

1
(,t)  v(t) subject to

  z1
0 . 258 

Therefore, each agent chooses a level of pollution 
  z1

*(,t)  that fulfills
  

 (z
1

*(,t),)

z
  , or 259 

  z1

*(,t) 0 when
  
(z

1
(,t),) (t)z

1
(,t)  v(t)  0 . Thus, as in the former case, we can 260 

compute a critical theta 
 


1
( )  that will determine which agents that will operate in the 261 

economy. Like in the case of a pollution fee, the net social rents and the pollution level of an 262 

agent vary with the heterogeneity parameter. Net social rents, defined 263 

as
  
(z

1
(,t),)  v  z

1
(,t) , are non-decreasing in the efficiency parameter: 264 

  


i

*





i


 

z
i


 0 .  265 
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Since production increases with the asset quality and pollution decreases with the 266 

efficiency parameter, social net rents are strictly increasing the efficiency parameter. It can 267 

easily be shown, for an operating unit, that
  z1

*(,t) z
0

*(,t) , since pigouvian taxes affect the 268 

intensive margin, in addition to the extensive margin. 269 

Denote

  

J
1
( )  (z

1

*(,t),) (t)  g()d


1
( )



 . 270 

The problem of the social planner is to find the evolution of the unit pollution tax over time 271 

that should be imposed on agents to maximize the discounted value of the net benefits of 272 

production less costs of monitoring and the social economic losses due to the accumulation of 273 

the pollutant, and solve the following problem: 274 

   (t )
Max J

1
( (t)) C(S(t)) 

0



 ert dt  275 

s.t.  
  
&S(t)  Z

1
((t)) S(t) , S(0)  s0 , 276 

where

  

Z
1
( (t))  z

1

*(,t)g()d


1
( )



 .  277 

The current value Hamiltonian is defined as: 278 

  
H

1
 J

1
((t)) C(S(t))  

1
Z

1
((t)) S(t)  279 

where 
 


1
 denotes the costate variable. It has also been multiplied by minus one to facilitate 280 

the interpretations. The first-order conditions for an interior solution are: 281 

  

H
1



J

1


 

1

Z
1


 0         (9) 282 

  

H
1

S
 

1
 

C(S(t))

S
 &

1
 r

1
       (10) 283 

  
&S  Z

1
( ) S ,S(0)  s0         (11) 284 
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Equation (9) states that the marginal loss in private net benefits of increasing the pigouvian 285 

tax should equal the temporal shadow value of the decrease in emissions. Equation (10) 286 

explains the variation in the shadow cost of a delayed reduction of a marginal unit of the 287 

pollution stock from period t to period t+1. It establishes that the change is equal to the extra 288 

discounting and “decay” forgone paid on the shadow cost,   (  r) , minus the social cost of 289 

the extra pollution associated with the delay,  C / s . 290 

The steady state equilibrium of the system of equations (10) and (11) is qualitatively 291 

identical to the steady state of section 3. Therefore, the pollution stock, S, and its shadow cost, 292 

 


1
, evolve over time in the same direction, and the optimal tax and the shadow cost also 293 

evolve in the same direction.  294 

 295 

5. Optimal Timing of Introducing Compulsory Monitoring Technology 296 

In the last section we only took into account the variable costs of monitoring (v) and 297 

assumed that monitoring was available at a zero initial investment cost. However, this is far 298 

from reality. Usually, monitoring requires a large investment cost in infrastructures, e.g., 299 

satellites for GIS, and therefore, it may not be optimal to install monitoring technologies from 300 

the beginning of the time horizon. Thus, it is important to determine when monitoring should 301 

be installed. We start by assuming that once the investment cost is realized by the 302 

government, monitoring will become mandatory for all agents in the economy. 303 

The problem of the social planner, in addition to determine the level of the taxes to impose 304 

on the agents, is to decide at what time T to carry out the investment in monitoring 305 

infrastructure. Her decision problem is given by:  306 

  F (t ), (t ),T
Max J

0
(F(t)) C(S(t)) 

0

T

 ertdt  M(t)erT  J
1
( (t)) C(S(t)) 

T



 ertdt  307 

s.t. 308 
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  

&S(t)  Z
0
(F(t)) S(t),        0  t  T

&S(t)  Z
1
( (t)) S(t),         T  t<

S(0)=s
0

&M (t)  kM (t)

 309 

 310 

We derive necessary conditions for the optimization problem following Makris (2001) and 311 

Boucekkine, Saglam and Vallée (2004). Conditions (6-8) remain valid for   0 tT  and 312 

conditions (9-11) for T  t. However, there is one additional matching condition with 313 

respect to the social cost of pollution:
  0

(T )
1
(T ) , as well as conditions with respect to the 314 

switching time T: 315 

 316 

  

H
0
(T ) (r k)M (T ) H

1
(T )       0T 

H
0
(T ) (r k)M (T ) H

1
(T )       T  0

H
0
(T ) (r k)M (T ) H

1
(T )      then never introduce monitoring.

              (12)     317 

 318 

Following Boucekkine, Saglam and Vallée (2004), since the objective function of the 319 

problem is strictly concave in the control variables and since it is discounted, the 320 

transversality condition is given by
  
lim
t

S(t)
1
(t) 0,   with lim

t


1
(t)0 . 321 

 322 

Moreover, in order for T to be a maximum, the condition  323 

  

H
0
(T *)

T
 k(r  k)M(0)ekt 

H
1
(T *)

T
 0   has to be satisfied.  324 

 325 

A postponement of the investment in monitoring technology saves the interest rate and the 326 

reduction in the cost of the technology. Substituting for M(T) into equation (12) leads to: 327 
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  

H
0
(T ) (r k)M (0)ekT  H

1
(T )       0T 

H
0
(T ) (r k)M (0)ekT  H

1
(T )       T  0

H
0
(T ) (r k)M (0)ekT  H

1
(T )      then never introduce monitoring

          (13) 328 

Therefore,

  

T *

M (0)
 0 . If the initial investment is high, investment is delayed. On the other 329 

hand, the impact of a change in the investment cost reduction rate (k) is ambiguous. We 330 

have

  

T *

k


1T (r k) M (0)ekT

H
0
 H

1
 k(r k)M (0)ekT




0  . There are two countervailing effects. An 331 

increase in k directly increases the rewards of waiting since it is cheaper to adopt later on. But 332 

at the same time it decreases the absolute investment cost  M(0)ekT , so that equation (13) 333 

may be fulfilled earlier. 334 

 335 

6. A Decentralized Policy for Monitoring Diffusion over Time. 336 

Monitoring is costly (  v0 ) and therefore it may not be optimal to monitor all sources of 337 

pollution at the time the fixed cost of investment in monitoring infrastructure becomes 338 

comparable to the economic efficiency gains from monitoring. This section presents a 339 

decentralized policy for adoption of monitoring equipment over time. The aim is to study the 340 

diffusion of monitoring technologies once the investment in the infrastructure has taken place. 341 

When agents are monitored, the regulator can levy a charge on each unit of pollution; but for 342 

unmonitored agents only fixed fees are possible that do not depend on the agent’s pollution, 343 

nor type. We propose to analyse a simple scheme of a fixed fee F0  on all agents and an 344 

emission tax τ for monitored agents combined with a subsidy to adoption F1. Hence, polluters 345 

are assumed guilty until proven innocent (as in Swierzbinski, 2002), i.e., they pay a fixed fee 346 

unless they install monitoring equipment to prove their actual pollution. 347 

 348 
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The model relies upon two important assumptions – reversible investment in monitoring 349 

and that the regulator cannot exploit information in previous time periods to regulate 350 

individual agents in the current time period. These are important assumptions and we will 351 

thus spend some time on their justification and rationality for the question at hand. Apart from 352 

simplifying the solution of the model, it is important to allow for reversibility if the regulator 353 

wishes to maximize social welfare. Imagine a case where the marginal social damage cost 354 

decreases over time; then an optimal solution may involve increasing pollution and hence 355 

decreasing monitoring over time. It is thus necessary to allow for reversibility in the 356 

monitoring investment decision. The way we choose to model the monitoring investment 357 

decision is that the agents can choose whether to rent monitoring equipment or not in each 358 

time period. This implicitly means assuming that the regulator has no memory. Although 359 

representing an extreme case, the assumption is not unreasonable. Keeping track on the 360 

activity of every agent is costly, especially if the data is to be used for tax assessment in 361 

justifying and protecting against costly lawsuits. While our model is deterministic, a more 362 

realistic model would include randomness that could affect individual agents and their 363 

actions. Income taxes, for example, require new reporting every year and rely little on past 364 

actions to justify present decisions. We can assume that the regulator has the analytical 365 

capacity and good sampling techniques that allow her to calculate sophisticated tax formulas, 366 

but that both monitoring and memory of individual behavior are costly. 367 

 368 

6.1. The general problem 369 

We follow Millock, Sunding and Zilberman (2002) and suggest the following simple linear 370 

taxation scheme to delegate adoption of monitoring: since the regulator initially cannot 371 

distinguish unmonitored agents, all agents will pay the same fixed fee, F0. Agents that adopt 372 

monitoring equipment will pay an emission tax τ per unit of pollution, and a fixed fee, F1, per 373 
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operating agent, which is a tax when F1 is positive and a subsidy when F1 <0. In each period, 374 

the individual agent takes the regulatory instruments F0(t), F1(t) and τ(t) as given and solves 375 

the following problem: 376 

 377 

  

Max (z
0
(,t),)  F

0
(t),(z

1
(,t),)  (t)z

1
(,t)  F

1
(t)  v(t)  378 

For a given , the agent chooses to rent monitoring equipment (1(,t)  1) iff 379 

 380 

  
(z

1
(,t),)(z

0
(,t),) (t)z

1
(,t) F

1
(t) F

0
(t)  v(t)  0  381 

Define the critical level θc by the level of the heterogeneity parameter for which an agent is 382 

just indifferent between renting monitoring equipment or not: 383 

  
(z

1
(

c
,t),

c
)(z

0
(

c
,t),

c
)(t)z

1
(

c
,t) F

1
(t) F

0
(t) v(t)  0 t (14) 384 

 385 

The following comparative statics describe the impact of the regulatory policy instruments 386 

on the critical level for adoption of monitoring: 387 

  


c

F
0

 
1

 (z
1
(,t),)


c


 (z

0
(,t),)


c











 0     (15) 388 

  


c

F
1


1

 (z
1
(,t),)


c


 (z

0
(,t),)


c











 0     (16) 389 

 390 

  


c




z
1
(

c
,t)

 (z
1
(,t),)


c


 (z

0
(,t),)


c











 0     (17) 391 

since we assume that 
2

 z
 0  and

 z


 0 . 392 
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 393 

The regulator’s problem is: 394 

  
F

0
(t ),F

1
(t ), (t )

Max ert (z
0
(,t),)dG()   (z

1
(,t),)dG()


c

( F
0

,F
1
, ;v)






0
(T

0
)


c

( F
0

,F
1
, ;v)

 V C(S(t))












dt
0



395 

 396 

s.t.

  

&S(t)  z
0
(,t)dG()  z

1
(,t)dG()


c

( F
0

,F
1
, ;v)






0
( F

0
)


c

( F
0

,F
1
, ;v )

 S , 
  
S(0)  s

0
 397 

 398 

Following Xabadia, Goetz and Zilberman (2006), we will use a two-stage procedure to 399 

solve the problem. First, the regulator will choose the optimal allocation of emissions over 400 

quality,  , given an aggregate level of pollution Z. Next, he will optimize the value of Z over 401 

time. 402 

6.2. The solution to the optimization problem over quality 403 

In the first stage, the regulator’s solution is given by the value function J(Z) defined as 404 

  

J (Z) 
F

0
,F

1
,

Max  (z
0
(),)dG()  (z

1
(),) v dG()


c

( F
0

,F
1

, ;v )






0
( F

0
)


c

( F
0

,F
1
, ;v)

  405 

s.t.  

  

z
0
()dG()  z

1
()dG()


c

( F
0

,F
1
, ;v )






0
( F

0
)


c

( F
0

,F
1

, ;v)

  Z . 406 

 407 

Denoting the Lagrange multiplier by λ, the Lagrangian for the problem is: 408 

  

L
1
 (z

0
(),) g()d  (z

1
(),)  v g()d 


c

( F
0

,F
1

, ;v)






0
( F

0
)


c

( F
0

,F
1
, ;v)

  409 

 410 

  

 Z  z
0
()g()d 


0

( F
0

)


c

( F
0

,F
1

, ;v)

 z
1
()g()d


c

( F
0

,F
1
, ;v)
















 411 
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Since Z does not depend on the spatial heterogeneity parameter (θ) the shadow cost of the 412 

pre-specified level of emissions (λ) is constant over θ. The optimal level of monitoring 413 

adoption can be attained by the policy described in the following proposition. 414 

 415 

Proposition 2: Given aggregate pollution Z, optimal adoption over quality can be obtained 416 

with the combination of the following instruments: 417 

A fixed fee on non-monitored agents: 
  
F

0
 z

0
(

0
)  418 

A fixed fee on monitored agents: 
  
F

1
  z

0
(

0
)  z

0
(

c
)  419 

A unit emission tax on monitored agents:  τ = . 420 

Proof: In appendix. 421 

This policy scheme can be interpreted as a fixed tax on all agents
  
F

0
 z

0
(

0
) , and a subsidy 422 

  
F

1
 z

0
(

c
) on agents that decide to adopt monitoring. The monitored agents also pay a unit 423 

emission tax which is equal to the shadow cost of emissions. In this way, monitored agents 424 

are taxed according to the pollution they generate, but subsidized for part of the overestimate 425 

of pollution before the installation of the monitoring system. 426 

6.3. The optimal solution over time 427 

In the second stage, the value function J(Z) from the first stage is maximized over time: 428 

Z (t )
Max J(Z(t))C(S(t)) ertdt

0



  429 

s.t.  
S(t)  Z(t)S(t) , S(0)  s0 ,Z(t)  0 . 430 

 431 

The parameter denoting aggregate emissions over the entire range of θ now becomes the 432 

decision variable in the second stage. The current value Hamiltonian of the second stage is 433 

defined as: 434 
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H  J(Z(t))C(S(t))  Z(t)S(t)  435 

where   denotes the costate variable. It has been multiplied by minus one to facilitate the 436 

interpretations. The first-order conditions for an interior solution are: 437 

 438 

  

H

Z

J

Z
   0          (18) 439 

  

H

S
  

C(S(t))

S
 &  r        (19) 440 


S  Z S ,S(0)  s0         (20) 441 

 442 

Equation (18) states that the marginal value of aggregate emissions should equal the 443 

temporal shadow cost of the pollution stock . By the Envelope Theorem, a change in the 444 

value function as a result of a change in aggregate pollution Z is equal to λ. From (18), we 445 

then see that the shadow values of aggregate pollution in the first and second stages of the 446 

optimization are identical, i.e.,   . Equation (19) explains the variation in the shadow cost 447 

of a delayed reduction of a marginal unit of the pollution stock from period t to period t+1. It 448 

establishes that the change is equal to the extra discounting and “decay” forgone paid on the 449 

shadow cost,   (  r) , minus the social cost of the extra pollution associated with the 450 

delay  C / s . 451 

(TEXT TO BE ADDED HERE?) [CAN WE FIND AN EXPLICIT SOLUTION HERE?] 452 

What happens to the incentives for adoption of monitoring equipment over time? We have: 453 


  &   

  0 if S0  S
  454 

   
  0 if S0  S

  455 
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where  S
  is the steady-state stock of pollution, since we can derive the following from the 456 

steady-state solution to the costate equation:

  

& 

2C

S 2
&S

  r 
. The denominator 

 
  r  is always 457 

positive, and, if we have
  & , it must hold that the variable tax evolves in parallel with the 458 

shadow value of the pollution stock. We cannot obtain an analytical solution for diffusion of 459 

monitoring in the general representation of the model, so in order to study the diffusion of 460 

monitoring over time we will focus on the case when the marginal unit of production is fixed.  461 

 462 

6.4. The special case of no effects on the extensive margin: technology diffusion and 463 

policy comparison 464 

In this case, the optimal linear policy consists of a fixed fee on all agents equal to the social 465 

cost of pollution from the last unit to adopt monitoring equipment, and a per unit emission tax 466 

on monitored agents: 467 

 468 

Proposition 3: With no effects on the extensive margin, optimal adoption of monitoring 469 

can be obtained with the a fixed fee F(t) on non-monitored units and a unit emission tax τ(t) 470 

on monitored units: 471 

(t)   (t) , and  472 

F(t)   (t)z0(c,t) . 473 

Proof: In appendix. 474 

 475 

The fixed fee evolves over time according to: 476 

  

&F  & z
0
(

c
,t)  

 z
0
(

c
,t)


c

&
c
       (21) 477 
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Substituting  for  in equation (21) and dividing by F we obtain:  478 

  

&F

F


&


 

z
0


c

&
c


c

 479 

where

  


z

0


c


z

0


c


c

z
0

 0 . 480 

This expression determines the relationship between the evolution of the emission tax and 481 

fixed fee and adoption of monitoring over time. Since the decision on monitoring depends on 482 

both the evolution of the emission tax and the fixed fee, we define two scenarios: 483 

 484 

A) The new externality case, where
  
S

0
 S :  &  0  485 

B) The restoration case where
  
S

0
 S :  &  0  486 

 487 

In Case A, that we label the new externality case, there is early awareness of pollution and 488 

as pollution grows towards its steady-state level, the shadow cost of pollution increases over 489 

time causing aggregate emissions in each time period to decrease to allow the stock of 490 

pollution to reach its steady-state value. Aggregate emissions can be modified either by 491 

changing the proportion of monitored agents, as indicated by
 


c
, or by changing the intensity 492 

of production. Since the shadow cost of pollution grows over time, the direct effect of the 493 

increasing emission tax discourages monitoring adoption. There will be diffusion of 494 

monitoring equipment over time if and only if
 

&F

F


&


> 0, that is, if the increase in the fixed 495 

tax outweighs the increase in the emission tax. In the caseF  0 , diffusion will never occur. 496 

When both taxes move in parallel, 
 

&F

F


&


, pollution will be reduced both at the extensive and 497 
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the intensive margin as the cost of pollution grows over time. However, there would be no 498 

change in the proportion of agents that are monitored. 499 

 500 

The more interesting case may be Case B, what we call the restoration case. For the 501 

restoration case, when monitoring has not been implemented or was not feasible to start with 502 

because of the costs of compulsory monitoring, the regulator may implement the second-best 503 

policy defined in Proposition 3, and it will lead to gradual adoption of monitoring equipment 504 

over time. As pollution is reduced towards its optimal steady-state level, the shadow cost of 505 

pollution decreases over time, hence initial policy needs to be harsh and it softens till the 506 

steady-state is reached. In this case, 
 

&


 0 , causing a direct positive effect on the diffusion of 507 

monitoring equipment, that is, the reduction of the pollution tax encourages more agents to 508 

adopt monitoring equipment over time. However, the final impact will depend, as before, on 509 

the evolution of the fixed fee. If
  

&F

F
 0 , diffusion of monitoring equipment over time will 510 

occur if 

 

&F

F
<






. 511 

 Given the conditions for diffusion, how do the two policies of mandatory introduction 512 

of new monitoring technology versus voluntary adoption compare? First note that the 513 

voluntary policy leads to full adoption iff the lowest quality agent prefers to adopt monitoring 514 

technology given its costs and the values of the policy parameters in the steady-state:  515 

  
(z

1
(,t),) (z

0
(,t),) (t)z

1
(,t)  F(t)  v(t) when t  . When full adoption 516 

occurs in the steady-state, the two policies differ only in the time path to obtain the steady-517 

state: 518 

 519 
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Proposition 4: With no effects on the extensive margin, pollution build-up is faster under a 520 

policy of mandatory monitoring between   0  t T in the new externality case. 521 

In the restoration case, the reduction of the existing pollution stock takes place at a smaller 522 

pace between   0  t T  under a policy of mandatory monitoring. 523 

Proof: The Proposition follows directly from the fact that 
  
Z

0
(F(t)) >

  
Z

1
( (t)) , 524 

hence
  
&S

0
(t)  &S

1
(t) .  Individual emissions are greater 

  
z

0
(F(t))>

  
z

1
( (t))  but we don’t know 525 

about the level of F and tau and therefore we do not know about the 0  and the aggregate 526 

emissions. I don’t think the argument is correct. Please, see the figures 1a) to 1c) where it is 527 

discussed.  528 

 529 

Figure 1a illustrates the pollution time path under the two policies for the new 530 

externality case. The pollution stock builds up faster under the mandatory monitoring policy, 531 

since the regulator can use only a franchise fee between time 0 and T, the date of the 532 

investment in the technology and introduction of mandatory monitoring. The voluntary policy 533 

yields a slower build-up of pollution over the entire time period, but will ultimately converge 534 

towards the same steady-state, if the conditions for full adoption of the new technology are 535 

satisfied. For the restoration case, the initial stock is reduced at a smaller pace than under a 536 

policy of voluntary adoption of monitoring technology between time 0 and T (as illustrated in 537 

Figure 1b).  538 

 When full adoption of the new monitoring technology is not obtained, the steady-state 539 

pollution stock will be higher under the policy of voluntary adoption compared to the policy 540 

of mandatory monitoring, but since monitoring costs are saved and agents’ private surplus is 541 

larger, this is socially optimal. 542 

[ADD MORE DETAILS HERE?] 543 

8. Conclusions 544 
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The paper has analyzed two different types of regulation when it comes to the introduction 545 

of new information technologies enabling monitoring of the activities of individual agents. 546 

First, we studied the case of mandatory monitoring when all agents are forced to adopt a 547 

monitoring technology that enables the regulator to perfectly assess each polluter’s actions. In 548 

that case first-best externality-correcting taxes can be imposed. However, mandatory 549 

monitoring is not necessarily the optimal policy, since new monitoring technologies require 550 

costly investment. Thus, we also considered the case of voluntary monitoring. The proposed 551 

regulatory scheme differentiates taxation according to the installation of individual 552 

monitoring equipment. Each agent has to choose between paying a fixed fee, or installing 553 

monitoring technology and paying a tax on the actual generation of externalities. The highest 554 

quality agents will have incentives to adopt a monitoring technology if the gain from direct 555 

taxation is large enough to outweigh the profit impact and the direct monitoring costs. Since 556 

the taxes will evolve over time as the social shadow price of the externality changes, adoption 557 

of monitoring technology will also change accordingly. We identified conditions for the 558 

diffusion of monitoring technologies over time, and evaluated its impact on the generation of 559 

the externality, technology costs, and agents’ private surplus. 560 

Although the model can be applied to a wide variety of externalities, the analysis focused 561 

on the problem of pollution-generating activities. Most analyses of nonpoint source pollution 562 

problems assume that the regulator is able to observe some variables correlated with 563 

individual emissions, such as input use or technology choice. In practice, however, very often 564 

the regulator cannot observe individual input or output and there is no proxy variable 565 

available to the regulator to build a policy based on agents’ observable practices. Thus, it may 566 

be worthwhile to invest resources in improving the monitoring of individual emissions 567 

directly. The paper contributes to this strand of the literature by presenting a dynamic model 568 

for the management of a stock pollution problem through gradual diffusion of monitoring 569 
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equipment when the regulator has incomplete information on emissions generated by 570 

heterogeneous agents. Since the taxes will evolve over time as the stock of pollution changes, 571 

adoption of monitoring technology will also change accordingly.  572 

[ADD POLICY IMPLICATIONS -TO BE REWRITTEN LAST THING] 573 

 574 

575 
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APPENDIX 576 

 577 

Proof of proposition 1. 578 

 579 
A linearization of the canonical system of differential equations around the steady-state 580 

values of 
 


0
 and S results in: 581 

  

&
0

&S









 

&
0


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S

&S


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S
















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


0
 

0



S  S









 

  r  0 
2C

S 2
 0

Z
0


0

 0   0




















0
 

0



S  S









  582 

Since the trace of the Jacobian matrix is equal to r>0, employing the fact that it equals the 583 

sum of its eigenvalues assures that at least one eigenvalue is positive. Additionally, the 584 

determinant of the Jacobian matrix is negative and thus, the eigenvalues have opposite signs 585 

and the steady state equilibrium is locally characterized by a saddle point. For any initial 586 

value of S within the neighborhood of S
 , where the superscript   indicates the steady state 587 

equilibrium value, it is possible to find a corresponding value of the shadow cost which 588 

assures that the optimal environmental policy leads towards the long-run optimum. 589 

The slopes of the 
 
&

0
 0  and the   &S  0 isoclines are: 590 
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A phase diagram of the system might look like the one depicted below. 592 

 593 
Figure: The phase diagram in the 

  
(S,

0
) space. 594 

 595 
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In addition, we have that
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 607 
where term A is zero by the definition of the extensive margin under the optimal policy, and 608 

term B is positive since 
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Proof of proposition 2. 611 

 612 

The solution to the problem has to satisfy the following necessary conditions: 613 
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Comparing equation (14) with equation (23) it can be observed that the regulator’s optimal 632 
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 636 
Proof of proposition 3. 637 
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With a fixed extensive margin, the regulator’s problem is: 639 

  
F (t ), (t )
Max ert  (z

0
(,t),)dG()   (z

1
(,t),)dG()


c

( ,F ;v)







c

( ,F ;v)

 V C(S(t))












dt
0



  640 

s.t.



S(t)  z0 (,t)dG() z1(,t)dG()
c ( ,F;v)






c ( ,F;v)

 S . 641 

 642 
The current-value Hamiltonian is 643 

H   (z0 (,t),)dG()  (z1(,t),)dG()
c ( ,F;v)






c ( ,F;v)

 V G()G(c ) C(S(t))

  z0 (,t)dG() z1(,t)dG()S
c ( ,F;v)






c ( ,F;v)












 644 

 645 
where γ represents the shadow value of the pollution accumulation constraint. Ignoring the 646 

non-negativity constraints to simplify and simply writing the first-order conditions for the 647 

Hamiltonian we obtain: 648 

 649 
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 654 

Rewriting equation (14) to define the critical level of quality (
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) for which the agent is 655 

indifferent between renting monitoring equipment or not gives: 656 
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Q.E.D. 662 
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