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a b s t r a c t
Different policies have been implemented around the world seeking to deliver demand response
potential in the electricity markets. Externalities, namely the CO2 externality, have been one of the key
concerns in the debate on the effectiveness of different policies regarding demand response development.
Although most previous researches have centred on the short-term assessment of different policy choices
to tackle the CO2 externality, little work has been focused on the long-term impacts, such as changes in
welfare and investment dynamics, in consequence of the implementation of such policies. This paper
relies on a long-term market simulation model to examine long-term dynamics of two speciﬁc policies
presently used by policy makers. The ﬁrst policy relates to the correction for the externality by setting
a CO2 price at a level equal to the social cost of the associated CO2 emissions. The second policy consists
in subsidizing carbon-free technologies such as demand response. We test for each policy two different
scenarios regarding the possibility of internalization of the CO2 externality. The results show that in the
long-run different policies should affect both investments and social costs, a market-driven development
of demand response with the internalization of the CO2 externality being the most efﬁcient approach.
Ó 2015 Elsevier Ltd. All rights reserved.

Introduction
The energy sector faces unprecedented challenges on environmental sustainability, security of supply and competition. In this
context, demand side management presents a large potential
which, however, has remained insufﬁciently addressed [17].
Demand response (DR) refers to the provision of incentives to consumers for optimally managing their electrical consumption [2].
DR has been gaining interest recently, as power systems become
more congested and as renewable energy penetration increases.
DR deployment may result in signiﬁcant beneﬁts for power
systems by allowing a large participation of ﬁnal consumers in
wholesale electricity markets [23].
In this context, different programs and policies have been implemented around the world to develop DR potential [24,20,8]. These
programs have taken different forms depending on the type of
approach used to induce DR development, ranging from wholesale
market participation and capacity mechanisms to technologyoriented programs and promotion subsidies prioritizing DR among
others.
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In recent years hot debates about the efﬁcient way to incentivize DR in wholesale markets have taken place in different parts
of the world [7,9]. For example, in the US, these debates have
focused on two options to remunerate in the wholesale market
the DR actions provided by retail customers: (i) paying DR the
same wholesale price that generation when demand is reduced
or, (ii) paying less than the wholesale price to DR, concretely, the
wholesale price minus the (generation) rate at which retail customer would have purchased the electricity, had he consumed
(LMP-G rule). In March 2011, after two years of strong disputes,
FERC (the energy regulator) issued an order (order 745) in favor
of the ﬁrst option [21]. Parties opposed to FERC’s action have taken
the issue to court [1]. The debates among energy economist start
again.
There is an almost general consensus among energy economists
about the inefﬁciency of the rule chosen by FERC analyzed in a context of a ‘‘perfect’’ world, i.e., in a world without externalities.
Indeed, it is economically justiﬁed that the retail consumer should
receive less than the wholesale price when remunerated for its DR
action: retail customer has to buy the energy before selling it back
to the market (the term G is indeed the cost of this purchase). If DR
is remunerated at the wholesale price, the incentive for its deployment will be too high and, the outcome will consequently be
inefﬁcient.
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However, energy economists do not agree on the efﬁciency of
the FERC decision in the presence of externalities. The externality
that is often mentioned in the debates to justify asymmetrical
treatment of DR is the lack of internalization of the social cost of
CO2 emissions.1 On the one hand, some economists argue that the
option chosen by FERC is an inefﬁcient subsidy to DR, distorting markets and investments [4,5,16]. For them other measures to tackle
CO2 externalities exist, such as pricing CO2 emissions. On the other
hand, other economists perceived the option selected by FERC as a
second-best solution to compensate DR for externalities [11].
The impact assessment of different policies to cope CO2 externalities has also been a critical issue for reﬂexion among regulators, policy makers and academics when designing and
implementing demand response policies. Although most previous
researches have centred on the short-term assessment of different
policy choices to tackle the CO2 externality [18,22,19,25], little
work has been focused on the long-term impacts [15], such as
changes in welfare and investment dynamics, in consequence of
the implementation of such policies.
The purpose of this paper is to assess the long-term dynamic
effects of alternative DR development policies. We examine three
different cases of DR development: (case 1 – no policy/reference
case) one driven by the market in presence of the CO2 externality;
(case 2) a second driven by speciﬁc subsidies for DR in presence of
the CO2 externality; and (case 3) the third driven by the market
and with internalization of the CO2 externality. The purpose here
is to compare over time the dynamic evolutions in an electricity
market for these different cases, assessing the economic performances of different policies (e.g. the evolution of generation technology mix, the amount of CO2 emissions associated with
electricity generation and the overall social cost).
We rely on a long-term dynamic model of an electricity market
which simulates expansion decisions in a market regime and incorporates several DR development policies under different scenarios.
The model is based on Cepeda and Finon [6] and is expanded to
incorporate DR programs and policies. The model has been developed using concepts and tools from system dynamics, which is a
branch of control theory applied to economic and management
problems. This methodology has been extensively used in electricity market modeling to represent capacity expansion planning in
wholesale markets [14,3,12,13,10]. The results show that in the
long-run different policies should affect both investments and
social costs, a market-driven development of demand response
with the internalization of the CO2 externality being the most
efﬁcient approach.
The paper is organized as follow. In Section ‘DR development
policies, CO2 externality and long-term impacts on electricity
markets’, the question about the CO2 externality and the DR
development policy in a long-term perspective is examined. In
Section ‘The structure of the model’ the long-term dynamic model
is presented and in Section ‘Results’ preliminary results are
discussed. In Section ‘Conclusions and further work’, concluding
remarks and policy implications close the paper, highlighting pros
and cons of different policy options and discussing possible further
work.

143

economic intuitions using this standard method commonly used
in electricity generation investment analysis.

Analysing generation long-term equilibrium using screening curves
The screening curve of a thermal power plant is deﬁned as the
average cost of using the plant’s capacity. The mathematical formulation is given by:

ACC ¼ FC þ aVC

ð1Þ

where ACC is the Average Capacity Cost (€/MW h), FC is the ﬁxed cost
(€/MW h), a is the capacity factor of the plant (0 < a < 1) and VC is
the variable cost of the plant. The ﬁxed cost may be expressed as:

FC ¼

r:OC
1  ð1 þ rÞT

8760

ð2Þ

where OC is the overnight cost of the plant, in (€/MW), r the discount rate (in per unit per year), T is the life of the plant (in years).
The variable costs are mainly the fuel cost (fc, in €/MW h) of the
thermal plant, corrected by the CO2 emission rate (er, in tons of
CO2/MW h) and the CO2 externality value (V CO2 , in €/tons of CO2)
if the externality is priced:

VC ¼ fc þ er:V CO2

ð3Þ

Long-term impacts of DR policies and the CO2 externality on
electricity markets can be analyzed using screening curves. This
section introduces the question discussed in the paper and gives

According to its screening curves, a power plant may be classiﬁed as peak-, middle- or base-load. Base-load units have the highest ﬁxed costs, and the lowest variable costs, while peak-load units
have usually the lowest ﬁxed costs and the highest variable costs.
Load rationing could be also included in the screening curve, with
no ﬁxed costs and with very high variable costs, which would be
the value of lost load (VOLL).
Examples of screening curves for base-load units (yellow line),
peak-load units (blue line) and load rationing (red line) are shown
in Fig. 1.2 The horizontal axis measures the (annual) capacity factor
and is normalized to 1. The ﬁxed cost is represented by the interception with the vertical axis whereas the variable cost gives the slope
of each curve.
By comparing the different screening curves it is possible to
determine capacity factor segments (or a number of hours that at
technology should generate) where a technology is cheaper than
other. From the Fig. 1, interception of screening curves indicates
where peak capacity is cheaper than base-load capacity (yellow
and blue lines) and where rationing is costs less than building peak
units (blue and red lines). Combining these results with
load-duration curve data (black line), it is possible to determine
the optimal capacity for each technology, i.e., the capacity that
ensures minimal total cost. Load duration curves indicate the
amount of time that the load has been higher than a given value.
In Fig. 1 the duration has been normalized to 1 (horizontal axis).
Optimal capacities determined using this graphical method corresponds to generation capacities that would result in the long-run
in a perfectly competitive power system, i.e., a long-term equilibrium under perfect competition.
We will now analyze the impact of DR on the long-term equilibrium, using this method. For clarity, we truncate at the ‘‘peak area’’
of the screening curves (grey zoom area) and we do not consider
the base-load capacity in the following analysis.

1
Reducing consumption at peak-load hours may reduce CO2 emissions by
replacing CO2 emitting generation technologies as gas or coal power plants.

2
Please note that Figs. 1 and 3 will appear in B/W in print and color in the web
version. Based on this, please approve the footnote 1 which explains this.
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