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Abstract

This paper applies the methods of game theory to the analysis of the conversion to
CNG that took place in Delhi during the period 2000-2002. The interaction between
the government and the citizen is modeled using a two-player game. The conditions
that would make subsidization and conversion to CNG a Nash equilibrium for the game
between the government and the citizen are found. The subsidy provided by the Delhi
government on CNG in 2001 is tested for Nash equilibrium using the derived conditions.
The result is compared with data. Optimum value of subsidy that would result in a
Nash equilibrium is calculated. A curve is determined, which not only gives solutions
to the Nash equilibrium conditions but also minimizes the value of the subsidy.
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1 Introduction

In recent years, the problem of pollution of all types has continued to worsen in the state of
Delhi, India. To curb this worsening state of affairs several measures have been introduced.
The history of environmental policy introduced in Delhi goes back to the 1990s, from which
it is evident that the Supreme Court of India had a significant role to play. A series of
emission norms were introduced staring from the year 1991 continuing to the present in
the form of Bharat Stage Emission Standards(BSES), the efficacy1 of which has been the

†Electronic address: dakshces@gmail.com
1The term “efficacy” is used here primarily in terms of effectiveness in improving the air quality of Delhi.

It is intuitively clear that any policy cannot have a positive effect across all air quality criteria, but it will
be seen in the several papers pertaining to studies conducted on this matter that a few criteria are more
important than others in their impact on air quality and human health.
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subject of several studies. Apart from the BSES, several other environmental policies and
initiatives have been undertaken by the Delhi government ranging from the changeover to
compressed natural gas (CNG) in public transport and introduction of the Delhi Metro.
For a thorough account of the history of environmental policymaking in Delhi, see [Urv05].
This paper will be concerned with the conversion of private vehicles to CNG.

In evaluating the efficacy of various policies and initiatives, the previous studies primar-
ily depend on the analysis of data both specially collected and available openly (made
available online by various agencies ranging from the Government of India to CPCB and
MoRTH). The present study too makes use of data in quite a similar way but also uses
the methods of game theory, a field that has developed over the years to provide reason-
able and sometimes even preferable analyses of situations in environmental policy. There
is plenty of justification for the application of game theory to such environmental policy
available in the literature (see for example [End04],[Gar12]). While there are many aspects
of game theory suited for an analysis of this kind, the most important and simple of these
is the fact that in the implementation of a policy is involved an interaction of the State
and its citizens. In this interaction, the citizens have to make conscious choices in response
to the State’s policy culminating in different outcomes and this quite naturally gives rise
to a framework in which game theoretic analysis can be performed. It is not the claim
of the present study that it offers a better analysis than previous studies but rather that
it provides a fresh perspective on initiatives to tackle a problem that continues to plague
Delhi.

2 Conversion to CNG : History and Overview

2.1 Supreme Court Directives, 1998

During January 1998, the Supreme Court, in response to accusations of exceeding its
jurisdiction in environmental matters and making policy decisions in the place of the gov-
ernment, directed the central government to set up the third of the statutory committees
established under Section 3(3) of the Environment Protection Act. The resulting com-
mittee was the Environment Pollution Prevention and Control Authority (EPCA). The
mandate of the EPCA was to construct new policies to address the problem of vehicular
pollution and serve as a fact-finding body for the court.

In July 1998, the Supreme Court passed an order based on a progress report submitted
by EPCA. A significant and direct result of the court’s order was that several subsequent
orders were made in the next 3 years to spur the conversion to CNG. These were:

• Ban on plying of buses more than 8 years old except on clean fuels (2000)
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• Expansion of Compressed Natural Gas supply outlets from 9 to 80 (2000)

• Entire city bus fleet (DTC & Private) to be converted to single fuel mode on CNG
(2001)

2.2 Supreme Court Directives, 2002

The following was the summary of the price of CNG in an affidavit filed by Indraprastha
Gas Limited (IGL), the CNG provider to Delhi [EPC02]:

Cost of natural gas: Rs 5.41/kg

Fixed operating cost: Rs 4.70/kg

Other cost (variable operating cost, equity@10%, etc): Rs 6.72/kg

Total: Rs 16.83/kg

On the basis of this affidavit the Supreme Court directed EPCA to examine the following
issues:

• What, if any, is the justification for IGL to charge Rs 16.83 per kg of gas?

• Investigate the extent of subsidy or cross-subsidisation, if any, given by the Central
government in respect of petrol, diesel or kerosene as compared to CNG.

• What is the practice prevalent in some countries for tax concessions given in respect
of CNG to encourage the use of the said fuel in an effort to bring down pollution?

2.2.1 Fiscal Incentives Offered By Other Governments

It is evident that subsidies to convert to the alternative option of CNG are necessary since
the the capital cost (estimated at Rs 30,000 to 35,000) involved is high. In other countries
too, governments provide high fiscal incentives for the introduction of the natural gas as a
competitive alternative to the regular fuels. Some of examples of this are:

• The federal government in the US provides 80% of the cost of a basic transit bus
and 90% of the incremental cost of a bus running on alternative fuel.

• The Italian government offered a reduced tax on natural gas as a fuel, and a subsidies
program from the government that lasted from 2008 to 2010. As a result the number
of natural gas vehicles increased by 68% since 2008.

• In France the government reimburses tax paid on CNG to natural gas vehicles owners
on the basis of the proof that they own natural gas vehicles and have driven them
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on natural gas. Usually, a logbook is kept on CNG mileage as a basis to claim this
reimbursement.

• In Argentina, the government did not offer any subsidy but high taxes on petrol
made CNG very attractive.

Therefore, overall the trend in taxation policy around the world is that of moving away
from direct subsidy to a method of differentiated pricing based on environmental principles
that cleaner fuels will be taxed favorably in contrast to higher taxes on dirty fuels.

3 Non-cooperative Game Theoretic Analysis of Conversion
to CNG

Game theory and its applications are among the most thriving methods and fields in
economics. A very high proportion of the contributions to leading economic journals is a
variant of this theme.

Game theory studies the interaction of individuals in decision-making situations, where
there is an inherent inter-dependency between decisions of individuals: if an individual
A makes a certain move, the consequences of this decision for his/her own welfare may
not only depend on this move but also on what kind of a move B makes. Vice versa, the
same holds for B. Herein lies the primary justification for the application of game theory
to government environmental policy. In the introduction of any government policy, two
chief players can be identified: the government and the citizen. But in some scenarios,
the situation can be more complex due to the presence of intermediary parties such as
private companies, the judiciary or other governmental organizations. Added to that is the
complexity of taking into account the effect of players’ actions on social welfare which is
essential to determine a profile of actions that are socially optimal2.

3.1 Setting Up The Game

This paper studies the two-player game between the Government of Delhi and the citizen.
Here, the Government of Delhi is used to refer to government and its associated agencies,
i.e., the actions of IGL are also considered to be that of the government’s. Here we will be
concerned only with a non-cooperative game theoretic analysis, since we will be assuming
that both players will act as rationally as possible with regard to their best interests and

2A profile of actions is “socially optimal” if it maximizes the welfare of a society under the given
constraints. Of course, it is difficult to say what the welfare of a society is conceptually, not to speak of the
difficulties of measuring it.A critical assessment of social welfare measurement is in [Das01]
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their behavior will thus be modelled directly. In the other kind of analysis, cooperative
game theoretic analysis3

3.1.1 Notation

Players: We will denote the Government of Delhi by G and the
citizen by C.

Action: Let sP denote an action of player P.

Strategy space: This is the set of all the possible actions or strategies available to a
particular player. Let SP denote the strategy space for player P.

Strategy Profile: It is a pair of actions one each from the two players strategy spaces:
(sP , sP ′), sP ∈ SP , sP ′ ∈ SP ′ . Let the set of all strategy profiles be S.

Payoff Functions: Game theorists assess what might happen to a player by assigning
payoffs to each possible outcome of the game. The payofff function is uP : S → R. Here let
uP (sP , sP ′) denote the payoff function of player P, given that the two players are performing
the actions sP and sP ′ .

Time : We will select a period of time t days over which to perform the analysis. We will
sometimes refer to this as the recovery time.

Capital Cost : Assume that the cost required to install the CNG kit is Rs K.

Cost of CNG: Let the cost of CNG at the time of changeover be Rs x/kg.

Subsidy : Let the subsidy that the government offers on the price of CNG be
i% /kg.

Cost of regular fuel : For now without distinguishing between the different kinds of
regular fuels, assume the cost of regular to be Rs y/litre.

Average daily consumption : Assuming the average daily consumption of CNG is l kgs
and that of regular fuel is l′ litres.

3.2 The Game

SG = {Provides subsidy on CNG,Doesn’t provide subsidy on CNG}.

SC = {Converts to CNG,Doesn’t convert to CNG}

Therefore, S = {(Provides subsidy on CNG,Converts to CNG),

3Important early analyses of this kind appeared in the foundational book [Joh53]
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(Provides subsidy on CNG,Doesn’t convert to CNG),

(Doesn’t provide subsidy on CNG,Converts to CNG),

(Doesn’t provide subsidy on CNG,Doesn’t convert to CNG)}

Now we have the following table, usually called the payoff matrix, that we need to fill in
to pull through the analysis.

Player C
Converts to CNG Doesn’t convert

Player G Provides subsidy

Doesn’t provide subsidy

Table 1: Unsolved payoff matrix

In the subsequent sections we shall analyze each cell of the matrix separately and determine
the payoffs.

3.2.1 Strategy profile 1

The first strategy profile is (Provides subsidy,Converts to CNG). The problem is to find
uG and uC for this action profile. To do this, and also for the remaining action profiles, we
will need to do the following:

• Devise a sufficiently realistic function to model G’s and C’s payoffs.

• Take into account the environmental benefit that is being done when C, the citizen,
chooses a cleaner fuel over the regular fuels petrol and diesel.

A natural question that arises here is: Whom will the environmental benefit, that is men-
tioned above, accumulate to? It is clear that both the government and citizen benefit due
to the citizen’s environmentally friendly choice; the government’s benefit comes from the
fact they will now be able to take credit for the reduction of pollution (however little) in
Delhi and when a reasonable number of citizens choose the option of converting to CNG,
the environmental benefit of the government will accrue. Further it is a fact that being
able to effect even small positive environment changes greatly adds to the government’s
popularity and credit on a most immediate basis. On the other hand, when a reasonable
number of citizens choose to convert to CNG, the health benefit of it to C will not be
apparent, at least in the short-term. It is due to this reason that we will take into account
the environmental benefit of switching over to CNG only for G’s payoff.

Next, the difficult question of how we can calculate this benefit comes up. For now let’s
denote it by E and we shall later see that it is, indeed, not too great a problem.
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Now for uG we have:

uG(Provides subsidy,Converts to CNG) = −xlt× i
100 + E = E − xlti

100

And for uC , we have:

uC(Provides subsidy,Converts to CNG) = −K−xlt+xlt× i
100 = −K+xlt(−1+ i

100)

3.2.2 Strategy profile 2

The next strategy profile is (Provides subsidy,Doesn’t convert to CNG).

In this case, since C doesn’t avail of the subsidy being offered by G, there is neither a loss
due to subsidy nor a gain due to any environmental benefit.

∴ uG(Provides subsidy,Doesn’t convert to CNG) = 0

And,

uC(Provides subsidy,Doesn’t convert to CNG) = −yl′t

3.2.3 Strategy profile 3

The third strategy profile is (Doesn’t provide subsidy,Converts to CNG).

Since the government doesn’t provide subsidy, it incurs no loss but it will also then not
gain any credit for any positive environmental changes.

∴ uG(Doesn’t provide subsidy,Converts to CNG) = 0

The payoff of the citizen will be:

uC(Doesn’t provide subsidy,Converts to CNG) = −K − xlt

3.2.4 Strategy profile 4

The last strategy profile is (Doesn’t provide subsidy,Doesn’t convert to CNG).

In this case, we see that since C continues with the regular fuel, the government will in fact
incur some environmental loss, the magnitude of which we label by E′.

Then we have:

∴ uG(Doesn’t provide subsidy,Doesn’t convert to CNG) = −E′

The payoff of the citizen will be:
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uC(Doesn’t provide subsidy,Doesn’t convert to CNG) = −yl′t

Therefore, we have the following payoff matrix:

C
Converts to CNG Doesn’t convert

G Provides subsidy (E − xlti
100 ,−K + xlt(−1 + i

100)) (0,−yl′t)
Doesn’t provide subsidy (0,−K − xlt) (−E′,−yl′t)

Table 2: Solved payoff matrix

In the matrix, the pair (X,Y ) denotes that the payoff of G is X and the payoff of C is Y .
From the table the inter-dependency of the strategies of G and C is evident.

We have 4 cases to compare. Notice that there is no pure strategy that can be said to be
dominated (strictly or otherwise).

In this analysis we will be concerned with determining a Nash Equilibrium for our game.
We include a short interlude on what a Nash Equilibrium of a game is.

3.3 Nash Equilibrium

The Nash Equilibrium is a brilliant solution concept for games, proposed by the Economics
Nobel Laureate John Forbes Nash. It is one of the foundational concepts of game theory,
and it transformed the field of economics.

To define the Nash equilibrium, we need the concept of best response. For player P , σP is
a best response to the strategy profile σ−P if ui(σP , σ−P ) ≥ ui(si, σ−P ) ∀s′i ∈ SP . Then
denote the set of all best responses that player i has to the opponents’ strategy profile σ−P
by BRP (σ−P ).

A profile strategy s∗ = (s∗1, s
∗
2, s
∗
3, . . . , s

∗
N ) is said to be a Nash equilibrium for a game if

s∗i ∈ BRi(s
∗
−i) ∀ 1 ≤ i ≤ N . In other words, each player’s strategy in a Nash equilibrium

is a best response to every other player’s strategy.

3.4 Finding a Nash Equilibrium for our game

Since we do not yet have specific numerical values, we cannot test for a Nash equilibrium
directly. Therefore, let’s find the conditions that are needed to make (Provides subsidy,
Converts to CNG) the Nash Equilibrium for the game under study. Denote the strategy
profile (Provides subsidy, Converts to CNG) by s∗.
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For s∗ to be a Nash equilibrium, we need to necessarily satisfy the following conditions for
the G’s payoff functions:

E − xlti

100
≥ 0 (1)

E − xlti

100
≥ −E′ (2)

And for C’s payoff functions we need:

−K + xlt(−1 +
i

100
) ≥ −yl′t (3)

−K + xlt(−1 +
i

100
) ≥ −K − xlt (4)

It can be shown that the condition (4) is trivially true since:

xlt× i

100
> 0

=⇒ (−K − xlt) + xlt× i

100
> (−K − xlt)

i.e.,

−K + xlt(−1 +
i

100
) > −K − xlt

Therefore we can dispose of condition (4). Also it can be observed that condition (1) implies
condition (2). Therefore getting rid of that too, we have the following two conditions to
satisfy:

E ≥ xlti

100
(α)

yl′t−
(
K + xlt(1− i

100
)
)
≥ 0 (β)
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3.4.1 Selecting an appropriate t

At this point we can choose a value of t to continue with for the remaining analysis. It is
important to note that there is no one “correct” value for t and each value will result in
different analyses with varying degrees of applicability. We should therefore endeavour to
choose a value of t that will increase the applicability of our analysis. Ultimately, however,
the choice will be arbitrary to an extent and cannot be fully justified.

Let’s consider what t really is. It was defined to be the time period over which analysis
is carried. But a more accurate description of would be: the period of time over which
the players perform their benefit-loss evaluations at the time of decision-making. This
gives us an essential hint: it needs to maintain a balance of short-term and long-term
considerations. Keeping this in mind, we select a period of 2 years, i.e., t = 730.

Next we will test if these conditions are satisfied for the values that existed in 2001-
2002.

3.4.2 Testing 2001 for Nash equilibrium conditions

We have the following values for the year 2001 [Reu]:

x = 16.83

Determining the value of y : Recall that we had defined y to be the cost of 1 kg of regular
fuel. Since there is diesel and petrol that qualify for the classification of regular fuel, we
need to take the average of the cost of diesel (Rs 17.06 /litre) and petrol (Rs 28.70 /litre)
to determine y.

y = 17.06+28.70
2 = 22.88

Determining the values of l and l’ : It is difficult to estimate the values of l and l′. Therefore
instead of trying to assign definite values to l and l′, we will find a ratio between the two
quantities. Towards the end of this analysis, we will have to, however, rely on data from
another country.

The average mileage given by CNG is 21km /kg and average mileage given by regular fuel
is 16 km /litre. Thus if the average distance travelled per day is d km, then

l = d
21 and l′ = d

16 .

=⇒ l
l′ = 16

21 ≈ 0.76

i.e., l ≈ 0.76l′
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i = 11.2

K = 33, 000

It is evident that estimating the value of E is a difficult task. The main reason for this
is that the definition of E takes into account the popularity that the government has
with its citizens; even if one was able to measure the government’s popularity in absolute
terms, how would one determine what component of the popularity was due to the positive
environmental changes made possible by the government’s subsidization of CNG? Suffice
it to say we can have only a relational estimate of E; i.e., given another quantity we can
possibly say which is greater using the qualitative understanding we have of both quantities.
With this background, we claim that condition (α) will be satisfied here.

Condition (β) when substituted with the above values, simplifies to the following state-
ment:

The year 2001 created conditions that made (Provides subsidy, Converts to CNG) a Nash
equilibrium if and only if

l′ ≥ 3.92

Is the above inequality true? l′ was defined to be the average regular fuel consumption in
litres. Since data about this quantity is not available for India, we can get an estimate of
it using the data available from the U.S. Department of Transportation Federal Highway
Administration [Tra]. Concerns about its applicability in the Indian context can be put
to rest by observing that Delhi, being a metropolis and well-developed region of India,
approximately resembles the U.S. in the various aspects that could affect this data such as
lifestyle and roads. Making use of the data, l′ comes to be 3.71 litres. This fails to satisfy
the above inequality.

Therefore, 2001 fails to create conditions conducive to make (Provides subsidy, Converts
to CNG) a Nash equilibrium for our game. It should be noted, however, that the margin
between the actual and requisite value of l′ is small.

Comparison with data: The above result on testing 2001 for Nash equilibrium
conditions reflects that the margin between the offered and optimum subsidy is small.
Interpreting the result is indeed tricky. A plausible interpretation is the following: The
conditions created by the government in 2001 offered reasonable fiscal incentives for the
citizens of Delhi to convert to CNG and therefore an appreciable positive migration towards
the usage of CNG should have been observed.

The data supports this interpretation: the number of private vehicles with a CNG kit
rose from 9,500 to 10,350 [Kha] in the period March 2001 to March 2002, an increase of
approximately 9% as compared to 1-2% in other years.
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3.4.3 Selecting the optimum i

Let’s find the optimum value of i that will result in a Nash equilibrium for our game by
continuing with all the values from the 2001 case analysis and with l′ = 3.71.

Evaluating condition (β) with the above values yields the following:

i ≥ 16.38

This means that a subsidy of approximately 16.4% would have made (Provides subsidy,
Converts to CNG) a Nash equilibrium for our game.

3.4.4 Analyzing the Nash equilibrium condition by varying t

Since the value of t we chose was arbitrary to some extent, we will provide an analysis of
what happens to (β) when t is varied.

When we fix all the variables with the values we used for the case analysis of the situation
in 2001 except for t and i, we get the following inequality:

37.431t+ 0.475ti ≥ 33000 (*)

On graphing the inequality (*), with t on the x − axis and i on the y − axis we get the
graph shown below.
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The inequality actually results in two separate shaded regions. But in Graph 1 only one
is shown since other lies in the third quadrant, an impossibility with our parameters i and
t.

Now, it is reasonable to set the following restrictions on i and t:

0 ≤ i ≤ 25

and,

0 ≤ t ≤ 3650

On rescaling according to these restrictions we get the graph shown below.

The red-shaded region represents the points that satisfy the inequality (*). The boundary
between the shaded and unshaded region represents those points (t, i) that not only satisfy
the Nash equilibrium condition (β) but also minimize the value of i for a given t. Note
that the boundary is decreasing : as the value of t increases, the value of i decreases. This
is expected since the subsidy required to compensate for the fixed cost of installing the
CNG kit K will decrease if the recovery time t increases.

The boundary between the shaded and unshaded region therefore gives us a curve for which
the Nash equilibrium conditions are satisfied and subsidy is minimized for each point. The
equation for the curve is:
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37.431t+ 0.475ti = 33000 (γ)

Some points lying on the curve (γ) are given in Table 3.

t i

881.6 0

850 2.93

800 8.04

750 13.83

700 20.4

669.3 25

Table 3: Solutions to condition (β) with minimal i for a given t

It is interesting to note that if the citizen takes into consideration a duration of approxi-
mately 882 days (≈ 2.42 years) in his benefit-loss evaluation, then the minimum subsidy
required from government becomes 0.

4 Conclusion

In this paper, the interaction that takes place between the government and citizen when a
subsidy on CNG is introduced in Delhi is modeled as a two-player game using the powerful
methods of game theory. We analyzed the resulting game to find the conditions to be
imposed on the parameters to make conversion to CNG when offered subsidy, a Nash
equilibrium. The parameters of the year 2001 when tested with the Nash equilibrium
conditions, indicated that there existed reasonable fiscal incentive for the citizens of Delhi
to convert to CNG. This finding was supported by the data too. Then, we found the
optimum value of the subsidy to be approximately 16.4% for our chosen value of recovery
time. Finally, we found a curve that gives solutions to the Nash equilibrium conditions
with minimal subsidy for a given recovery time.

The game theoretic methods of analysis used in this paper give us new insights about
a past environmental policy that can be seen to be applicable to policies of the future.
Furthermore, the game theoretic method can be applied for other policies too, to gain
fresh perspectives other than those offered by data analysis. A viable scenario for this kind
of analysis would be that of the introduction of the Delhi Metro. The author would like to
return to this in a later study.
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