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Abstract: Personal carbon trading (PCT) is a downstream cap-and-trade scheme which 

could be used to reduce carbon emissions from the household sector. To explore the 

effectiveness of this scheme, it is necessary to investigate how consumers respond to 

allowance price change.. In this paper, a general utility optimization (GUO) model and a 

constant elasticity of substitution (CES) utility function are proposed to examine the price, 

substitution and income effects of carbon allowance price changes. It is shown that  

higher income consumers are more sensitive to the allowance price changes than lower 

income consumers. Moreover, the short-run adjustment in consumers’ consumption of 

electricity in response to a change in allowance price would be lower than the long-run 

value. According to the sensitivity analysis, downward (upward) adjustments in the 

elasticity of substitution result in a positive (negative) effect on price effect. The findings 

in this study are used to draw policy implications. Suggestions for future research are also 

provided. 

 

Keywords: Energy; Personal carbon trading; Allowance price; Income effect; Substitution 

effect (JEL codes: Q52, Q56, Q58)
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1. Introduction 

Carbon emissions caused by the energy consumption of households have become a 

significant source of total emissions and have attracted widespread attention from scholars 

and government agencies [1, 2]. For instance, according to Reinders et al.[3] the 

proportion of direct energy (electricity, coal, gasoline, etc.) consumption by the 

households accounts for the total energy demand in different EU countries varies from 34% 

to 64%. In China, about 30% of carbon emissions are generated by households’ energy 

consumption [4]. Moreover, due to the increase in disposable income, population growth, 

mobility, urbanization, and growing penetration of energy intensive appliances in 

households, households’ energy consumption and associated carbon emissions will 

continue to grow rapidly [5-7]. Thus, to avoid catastrophic climate change, changes in 

consumer behavior are generally considered to be an option for CO2 reduction [3]. These 

changes are essential to build awareness of sustainable lifestyles and the synergies 

between policy, technology, and ethical imperatives. It is expected that sustainable 

lifestyles, as one of the carbon mitigation measures, would contribute to carbon reduction 

and mitigate climate change.  

Personal carbon trading (PCT) has been generally regarded as a potentially powerful 

and innovative policy instrument to reduce carbon emissions at the individual and 

household level and promote low-carbon lifestyles. The concept of PCT was first proposed 

by Fleming in 1996 [8]. In recent years, at national government level, it has aroused great 

interest and considerable discussion in the UK where government aims to achieve a 

legally binding emissions reduction target of an 80% cut by 2050 relative to the 1990 level 
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[9]. PCT is usually seen as a variety of the downstream “cap and trade” policies that 

allocate rights and responsibilities for carbon emissions from the household energy use. In 

a PCT scheme, each consumer would be allocated with an initial allocation of carbon 

allowances based on carbon reduction targets, which could be used alongside traditional 

money, to cover the consumer’s emissions associated with the consumption of energy 

commodities, such as gas, coal, electricity and so on. Such allowances could also be 

traded between consumers. The over-emitters who emit more than their initial allowances 

have to buy extra allowances from the under-emitters who emit less than their allowances 

allocated. The demand and supply of allowances, which would be influenced by initial 

allowance allocation, energy emission rate, energy price and so on, will determine their 

price [10]. 

As a market-based approach to internalize environmental externalities at the level of 

personal emissions, PCT scheme provides a pricing mechanism for carbon emissions and 

a market for trading allowances. Specifically, allowance price enhances the cost of a 

high-carbon lifestyle and can pass through a more direct signal to reduce carbon emissions. 

The higher the allowance price, the more the consumers would be willing to shift from 

carbon intensive energies to less carbon intensive ones [11, 12]. Therefore, the carbon 

allowance price plays a critical role to affect consumers’ consumption decision making, 

especially the decision of energy consumption. 

Considering the importance of the allowance price, it is essential to explore its effect 

on consumers’ energy demand which reflects the effectiveness and efficiency of the PCT 

scheme to reduce carbon emission. In a PCT scheme, carbon allowances could be viewed 
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as a form of complementary currency (CC) which could be used to solve some 

environmental problems that conventional currency cannot address directly [13]. Since 

allowances and energy can be treated as complementary goods, the allowances could be 

used either for supporting energy consumption or for being exchanged for money to 

generate a benefit [14]. When allowance price changes, the opportunity cost of selling 

allowances and the purchasing cost of energy consumption will change. Because of the 

heterogeneity of consumers, different consumers may have different responses to 

allowance price change in different periods. 

However, these arguments are based on qualitative judgments rather than quantitative 

analyses. There is little research on how allowance price affects personal energy demand 

of different consumers. This study attempts to fill the void in the literature. The remainder 

of the paper is organized as follows. Section 2 provides a literature review. Section 3 

introduces a theoretical model to obtain the formulae of the price effect, substitution effect 

and income effect under the PCT scheme. Section 4 evaluates the parameters of the model. 

Sections 5 and 6 present the results, discussion and sensitivity analysis. Finally section 7 

concludes the paper and points out the implication and limitations of the results. 

 

2. Literature Review 

The potential for the introduction of PCT at individual or household level has 

attracted much attention in both academic research and policy making. Specifically, in 

2010, the Climate Policy journal devoted a special issue to PCT scheme with ten articles. 

Most studies focused on scheme design, implementation, distributional effects, its 
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comparison with other emission reduction instruments such as carbon tax (CT) and 

upstream trading scheme [9, 15-18]. 

Under a PCT scheme, a key issue discussed by researchers is how the initial 

allowance allocation to consumers is carried out [17]. There are two basic choices for 

supplying initial allowance to individuals or households. The first choice is that 

allowances are allocated for free and the second one is that allowances would be auctioned. 

From the perspective of economic efficiency, it is often deemed to be more efficient if 

initial allowances are auctioned, rather than issued free of charge [19]. Many researchers 

however believed that the problems of political and social acceptability would be 

minimized through the way of free allocation of allowances, because it allows individuals 

or households to consume a certain amount of energy without bringing about any 

additional cost. Generally speaking, PCT is based on the egalitarian principle of equity 

[20], which is inspired by the international carbon reduction proposal of ‘contraction and 

convergence’, that is, everyone has an equal right to emit greenhouse gases [21]. Current 

studies on PCT were mainly based on the assumption of equal per capita or household 

allocation (usually free) as their analytical starting point. In this paper, we adopt the same 

assumption. 

Some authors have compared PCT with the existing policy instruments in practice, 

such as carbon taxes and upstream trading schemes [22]. Weitzman [23] argues that taxes 

and tradable permits are theoretically equivalent in terms of efficiency and effectiveness. 

However, a carbon tax policy is a price-based environmental regulation which fixes the 

allowance price and lets the market determine the amount of carbon emissions emitted, 
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while a PCT scheme is mainly a quantity-based instrument which fixes the quantity 

emitted and lets the allowance price be determined by the market. It is argued that, if there 

is uncertainty over the cost function, it is better to fix the price through a tax policy, and if 

there is uncertainty over the damage function, fixing the quantity through a trading system 

is more appropriate [24, 25]. In the context of climate change, the damage function is 

uncertain due to the time lag between emissions and their effect on the environment, and 

potentially catastrophic impacts of missing abatement targets [17]. 

One of the merits of price based regulation, such as the carbon tax, is the simplicity 

and ease of implementation and administration [26]. A government can directly set the 

level of a tax, while it cannot set in advance the allowance price in a PCT scheme. The 

price signal of carbon taxes is certain, and the price response function of consumers 

associated with the amount of reductions is determined by the elasticity of energy demand. 

According to the price elasticity of energy demand1, carbon tax can be designed to obtain 

significant reductions in carbon emissions from the residential sector [26]. However, the 

tax rate is the same for all consumers. Therefore, this scheme is regressive because lower 

income households are paying proportionately more than higher income households [27]. 

In contrast, the PCT scheme which combines economic incentives and quantity control is 

believed to be progressive [28]. In a PCT scheme, everyone could obtain a certain amount 

of equal allocation of allowance free of charge, which represents the characteristic feature 

of equity [29]. Some have argued further that, since low-income consumers tend to emit 

less carbon than high-income ones, low-income consumers could obtain extra income by 

                                                             
1 Price elasticity values vary between -0.3 for the short-term and -0.7 for the long-term [28]. 
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selling their unwanted carbon rights to those more wealthy in the market [19].  

When comparing upstream trading scheme with downstream trading scheme, it is 

common to discuss the difference between them. Upstream trading schemes could be more 

transparent, simpler, cheaper, and quicker to implement in practice [30]. In an upstream 

trading scheme, the allowances are allocated to fuel suppliers and importers [31]. 

Nowadays, the world’s biggest upstream emission trading scheme is European Union 

emission trading scheme (EU ETS), which covers emissions from energy-intensive 

industries [32]. Under this scheme, the cost of purchasing allowance will affects the cost 

of energy or some other goods supplied to consumers. Companies will seek to 

pass-through this costs to the consumers by building it into fuel price[31, 32]. Moreover, 

many studies show that the effective pass-through rate of carbon cost is determined by the 

elasticities of demand and supply [33, 34]. PCT could be regarded as a market-based 

approach to curb carbon emissions, which combines the economic incentives and quantity 

control. First, the allowance price provides a direct price signal and economic incentive 

for consumers to change their high-carbon consumption behaviors, though the price signal 

is unknown and might be weak or null [35]. Second, the allowance constraints under a 

PCT scheme offer certainty about the goals of carbon abatement, which are uncertain 

under a carbon tax policy. In addition, PCT would provide an incentive for people to 

cooperate and collaborate with others to achieve shared reduction goals, under which 

people would become more aware of their personal emissions and more prone to 

considering ways to reduce their emissions [13]. 

In existing studies, few researchers have investigated consumers’ behavioural 
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response to PCT, especially the response to allowance price change. Only a few studies 

explore this issue from the perspective of public acceptability [36-38 ]. To explore the 

effectiveness and efficiency of the PCT scheme to reduce carbon emission, it is necessary 

to investigate how consumers’ response to allowance price changes. This study employs a 

general utility optimization (GUO) model and a generalized constant elasticity of 

substitution (CES) utility function to examine the price, substitution and income effects of 

allowance price. It takes into account of several factors such as initial allowance allocation, 

energy emission rate, energy price, and income budget. These factors are important 

determinants of implementing a PCT scheme.  

 

3. Methods 

A PCT scheme incorporates energy consumption choices into a decision-making 

frame [19]. This decision-making process can be framed as a budgeting process which 

may encourage self-control over one’s carbon emissions through basic economic 

mechanisms [39]. It is reasonable to assume that consumers allocate expenditure between 

energy goods and non-energy goods [40]. The model is based on the theory of consumer 

choice behavior which assumes that a rational consumer always chooses consumption 

bundles to maximize utility subject to budget constraints. Table 1 shows nomenclature for 

the mathematical symbols used in this study. 
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Table 1 Summary of the mathematical symbols 

Symbol Description 

I  Income budget 

p  Energy price vector 

q  Non-energy commodity price vector 

cp  Allowance price 

x  Energy consumption vector 

y  Non-energy consumption vector 

c  Energy emission rate vector 

ψ  Carbon allowance quantity traded 

ω  Initial allowance allocation 

α  and β  Exponents of utility function and 1α β+ =  

( )ix ⋅  Marshallian demand function 

( )ih ⋅  Hicksian demand function 

P  Total price vector 

Y  Total income budget 

( )v ⋅  Indirect utility function 

PE  Allowance price effect on energy demand 

SE  Substitution effect 

IE  Income effect 

 

3.1. A GUO model under the PCT scheme 

For simplicity, the consumption bundle is assumed to consist of two categories, 

namely, energy goods x  and non-energy goods y . In a PCT scheme, a consumer not only 
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must pay money, but also needs to pay or surrender certain carbon allowances when the 

consumer purchases energy. Thus, the consumer’s utility optimization is subjected to two 

constraints, namely, income budget and initial carbon allowance. Assume the consumer 

under the scheme is a price-taker. The consumer’s optimal choice behavior can be 

captured by the following utility maximization problem: 

max ( , )

. . c

u u x y
px qy p I

s t
cx

ψ
ψ ω

=

+ + ≤
 − ≤

                                                    (1) 

where ( , )u x y represents the consumer’s general utility function, '
1 2( , , , )mx x x x= ⋅⋅⋅  is an 

energy consumption vector, '
1 2( , , , )ny y y y= ⋅⋅⋅  is a non-energy consumption vector, I is 

the income budget, 1 2( , , , )mp p p p= ⋅⋅⋅  is an energy price vector, 1 2( , , , )nq q q q= ⋅⋅⋅  is 

the non-energy commodity price vector , cp  is the allowance price, 1 2( , , , )mc c c c= ⋅⋅⋅  is 

the energy emission rate vector, and ψ  is the carbon allowance quantity traded. If 0ψ > , 

the consumer is an over-emitter who needs to purchase allowances. Conversely, if 0ψ < , 

the consumer is an under-emitter and can sell surplus allowances to obtain extra incomes. 

ω  is the initial allowance allocated for each consumer. 

The constraint conditions of equation (1) imply 

( )c cp p c x qy I p ω+ + ≤ +                                                   (2) 

Let cP p p c= +  and cY I p ω= + , then equation (2) can be expressed as 

Px qy Y+ ≤                                                             (3) 

where 1 1 2 2( , , , )c c m c mP p p c p p c p p c= + + ⋅⋅⋅ +  is the total price vector and Y  is the total 

income budget. Equation (3) is defined as the total income budget constraint.  

Define the indirect utility function ( , , )v P q Y  as the highest level of utility the 
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consumer could reach given prices P , q  and budget Y  [41, 42]. Then 

1

( , , ) m
i

ic i c c

Pv P q Y v v Y
p P p Y p=

∂∂ ∂ ∂ ∂
= +

∂ ∂ ∂ ∂ ∂∑                                            (4) 

Roy’s identity implies [35] 

Y i
i

v v x
P

∂
= −

∂
                                                            (5) 

Thus, through the manipulation of equations (1) and (3), the following identity is 

obtained 

( , , ) m

Y i i Y Y
ic

v P q Y v x c v v
p

ω ψ∂
= − + = −

∂ ∑                                        (6) 

The duality theorem implies [42]  

( , , ) ( , ( , , ))i ix P q Y h P v P q Y=                                               (7) 

where ( , , )ix P q Y  is the Marshallian demand function, and ( , ( , , ))ih P v P q Y  is the 

Hicksian demand function. 

The partial derivatives of equation (7) with respect to Y and cp  are presented as 

follows 

( , , )iY iv Yx P q Y h v=                                                      (8) 

Computing the partial derivative of ix  with respect to cp , we have 

( , , )
υ

∂∂ ∂ ∂ ∂ ∂
= + = +

∂ ∂ ∂ ∂ ∂ ∂∑ ∑ji i i
ij j i

j jc j c c c

Px P q Y h h v vh c h
p P p v p p

                           (9) 

Substituting equations (6) and (8) into equation (9) to obtain 

( , , ) ( , , )i
ij j iY

jc

x P q Y h c x P q Y
p

ψ∂
= −

∂ ∑                                         (10) 

According to the consumer behavior theory [42], it can be concluded that equation 

(10) is the Slutsky decomposition of allowance price effect (PE) on energy demand. The 
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substitution effect (SE) and income effect (IE) can be represented as 

ij j
j

SE h c= ∑                                                           (11) 

( , , )iYIE x P q Y ψ= −                                                      (12) 

3.2. A specific utility function model of GUO model 

In this section, a generalized constant elasticity of substitution (CES) utility function 

is employed to obtain the specific formulae for the price effect, substitution effect and 

income effect of allowance price on energy demand. The input factors in our model are of 

two types, namely, energy commodities x  and non-energy commodities y . The CES 

utility function, which is homothetic, provides a quantitative illustration of the relationship 

between energy commodities and non-energy commodities, and how consumers react to 

changes in allowance price [43]. Consider a static, closed economy with a representative 

agent, the utility function can be written as: 

1

( , ) [ (1 ) ]U x y x yρ ρ ρα α= + −                                              (13) 

where α  expresses the weight on the payoff to energy commodities, ρ  is substitution 

parameter which determines the elasticity of substitution σ  through the relation: 

1/ (1 )σ ρ= − . As the values of the parameters α  and ρ  change, the CES utility 

function spans a wide range of social preferences. According to the economic literatures, 

the value of σ  will not be negative because of the convexity of the indifference curves 

[44]. As ρ  varies from one to negative infinity, there will be three special cases of the 

generalized utility function: perfect substitute utility function ( 1ρ = ), Cobb-Douglas 

utility function ( 0ρ → ) and perfect complement utility function ( ρ → −∞ ). The 

constraints in this CES utility function under PCT scheme are similar to those in the 
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general model. Thus, the consumer’s utility maximization problem can be transformed 

into the following canonical form: 

1

1

2

( , ) [ (1 ) ]
shadow price

.
0 shadow price

c

x

MaxU x y x y
px qy p I

s t
c x

ρ ρ ρα α
ψ

ψ ω

= + −

+ + ≤  (   ∂  )
 − − ≤      (   ∂  )  

                                   (14) 

where p  is the energy commodity price, q  is the non-energy commodity price, cp  is 

the allowance price, xc  is the energy emission rate, I  is the income budget, ψ  is the 

carbon allowance quantity traded, and ω  is the initial allowance allocated for each 

consumer. 

The shadow prices 1∂  and 2∂  are defined as the marginal changes in the objective 

function with respect to an increase in the right-hand side of the constraint conditions. 

According to Hobbs et al. [45], the constraints in equation (14) imply that the shadow 

prices are positive. Solving the problem in equation (14) involves a linear program whose 

Karush-Kuhn-Tucker (KKT) optimality conditions are shown in Appendix A.  

3.2.1. Substitution effect  

According to equations (11) and (B8), the following formulae is obtained 

1
1

2
1

1

[ ]
1 (1 )

1
[(1 )[ ] ]

(1 )

x ii i x

q
PSE h c qUP c

q
P

ρ

ρ ρ
ρ ρ

α
αα

ρ αα α
α

−

−
+

−

−= =
−

− +
−

                   (14) 

where U  is the minimum utility level required by the consumer (see Appendices A and 

B for the detailed derivation process). 

Since the value of the elasticity of substitution σ will not be negative, the symbol of 

1/ ( 1)ρ − will be negative. Thus, Equation (14) implies that the substitution effect of 
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allowance price on energy demand is always negative. This is consistent with the 

traditional economic theory of consumer choice [46]. Koutsoyannis [47] argues that the 

negative substitution effect is an inevitable consequence of the “preference hypothesis”. 

The logic is that a price increase of one good alters the relative prices and induces 

substitution of the relatively cheaper good for the relatively more expensive good. In a 

PCT scheme, when the allowance price rises, the total price of energy will also rise, and 

hence the substitution effect will be negative for all consumers, namely, both the 

over-emitter and the under-emitter. 

3.2.2. Income effect  

However, the income effects for the under-emitter and the over-emitter will be 

different. Equations (12) and (A15) imply 

( , , )
1x iY

KIE x P q Y
KP

ψ ψ= − = −
+

                                      (15) 

where K  is equal to 
1

11 1( )P
q q

ρα
α

−− , and ψ  is equal to / (1 )xKYc KP ω+ − . 

Thus if 0ψ >  or the consumer is an over-emitter, the income effect is negative, and 

then the total price effect is negative. That is, the energy demanded by the over-emitter 

will always decrease when the allowance price increases. The over-emitter should 

purchase additional allowance to maintain a high-carbon lifestyle. When the allowance 

price rises, the consumer’s real income will decrease and thus the income effect will be 

negative. 

However, if 0ψ <  or the consumer is an under-emitter, the income effect is positive. 

The under-emitter could sell surplus allowances to gain extra income. When the allowance 

price increases, the income obtained through the sale of surplus allowances will rise and 
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thus the income effect will be positive. Therefore, the influence of allowance price on 

energy demand will be determined by the negative substitution effect and the positive 

income effect jointly.  

 

4. Simulation  

To explore how different consumers react to a PCT scheme and try to manage it 

differently, in this section, we will utilize electricity consumption statistics to estimate the 

parameters of our CES utility model if a PCT scheme is introduced in the US residential 

sector. In the U.S., the residential sector accounts for 37 percent of national electricity 

consumption and 17 percent of carbon dioxide emissions [48]. For simplicity, it is 

assumed that the PCT scheme only covers the household electricity consumption in the 

simulation analysis.  

For the simulation analysis, the parameters in the model are assessed as follows. The 

average household income in several percentile groups is obtained from the US Census 

Bureau [49] (see Table 3). Since the electricity charge is calculated according to the family 

unit not the number of members in the family, the average household income can be used 

to represent I defined in equation (1). According to 2013 OECD data reported by IEA 

[50], the average emission rate of electricity xc  was 0.48 kg/kWh2 and the electricity 

price p  in the residential market was $0.12/kWh. 

  

                                                             
2 The renewable electricity is taken into account. 
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Table 3 Distribution of American Household Income in 2013 

Percentile Average Household Income in U.S. ($) 

Lowest 20% 11,544 

21%-40% 30,919 

41%-60% 52,717 

61%-80% 83,937 

81%-100% 189,718 

Top 5% 339,950 

Source: US Census Bureau. 

The appropriate allocation of carbon allowances is critical for the allowance market, 

where too high or low an allocation of initial allowances would cause market failure [10]. 

In order to set an appropriate level of initial carbon allowances, we will allocate an equal 

allowance to each household based on current electricity consumption [51]. The U.S 

Department of Energy’s Energy Information Administration (EIA) reports annual 

electricity consumption per-household of 10,808 kWh in 2005 [52].3 At the Copenhagen 

climate meeting in December 2009, President Obama pledged the United States emissions 

reduction in the range of 17 percent below the 2005 level by 2020 [53]. To meet this 

carbon emission reduction target, the average annual emission reduction rate should be 

about 1.3 percent. If this emission reduction target is met, household emissions from 

electricity consumption would be 4648 kg in 2013. For the purpose of simulation, it is 

assumed that the initial allowance allocation is 4,648ω =  kg.  

                                                             
3 The U.S. Energy Information Administration periodically publishes the Residential Energy Consumption Survey 
(RECS), a national area-probability sample survey that collects residential energy-related data, available at 
http://www.eia.gov/electricity/monthly/epm_table_grapher.cfm?t=epmt_5_1. 
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Varian [54] uses three different techniques to estimate the parameters of a utility 

function. In this study, the average expenditure share of each good is used to estimate the 

parameter α . Since the parameter α  in the simulation analysis represents the 

commodity share of electricity x  in total expenditure, the parameter can be estimated as 

follows 

1 , 1
n

xt t

t k t

p x
n k Te

α β α
=

⋅
= = −

− ∑                                              (16) 

where xtp  is the electricity price in year t , tx  is average electricity consumption per 

capita in year t , tTe  is the household final consumption expenditure per capita in year t , 

k and n  represent the start and end points of the time interval, respectively. 

As shown in Table 4, the data include average electricity consumption, electricity 

price, and total annual expenditure from 2003 to 2012. Through calculation based on 

equation (18) and the data in Table 4, the value of α  is 0.02. This number is close to the 

observed ones. The allowance price cp  is assumed to be $0.03/kg, which is similar to the 

value provided by McNamara and Caulfield [16] and Brauneis et al. [55]. 

Table 4 The data for estimating parameters 

year tx (kWh) 
xtp ($/kWh) tTe ($) 

2003 4,375.28 0.09 28,191.17 
2004 4,400.75 0.09 29,004.61 
2005 4,576.89 0.10 29,745.88 
2006 4,507.55 0.10 30,347.18 
2007 4,613.91 0.11 30,734.81 
2008 4,527.11 0.11 30,341.88 
2009 4,430.53 0.12 29,620.24 
2010 4,667.01 0.12 29,946.16 
2011 4,559.67 0.12 30,468.08 
2012 4,373.81 0.12 30,902.85 

Source: The World Bank database and OECD database. 
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A key parameter that drives utility analysis under a PCT scheme is the elasticity of 

substitution between energy and non-energy goods in the household’s CES utility function. 

In this study, the value of parameter σ  is estimated by Lecca et al. [56] who use a 

conventional general maximum entropy (GME) estimation method to obtain that the short 

and long-run elasticity of substitution is equal to 0.35 and 0.61, respectively.  

 

5. Results and Discussion 

Given the parameters identified in section 4 and equations (14) and (15), the income 

effect, substitution effect and the price effect of allowance price on electricity demand in 

the short and long-run can be calculated. The specific results are presented in Tables 5 and 

6. The allowance price effect on electricity demand in both short and long-run is negative 

for all households with different income. Thus, when the allowance price rises, the 

consumer will reduce electricity consumption. It is effective to introduce a PCT scheme 

for carbon emission reduction. Through a stated-preferences survey, Raux et al. [57] 

shows that PCT could effectively change energy consumption behavior and hence reduce 

carbon emissions. If this scheme is introduced, a market price for carbon allowances 

would emerge and high carbon lifestyles would cost more than they currently do. The 

market price signal could provide incentives for a transition to low-carbon lifestyles such 

as the purchase of clean-energy vehicles and reduction in car usage [58]. Starkey and 

Anderson [59] also note that if consumers are confronted with an explicit ration of carbon 

allowances, they would become more aware of their personal emissions and spend more 

time and effort considering ways to reduce their emissions.  
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Table 5 The effect of allowance price on electricity demand in the short-run 

Scenario I Short-run ( 0.35σ = ) 

percentile I  IE  SE  TE  

Lowest 20% 11,544 857.96 -6350.40 -5492.44 

21%-40% 30,919 158.45 -16899.83 -16741.38 

41%-60% 52,717 -628.54 -28768.44 -29396.98 

61%-80% 83,937 -1755.71 -45767.12 -47522.83 

81%-100% 189,718 -5574.81 -103362.78 -108937.59 

Top 5% 339,950 -10998.76 -185161.11 -196159.87 

Source: Authors’ own calculation. 

Furthermore, the results in Tables 5 and 6 show that consumers with different income 

levels would have different responses to allowance price change. As shown in Table 5, 

consumers with higher income will be more sensitive to the allowance price changes than 

consumers with lower income. This finding is consistent with our expectation as 

consumers with higher income may need more allowances to maintain their daily 

electricity consumption than the lower income consumers [19].  

 Table 6 The effect of allowance price on electricity demand in the long-run 

Scenario II Long-run ( 0.61σ = ) 

percentile I  IE  SE  TE  

Lowest 20% 11,544 624.48  -7329.08  -6704.60  

21%-40% 30,919 361.99  -19488.67  -19126.69  

41%-60% 52,717 66.66  -33168.89  -33102.23  

61%-80% 83,937 -356.32  -52762.26  -53118.58  

81%-100% 189,718 -1789.47  -119149.38  -120938.84  

Top 5% 339,950 -3824.85  -213433.50  -217258.35  

Source: Authors’ own calculation. 
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It is important to explore the difference of consumers’ response to allowance price 

change in different periods. As shown in Tables 5 and 6, the short-run adjustment in 

consumers’ consumption of electricity in response to a change in allowance price would 

be lower than that in the long run. Two reasons could be given to explained this difference. 

First, there may be a degree of inertia in electricity consumption which suggests that the 

process of consumers’ electricity consumption habit change takes time. Second, for full 

adjustment of their electricity consumption in response to the allowance price change, 

consumers may have to invest in new energy-saving durables, which only occurs in the 

long run.     

In addition, Table 5 illustrates that for households in the lowest 20% and 21%-40% 

percentile their income effects are positive in the short run. According to Section 3.2.2, it 

is known that these households are under-emitters. Households in other groups (41%-60% , 

61%-80% and 81%-100%) are over-emitters, since their income effects are negative. 

However, Table 6 shows that income effects are positive for households in the 20% , 

21%-40% and 41%-60% percentile and negative for other households (61%-80% and 

81%-100%) in the long run. Thus, the role of the households in 41%-60% percentile is 

different over time. This difference may be due to the improvement of energy efficiency of 

household appliances in the long run. The increase in energy efficiency in the long run 

allows consumers to obtain the same utility level by using less electricity than that 

required in the short run. Thereby the need of carbon allowances will decrease in the long 

run. Therefore, there will be more consumers transitioning from over-emitters to 

under-emitters in the long run, which implies that PCT would be an effective policy 
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instrument to guide consumers to more effective and efficient use of energy. 

 

6. Sensitivity analysis 

Table 7 Results of sensitivity analysis of the changes in the elasticity of substitution 

Note： σ∆ is the change rate of  elasticity of substitution, TE∆  is the change rate of price effect. 

According to the discussion in the preceding section, the adjustment range of 

consumers’ electricity consumption in response to allowance price changes is closely 

related to the value of elasticity of substitution. In fact, the change of elasticity of 

substitution may have a significant effect on our findings. Thus, in this section, we 

perform a sensitivity analysis check to further explore this effect. The value of elasticity of 

substitution changes from -20% to +20% of the baseline values of elasticities in the 

short-run and long-run, respectively. 

As shown in Table 7, downward adjustments in the short-run elasticity of substitution 

     

             σ∆  

TE∆  

Short run Long run 

Baseline value: 0.35σ =  Baseline value: 0.61σ =  
-20% 

(σ=0.28) 
+20% 

(σ=0.42) 
-20% 

(σ=0.49) 
+20% 

(σ=0.73) 
Percentile TE∆  TE∆  TE∆  TE∆  

Lowest 20% 15.16% -10.55% 4.01% -1.33% 

21%-40% 11.38% -7.60% 1.95% -2.65% 

41%-60% 10.58% -6.98% 1.49% -2.95% 

61%-80% 10.18% -6.66% 1.25% -3.11% 

81%-100% 9.81% -6.38% 1.02% -3.25% 

Top 5% 9.69% -6.28% 0.94% -3.30% 
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by -20% result in an enhanced effect of price changes for all households. On the contrary, 

the upward adjustments in the short-run elasticity of substitution of +20% result in a 

reduced effect of price changes for all households. Moreover, the results of the sensitivity 

analysis in the long-term are similar to those in the short term. The difference is that the 

variation in the response to allowance price changes is different across various income 

groups which could be observed in Table 7. The sensitivity test indicates that when the 

value of elasticity of substitution is larger, the consumers’ adjustment to the allowance 

price changes both in the short-run and long-run tends to be greater.  

 

7. Conclusion  

PCT is a new, untried policy proposal to reduce carbon emissions at the household 

level by using carbon rationing and tradable emission allowances. It is a downstream 

extension of the “cap and trade” scheme in the production sectors, with the aim to provide 

market signals and incentives for consumers to adapt to lower-carbon lifestyles. To 

explore the effectiveness of the PCT scheme, it is necessary to investigate how consumers 

respond to allowance price changes. This paper mainly focuses on the allowance price 

effects on electricity demand considering different elasticities of substitution.  

First, it is shown that the allowance price effect on electricity demand is negative for 

all households both in the short-run and long-run. Thus, when the allowance price rises, 

consumers will reduce electricity consumption. It is effective to introduce a PCT scheme 

for carbon emission reduction. Second, it is found that consumers with different income 

would have different responses to allowance price changes. Consumers with higher 
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income would be more sensitive than consumers with lower income. Third, the short-run 

adjustment in consumers’ consumption of electricity in response to a change in allowance 

price would be lower than that in the long-run. Finally, the sensitivity analysis shows that 

downward (upward) adjustments in the elasticity of substitution result in an enhanced 

(reduced) effect of price changes. 

Although this study presented some interesting findings, it can be extended to 

accommodate a number of factors that are also likely to be important in practice. For 

instance, transaction costs are not included in this study. In addition this paper has ignored 

the banking and borrowing of allowances which may smooth the marginal cost of 

abatement over time. A model that allows for banking and borrowing would bring the 

analysis a significant step closer to the reality of implementing the PCT system. 

 

Acknowledgements 

The authors acknowledge the National Natural Science Foundation of China (71301157, 

71571172 & 71473105) for generous financial support and editors of the Journal and 

several anonymous reviewers for constructive comments and suggestions. 

 

Appendix A 

The consumer solves the following utility maximization problem 

1

1

2

( , ) [ (1 ) ]
shadow price

.
0 shadow price

c

x

MaxU x y x y
px qy p I

s t
c x

ρ ρ ρα α
ψ

ψ ω

= + −

+ + ≤  (   ∂  )
 − − ≤      (   ∂  )                                     (A1) 

Solving the linear programming problem in equation (A1) requires the following 



23 
 

Karush-Kuhn-Tucker (KKT) optimality conditions  

1 1
1

1 20 [ (1 ) ] 0xx x y x p cρ ρ ρρα α α
−

−≤ ⊥ + − − ∂ − ∂ ≥                               （A2） 
1 1

1
10 (1 )[ (1 ) ] 0 0y x y y qρ ρ ρρα α α

−
−≤ ⊥ − + − − ∂ = ≥                          （A3） 

1 20 0cpψ≤ ⊥ −∂ + ∂ ≥                                                 （A4） 

10 0cpx qy p Iψ≤ ∂ ⊥ + + − ≥                                            （A5） 

0 0xc x ψ ω≤⊥ − − ≥                                                    （A6） 

where ⊥  indicates orthogonality between two vectors, which in this case simply 

expresses the complementary slackness condition in linear programming. 

According to the Karush-Kuhn-Tucker (KKT) conditions we have 

1
1 2

1
1(1 )

xp cx
y q

ρ

ρ

α
α

−

−

∂ + ∂
=

− ∂
                                                （A7） 

x

x
c

ψ ω+
=                                                             (A8) 

cpx p Iy
q

ψ− − +
=                                                      (A9) 

1 2 0cp− ∂ + ∂ =                                                        (A10) 

Let c xP p p c= +  and cY I p ω= + . Substituting equations（A8）into (A9), we have  

( )c c xp I p p c x Y Pxy
q q

ω + − + −
= =                                        (A11) 

Substituting equation (A10) into equation (A7), we have 

1 1
1 11 1( ) ( )c xp p cx P

y q q
ρ ρα α

α α
− −+− −

= =                                      (A12) 

Substituting equation (A11) into equation (A12), we have 
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1
1

1
1

1( )

11 ( )

P Y
q qx

P P
q q

ρ

ρ

α
α

α
α

−

−

−

=
−

+

                                                 (A13) 

Let 
1

11 1( )PK
q q

ρα
α

−−
= . Substituting equation (A13) into equation (A11), we have  

1
(1 )

y
q KP

=
+

                                                      （A14） 

1
KYx

KP
=

+
                                                         （A15） 

The indirect utility function is 

11( , , ) [ ( ) (1 )( ) ]
1 (1 )

KYv P q Y
KP q KP

ρ ρ ρα α= + −
+ +

                           （A16） 

 

Appendix B 

To calculate the substitution effect, we need to obtain the Hicksian demand function. The 

optimization model for the consumer can be represented as follows:  

1
1

2

min ( , )
( )

. .
[ (1 ) ] ( )

c

x

C x y px qy p
c x shadow price

s t
x y U shadow priceρ ρ ρ

ψ
ψ ω φ

α α φ

= + +

+ ≥                          

 + − ≥       

                            （B1） 

where U  is the minimum utility level required by the consumer.  

The Karush-Kuhn-Tucker (KKT) optimality conditions for the inequality constrained 

optimization problems are  

1 1
1

1 20 [ (1 ) ] 0xx p x y x cρ ρ ρραφ α α φ
−

−≤ ⊥ − + − ⋅ + ≥                                 (B2) 
1 1

1
10 ((1 )) [ (1 ) ] 0y q x y yρ ρ ρρα φ α α

−
−≤ ⊥ − − + − ≥                                 (B3) 

20 0cpψ φ≤ ⊥ − ≥                                                      (B4) 
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1

10 [ (1 ) ] 0x y Uρ ρ ρφ α α≤ ⊥ + − − ≥                                             （B5） 

20 0xc xφ ψ ω≤ ⊥ + − ≥                                                        （B6） 

Combining equations (B2), (B3) and (B4) produces: 

1

1(1 )
x cp c px

y q

ρ

ρ

α
α

−

−

+⋅
=

−
                                                  (B7) 

Let c xP p p c= + . Combining equations (B5) and (B6), we obtain the Hicksian demand 

function for consumer is 

 
1

1( , , ) [(1 )[ ] ]
(1 )i

qh P q U U
P

ρ
ρ ραα α

α

−
−= − +

−
                                 (B8) 

Computing the partial derivative of ih  with respect to P , we have 

1
1

2
1

1

[ ]
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1
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ii

q
Ph qUP

q
P

ρ
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