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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.

� 2015 Elsevier Ltd. All rights reserved.
Introduction

The energy sector faces unprecedented challenges on environ-
mental 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 con-
sumers 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 imple-
mented 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 technology-
oriented programs and promotion subsidies prioritizing DR among
others.
In recent years hot debates about the efficient way to incen-
tivize 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 cus-
tomer 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 con-
text 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 deploy-
ment 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 mar-
kets 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 exter-
nalities has also been a critical issue for reflexion among regula-
tors, 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 perfor-
mances of different policies (e.g. the evolution of generation tech-
nology 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 incor-
porates 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 devel-
oped 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 electric-
ity 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.
DR development policies, CO2 externality and long-term
impacts on electricity markets

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
1 Reducing consumption at peak-load hours may reduce CO2 emissions by
replacing CO2 emitting generation technologies as gas or coal power plants.
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 for-
mulation 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� ð1þ rÞ�T 8760 ð2Þ
where OC is the overnight cost of the plant, in (€/MW), r the dis-
count 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 (VCO2 , in €/tons of CO2)
if the externality is priced:
VC ¼ fc þ er:VCO2 ð3Þ

According to its screening curves, a power plant may be classi-
fied as peak-, middle- or base-load. Base-load units have the high-
est 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 intercep-
tion 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 corre-
sponds to generation capacities that would result in the long-run
in a perfectly competitive power system, i.e., a long-term equilib-
rium under perfect competition.

We will now analyze the impact of DR on the long-term equilib-
rium, 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.
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.



Fig. 1. Screening curves and long-term equilibrium.

Fig. 2. DR impact on long-term equilibrium without CO2 externality.

3 It is important to emphasize that consumers can be eventually equipped with
back-up systems (for safety reasons) which are often poorly efficient and high
emitters of CO2. In this case, it would not be social efficiently to set an incentive on DR
including an ex ante ‘‘CO2 free’’ remuneration which would be in fact a CO2 emitter
reward. We will not consider this case in this paper.
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The impact of DR on long-term equilibrium in a perfect world (without
CO2 externality)

Demand response can be seen as a new technology in the
screening curve diagram. Fig. 2 shows an example of what could
be the impact on the long-term equilibrium considering this new
technology, i.e., what would be the new equilibrium and how opti-
mal capacities would be modified.

We plot the screening curve of DR (green line) considering that
demand response has a lower fixed cost than peak technology but
a higher variable cost. Why do we introduce a linear cost function
for the DR with this highest variable cost and lower fixed cost? We
consider that the DR would run as if fictitious DR aggregators act
for the sake of a benevolent planner. For that, they agree to act
in a converse sense than the sense of a normal trade-off. They arbi-
trate between the very high prices during peak and extreme peak
periods, and the lower price during middle-load periods to which
some hourly consumption of the former periods are shifted by
the DR load shaving. DR aggregators buy a number of MW h to
some consumers at the spike prices, which are higher than the
marginal cost of combustion turbines which are the last generators
called by the market, to re-sell the same quantity (or less) at a
much lower price. They contribute by this way to the long term
social efficiency of the electricity market after having invested in
DR programs.

From the Fig. 2, it can be seen that DR can reduce total cost
because it is cheaper than peak technology for a certain segment
of capacity factors (efficiency gains are represented by the dark
grey area). As a result, the new long-term equilibrium includes
DR capacity and less peak capacity. These are optimal capacities
and they ensure in theory that the social cost (including the cost
of loss of load) is minimized.3
The impact of DR development on long-term equilibrium in an
imperfect world (with CO2 externality)

Now, let us consider the same case as before but including the
CO2 externality. By the CO2 externality we mean that the emissions
of CO2 are not priced (or are not correctly priced). In other terms
the cost for the society of emitting one ton of CO2 is not (or not
fully) internalized by private operators (i.e., fossil fuel producers).
We adjust the screening curve of peak technology to analyze this
situation. We make the assumption that demand response pro-
grams have a combined effectiveness on both power and energy
reduction, in the sense that there is no report of consumption from
stressed system hours to off-extreme peak-load periods. That
means that we suppose that every load shifting would mean
demand and CO2 emissions reductions. Indeed, DR to face peak
periods cannot be the only issue when a market player is looking
for flexibility. To stimulate the load rather than to shed it during
off peak periods, when wind is blowing and/or sun is shining, is
also an important issue. It will be more and more the case, quite
different from the situations 10 or 20 years ago when we had
developed DR approaches.

In fact in an electricity market with a CO2 externality, the pri-
vate operator will decide investments with respect to its own cost
and not relatively to the overall social cost. Thus, the screening
curve for peak technology only considers fuel costs (and no CO2

cost) as shown in Fig. 3 (dark blue line). The long-term equilibrium
in the presence of CO2 externality leads to lower level of DR



Fig. 3. Impact of CO2 externality on DR development.
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capacity than in the optimal situation (Fig. 2), and consequently
there are economic inefficiencies.

From this analysis, it could be concluded that subsidizing DR
makes sense because in a world with CO2 externality, DR technol-
ogy will not develop as much as necessary. Thus, the fact of provid-
ing a subsidy to induce incentives for DR development could
correct for economic inefficiency. However, this approach could
not be the best solution to correct for this inefficiency. Let us
assume a situation where a subsidy to DR has been accepted by
the public authorities. To determine the optimal level of the sub-
sidy, public authorities should undertake complex computations
and have very detailed data (e.g., cost of peak, cost of DR, etc.). In
addition, the policy making process can be influenced by lobbies
affecting final decision which could result in an oversubsidy. In this
case new inefficiencies could appear. Fig. 4 illustrates an example
in which we represent the impact of a too high capacity subsidy
as a reduction on the fixed cost of DR. It can be seen that the result-
ing level of DR capacity is not optimal, compared with the situation
of optimal capacity without CO2 externality (Fig. 2).4

In conclusion, in an imperfect world (with CO2 externality) pol-
icy makers have several options to deal with market failures. The
most direct one is to try to correct the externality by attacking
its root causes i.e., setting a CO2 price at a level that corresponds
to the cost to society of the corresponding CO2 emissions. The sec-
ond solution could be to subsidize carbon-free technologies, in this
case, demand response. The long-term impacts of these two kinds
of policies are not the same. The rest of the paper is focused on the
examination of this question, using a long-term dynamic model
that integrates actual complexities of the investment decision pro-
cess in generation capacity, and analyzing quantitatively through
an actual size case study.
4 A more complex case but resulting in the same kind of inefficiencies would be one
where the subsidy is set at the optimal level but is imposed to electricity generators.
As generators see their costs increase (by the level of the subsidy) inefficiency would
appear anyway because DR will be over incentivized with respect to generation.
The structure of the model

This section presents the system dynamics model used to sim-
ulate the long-term evolution of electricity markets in the presence
of DR development. The input variables of the model and the cau-
sal relations among them are explained. The different assumptions
of the sub-model regarding investment decisions are also detailed.
We then proceed to develop the different versions of the model
with the purpose of representing different DR development
policies.

Model overview

The model is based on Cepeda and Finon [6] and is expanded to
incorporate DR development, while preserving the essential ele-
ments of the model: thermal generation modeling and its long-
and short-term uncertainties (i.e. demand growth rate uncertainty,
generation unit outages and load thermo-sensitivity), reliability
modeling, anticipation on demand growth and supply in the
investment decision process. What is new here concerns the repre-
sentation of DR as well as its integration into the mechanism of
price formation and into the investment decision process. In addi-
tion, the representation of the investment decision process is
adapted to include DR programs, in particular those with
technology-oriented or subsidized design options.

The main relationships included in our modeling of investments
in new generation capacity follow the structure of the causal loop
diagram depicted in Fig. 5. These relationships reflect the way
operating and investment decisions are made in the power indus-
try. In the causal loop diagram, causal relationships between two
variables, x and y, are identified by arrows. The positive (negative)
sign at the end of each arrow can be understood as a small positive
change in variable x that provokes a positive (negative) variation
on variable y. The double bar crossing an arrow implies a time
lag in that relationship. A circle arrow with a sign indicates a pos-
itive feedback loop (reinforcement) or a negative feedback loop
(balancing).

Two major feedback loops may be observed (showed by the
dashed line). The first one is a negative loop, linking installed gen-
eration capacity and expected spot prices. It states that as long as
installed and available generation capacity increase, expectations
regarding future electricity prices go down. As a result, the eco-
nomic attractiveness of new generation investments is reduced.
This feedback loop is considered as a balancing loop that limits
the investments in new generation units. The delay s1 refers to
the time needed to secure permits and to build generation power
plants. The second feedback loop,5 a positive one, is caused by the
interaction between the energy market and technology-oriented
subsidy for DR. Expected profitability is determined by expectations
of future prices and the level of subsidy for DR. As subsidy increases,
expected profitability and generation capacity rise, thus electricity
spot prices decrease.

The representation of the electricity market

The system dynamics model used to simulate the long-term
evolution of an electricity market closely follows the formulation
in Cepeda and Finon [6]. In this subsection, we provide details of
the representation of DR and its integration into the investment
decision process. The modeling of the thermal generation, demand
curtailment, electricity price formation and reliability are
explained thoroughly in Cepeda and Finon [6].
5 Note that in the case of an energy-only market without technology-oriented
subsidy for DR the second feedback loop in the causal-loop diagram in Fig. 5 does not
exist, as DR resources are only driven by electricity prices.



Fig. 4. Impact of DR subsidy on the long-term equilibrium.

Fig. 5. Causal-loop diagram of the electricity market.
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We model a single type of DR which is assumed to represent the
DR aggregated over different customers’ categories such as resi-
dential, commercial and industrial. The participation of these dif-
ferent classes is not accounted for in this paper, but will be dealt
with in future work. In addition, DR is seen in the model as a gen-
eration technology6 with both variable7 and fixed costs.8 Under this
symmetric treatment9 where consumption and generation partici-
pate directly on the wholesale market, DR resources that clear in
the energy market should receive its default price (i.e. marginal cost)
for services provided as generation technologies do.

To calculate the electricity price, we assume perfect competi-
tion; hence the price is generally settled by the marginal cost of
generation, i.e. the variable cost of the marginal technology. If
demand exceeds the available generation capacity, the electricity
price is equal to the marginal cost of DR. Finally, the electricity
price is set at the value of loss of load (VOLL) when the volume
of DR is exhausted.

Demand response and investor’s behavior
In the model, investment decisions in new generation capacity

and DR technology mainly depend on the expected prices which
reflect expected market conditions, which in turn are a function
of expected demand and expected generation availability. We
model a ‘‘forward merit-order dispatch’’ in order to calculate the
future electricity prices. We implement a second-order smoothing
process to forecast the expected growth rate of demand and the
available generation for each technology, using a variant of the
procedure adopted by Cepeda and Finon [6]. We calculate these
expectations from the built-in function forecasting in MATLAB. It
is worth noting that we do not represent strategic behaviors in
the model, hence excluding potential market power effects, even
though this may be an important issue for the electricity market.

In this paper we abstract from the choice between an
energy-only market and one which includes a capacity mechanism,
implicitly assuming that the latter (if adopted) would produce the
revenues that the idealized energy-only market was supposed to.
In an energy-only market, firms’ revenues are provided by their
sales in the spot market and investment decisions are driven
purely by electricity prices. In the theoretical long-run equilibrium,
fixed costs of generation capacity are perfectly covered by
infra-marginal rent. They are covered by scarcity rent during hours
of peak demand, when prices are above the highest marginal cost
of generation resource.

Two versions were created to represent different investment
behaviors in an energy-only market with two specific cases of DR
development: one driven by technology-oriented subsidy, and
another by the market.

In the case of a market-driven development of DR, firms invest in
DR when the expected profitability is high enough to recover their
total costs during the life cycle of this technology. We use a net
present value (NPV) analysis to calculate the profitability of a
new DR technology standard unit. Since several technologies are
available, there could be more than one technology with a positive
6 In contrast to the modeling of thermal generation units, we assume that
unplanned outages and planned downtime for maintenance activities of DR technol-
ogy are negligible.

7 Variable cost of DR represents the cost for the consumer of stopping or modifying
its consumption (e.g., comfort or utility losses, overcosts due to changes in industrial
process, opportunity cost of activating DR later if frequency is limited, cost of
alternative sources of energy, etc.).

8 Fixed cost of DR represent the cost of installing the necessary equipment in order
to activate and measure DR (e.g., special meters and relays, boxes, command controls,
software and control rooms, work force, etc.).

9 Since we consider one type of DR that corresponds to the definition of load
shedding, which means a CO2 free technology with fixed costs, this approach do not
differ fundamentally from another hypothetical peak generation technology that
would have the same characteristics.
NPV. A further condition is therefore added in order to select the
technology with higher profitability during each specific
time-duration. The economic assessment at period s of a DR capac-
ity investment KDR is formulated as follows:

NPVs
DR ¼

Xs0¼sþTc
DRþTv

DR

s0¼sþTc
DR

Xt¼T

t¼1

p̂t;s0 � VCDR
� �

q̂t;s0
DR

" #
ð1þ rÞ�s0 � IDRKDR

" #
8p̂t;s0

> VCDR

ð4Þ

where Tc
DR and Tv

DR are respectively the construction period and the
economic life cycle of the DR technology. p̂t;s0 is the expected future

price for each time step t for the period s. q̂t;s0
DR is the expected DR

reduction in consumption for the period sþ Tc
DR. VCDR is the variable

cost, r is the discount rate and IDR, the annualised fixed cost of DR in
the first year.

In the case of a subsidised development of DR, we assume that DR
is subsidized with a payment which amounts to xDR% of the fixed
cost of a new standard unit of DR in the model. This subsidy is
set exogenously and is supposed to be determined by the regulator
and supported by a tariff policy. In this case the economic assess-
ment is formulated as follows:

NPVs
DR ¼

Xs0¼sþTc
DRþTv

DR

s0¼sþTc
DR

Xt¼T

t¼1

p̂t;s0 �VCDR
� �

q̂t;s0
DR

" #
ð1þ rÞ�s0 � IDRKDRð1�xDRÞ

" #
8p̂t;s0 >VCDR

ð5Þ

The economic assessment for the thermal generation technolo-
gies, which is strictly conventional is identical to that formulated
in Cepeda and Finon [6].

In addition, two cases were created to represent different situ-
ations concerning the CO2 externality: a case with externality and a
case without (i.e., where the externality is completely internal-
ized). In the case in which the CO2 externality is internalized, we
assume for simplicity that the social marginal cost of CO2 emis-
sions abatement, set exogenously in the model, is equal to the
CO2 allowance price in a general equilibrium price.10 In the model
this price is fixed and is integrated in the marginal cost of generation
technologies.
Results

Simulation data

The model represents a market which holds DR and
thermal-generating units with four different technologies includ-
ing nuclear (N), hard-coal (HC), combined cycle gas turbine
(CCGT) and oil-fired combustion turbine (CT). These thermal tech-
nologies are characterised by outages and schedule maintenance.
The key figures used in our simulations for each power plant and
DR resource type are shown in Table 1. Values used here are based
on available public data and try to mimic real system characteris-
tics, in particular French ones. The purpose of their use is to illus-
trate simulations results for real size cases. However, other sets of
values can be tested and sensitivity analyses should be realized in
the future.

The level of CO2 externality is set exogenously at 50 €/t over the
simulation period (this level is modified later under the sensitivity
analysis).
10 To model future generation technologies CO2 emissions costs a CO2 price model
would be necessary, quantifying the relationship between the CO2 price and the CO2

emission cap over time (cap-and-trade systems generally reduce the emission cap
over time).This approach is out of scope for this paper.



Table 1
Generation data used in simulations.

Description Technology

Nuclear Coal Combined cycle Combustion turbine DR

Generation capacity per unit [MW] 1630 900 450 175 40
Annualised fixed costa [€/MW-year] 305,000 205,000 120,000 60,000 30,000
Variable cost [€/MW h] 11 40 75 200 300
CO2 emission factor [tCO2/MW h] – 0.96 0.36 0.80 –
Variable cost including CO2 externality [€/MW h] 11 74 107 244 300
Amortisation time [year] 40 35 25 25 10
Lead time [year] 6 4 3 2 1
Forced outage rate 0.042 0.036 0.051 0.041 –
Schedule maintenance [% of installed capacity] Winter 6% 10% 2% 6% –

Spring 29% 33% 12% 23% –
Summer 23% 24% 10% 17% –
Autumn 16% 19% 7% 13% –

a The discount rate is set at 8%.

Fig. 6. Load-duration curve of the model at the beginning of the simulation period.
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Electricity demand is characterised by a load-duration curve,
which illustrates a cumulative distribution of demand levels over
each year during the simulation period, and is derived from data
on the French electricity consumption in 2012.11 We split the
load-duration curve (Fig. 6) in 40 segments of extreme peak hours,
and 40 segments of 218 h each for the remaining hours (peak, inter-
mediate and off-peak hours). As previously mentioned, we consider
two uncertain components affecting demand: its growth rate and
thermo-sensitivity.12 The VOLL is set at 20,000 €/MW h.

The resolution time-step of the model is one year, using the
simplifying assumption that investment decisions can only be
made at the beginning of each year. To test the level of uncertainty,
400 random scenarios, on 30-year period each, are generated
through a Monte Carlo simulation method. The presented results
correspond to the average results over these 400 random scenarios.
The initial generation mix is set corresponding to the theoretically
optimal generation (i.e., minimizing total cost using screening
curves, only considering variable and fixed costs and load curve).
The model has been developed as a set of programmes using
MATLAB.

Results analysis

This section aims to evaluate the investment dynamics
in an electricity market in the presence of different drivers of DR
development with or without the internalization of the CO2 exter-
nality. The most suitable combination is the one that ensures effi-
ciency in terms of overall social costs. We analyse three different
cases:

� Case 1(reference case): Energy-only market with DR develop-
ment in presence of CO2 externality.
� Case 2: Energy-only market with DR development supported by

technology-oriented subsidy in presence of CO2 externality.
� Case 3: Energy-only market with DR development and with

internalization of CO2 externality.

Beside the first case that will be used as a reference, two rather
extreme cases are tested. Case 2 considers an extreme case in
terms of the level of capacity subsidy (75% of the fixed cost of
DR). Case 3 considers a complete internalization of CO2 externali-
ties set at 50 €/tCO2. Considering extremes cases is useful to get a
first idea of the dynamic effects using two different kinds of poli-
cies. In the sensitivity analysis presented in Section ‘Results’, some
intermediary cases are studied.
11 See http://www.rte-france.com/.
12 These components are modeled and parameterized as in Cepeda and Finon [6].
The model provides several types of performance indicators
over the 30-year time horizon: installed generation capacity,
annual generation investment, generated energy, capacity factors,
prices, CO2 emissions, hours of shortage, security margin and social
costs (variable, capacity, CO2 and shortage). All these indicators
give a complete view of the dynamic behavior of the electricity
market and of its economic performances. We focus here on three
types of indicators. The first one concerns the dynamics of the
installed generation capacity mix (in % of total installed capacity).
The second one captures the CO2 emissions over the entire simula-
tion period. The last indicator is related to the social costs for each
case.

Installed generation capacity
Fig. 7 shows installed generation capacity evolution (in terms of

% of total installed capacity) for the 30-year time horizon and for
the three cases. At first glance, several observations can be made.
Naturally, the DR capacity share is twice higher in the DR subsidy
case than in the other two cases. The starting point is an optimised
mix of generation technologies with no DR technology, which
starts to be developed from the first years for all three cases. It
shows that this technology is competitive (in all the cases) and that
its introduction could contribute to improve the efficiency of the
system (i.e., reducing total cost).

http://www.rte-france.com/
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We note that after the high DR introduction in the subsidy case
(case 2) the fossil generation technologies (CT, CCGT and Coal)
decrease their shares in the generation capacity mix. This result
seems counterintuitive, but it should be recalled that in the screen-
ing curve analyses previously done (cf. Section ‘DR development
policies, CO2 externality and long-term impacts on electricity
markets’), DR only replaces peak technology (CT in this case)
without affecting the optimal capacity volume of other generation
technologies.

These differences result from dynamic cyclical investment fluc-
tuations with long periodicity, instead of a relatively smooth rapid
to an equilibrium investment in the screening curves methodology.
In the subsidy case (case 2), the high increase of DR resource in the
generation capacity mix act as price cap when it clear the price in
the electricity market due to its high marginal cost. This leads to
a reduction in inframarginal rents for thermal generation technolo-
gies, particularly for CT, CCGT and coal which are closer to the
non-competiveness area than nuclear, given the cost data of this
study. To put it another way, this ‘‘virtual price cap effect’’ prevents
electricity price spikes during peak hours and amplifies investment
cycles which, in turn, deviate optimal investment paths from the
one that could be obtained from the screening curves methodology.
However, it is worth noting that the reduction in the generation
capacity mix is much greater for the share of CT than for other tech-
nologies (see Table 2), as anticipated from theoretical static results.

With regards to the case in which the CO2 externality is inter-
nalized (case 3), the share of coal generation capacity declines sig-
nificantly whilst the share of nuclear generation capacity increases
with respect to the reference case. This results from the increase in
the marginal cost of carbon-emitting technologies making less
profitable the investment in these technologies. Surprisingly, the
DR capacity share decreases and the CT capacity share increases
with respect to the reference case. As previously mentioned this
result is related to the internal dynamics of the generation mix
evolution and cost data. Indeed, in contrast with the nuclear gen-
eration capacity, which becomes clearly more competitive with
the internalization of the CO2 externality, the coal and CCGT gener-
ation capacities are less competitive, even not competitive at all
(for the coal case). Regarding the CT generation capacity, the total
capacity cost remains lower than that of DR resource (despite the
increase in variable cost after internalization of the CO2 externality
for CT) for a greater capacity factor.

CO2 emissions
Fig. 8 displays the annual CO2 emissions for the 30-year time

horizon and for the three cases. In the reference case as well as
in the DR subsidy case, coal technology is the one that is responsi-
ble for most the CO2 emissions. Naturally, the third case, in which
the CO2 externality is internalized, presents significantly reduced
CO2 emissions, in particular those incurred by the coal technology.
The emissions for the DR subsidy case (case 2) are interesting to
observe. Whereas the coal-incurred CO2 emissions decrease (as a
consequence of the lower installed capacity), CCGT and CT CO2

emissions increase with respect to the reference case. In fact, coal
generation should be replaced by other technologies. The nuclear
generation capacity increase is not sufficient to fully replace the
coal generation capacity, resulting in an increase in CCGT and CT
production and consequently in their respective CO2 emissions.

Costs analysis
Total operating costs are greater in case of a subsidised develop-

ment (case 2) in which DR resources, despite higher variable cost

Fig. 7. Dynamics of shares in the installed generation mix.



Table 2
Installed generation capacities in year 30.

Technology Case

Case 1
[reference in
MW]

Case 2 [variation
relatively to
reference in %] (%)

Case 3 [variation
relatively to
reference in %] (%)

Nuclear 79,740 +1 +11
Coal 7704 �32 �100
CCGT 28,647 �12 �3
CT 13,699 �53 +11
DR 15,116 +90 �17

Case 1(reference case) : Energy-only market with DR 
development in presence of CO2 externality 

Case 2 : Energy-only market with DR development
technology-oriented subsidy in presence of CO2 externality 

Case 3 : Energy-only market with DR development 
and with internalization of CO2 externality 

supported by 
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than others, present a greater development than cases with
market-driven development (with or without internalization of
CO2 externality). By comparing market-driven development cases
(cases 1 and 3), we also find that total operating costs are less
important in the internalization case. As previously mentioned,
the internalization of the CO2 externality (case 3) leads to a sharp
increase in nuclear generation capacity due to the replacement of
fossil generation technologies with higher marginal costs (coal
and CCGT).

Given that the generation mix can change significantly if some
amounts of DR resources are introduced in the system, we can
compare the cost impacts associated with this change in the port-
folio mix. In this subsection, we address this question by compar-
ing the total cost over the simulation period for the three cases
previously studied. The total social cost is calculated as the sum
of four different components: the capital expenditures (referred
to here as the fixed costs), the CO2 emission costs (estimated by
the emission volume multiplied by the value of the externality),
the operating costs (only including fuel cost and not CO2 cost to
avoid double counting) and the shortage costs (corresponding to
random load shedding). Results of the estimation of total social
costs for each case are summarised in Table 3.

In line with expectations, the results show that CO2 emission
costs are lower in the internalization case (case 3). When compar-
ing the reference and subsidy cases (cases 1 and 2), the CO2 emis-
sions costs are lower in the subsidy case, DR is more developed.

To explain these differences of social cost results, CO2 emissions
reduction is the main driver of the total social cost reduction. In the
Case 2, the increase of subsidised DR reduces only CO2 emissions
during peak periods by replacing the fossil fuel peaking capacities
development, while a CO2 tax influences the overall technology
mix and not only the mix for the supply during the peak load.

Regarding the total fixed costs, since the increase of DR devel-
opment (being the less capital-intensive technology) is higher in
the subsidy case, fixed costs are lower in this case. The internaliza-
tion case (case 3) presents the highest total fixed costs as technolo-
gies with high capital costs (nuclear) replace technologies with
lower capital costs (coal and CCGT).

In terms of total cost, we find that the internalization of the CO2

externality is the most efficient approach to develop DR resources.
In other words, the costs incurred by the implementation of this
approach (i.e. the difference of the sum of the total fixed and total
operating costs between case 3 and case 1, and between case 3 and
case 2) are lower than the savings in terms of CO2 emission costs
(i.e. the difference of the total emission costs between case 3 and
case 1, and between case 3 and case 1).
Fig. 8. Dynamics of CO2 emissions.
Sensitivity analysis
In this section we analyse the sensitivity of results, notably the

total cost, with respect to two parameters: the level of the CO2

externality (which is also the carbon tax in the case 3) and the level
of DR subsidy. To understand the following results, we should have
in mind that the two instruments to be compared have not the



Table 3
Comparison of the social costs of different types of DR development for the 30-year
simulation period.

Case Costs

Total operating
costs + shortage
costs

Total
emissions
costs

Total
fixed
costs

Total
social
costs

Case 1 [in M€/year] 9851 1775 27,380 39,007
Case 2 [variation

relatively to case
1 in %]

+4.5% �2.0% �1.4% +0.0%

Case 3 [variation
relatively to case
1 in %]

�9.8% �38.7% +3.8% �1.5%
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Fig. 9. Total cost change for different levels of the CO2 externality/tax.
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Fig. 10. Total cost change for different levels of the DR subsidy.
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same field of actions to help to the reduction of carbon emissions:
the DR subsidy only acts on peaking resources and the recourse to
fossil fuel peaking units, while the CO2 tax acts on the whole of the
technology mix in the balancing between fossil fuel technologies
and non-carbon technologies.

First we deal with only one of the major parameters, the CO2

externality which is also the tax level in the case 3. Fig. 9 shows
results in terms of total cost of cases 2 (DR subsidy) and 3 (CO2

internalization) with respect to the reference case 1 for different
levels of CO2 externality (from 25 €/ton to 100 €/ton). These results
illustrate that the superiority of the CO2 internalization over the
75% DR subsidy policy increases for higher levels of the CO2

externality increases.
Fig. 10 shows results in terms of total cost of cases 2 (DR

subsidy) and 3 (CO2 internalization) with respect to the reference
case 1 for different levels of DR subsidy (from 25% of fixed cost
to 100% of fixed cost). These results illustrate how the increase of
the subsidy level affects the efficiency of DR subsidy policy in
terms of total cost with respect to the reference case. Indeed DR
subsidy has no or negative impact on efficiency (low levels of DR
subsidy have no impact on total cost whereas higher levels result
on total cost increase with respect to reference case) whereas alter-
native policy (CO2 internalization) allows for cost reduction.
Conclusions and further work

The model developed in this paper allows to analyze long-term
effects of different DR policies and to identify pros and cons of dif-
ferent policy options.

Preliminary results illustrate the potential effects and ineffi-
ciencies that can appear due to an oversized subsidy for DR with
respect to alternative ways to deal with externalities (i.e., internal-
izing CO2 externality). They confirm previous findings that
market-driven development of demand response with internaliza-
tion of the CO2 externality is the most efficient approach to develop
DR resources.

These results however show the possible outcome of different
policies for one specific case. Much more analysis should be done
to understand more accurately the long-term effects of less
extreme DR policies. For instance, different types of subsidies could
be compared with incomplete or imperfect internalization of CO2

externality. Other externalities can also be considered.
Our modeling set-up and simulations are based on several sim-

plifying assumptions and present therefore some limits. Further
research will be oriented to relax these assumptions in order to
minimize the limits. For instance, a sensitivity analysis will be car-
ried out in order to generalize results to other sets of parameters.
Different types of initial systems will be tested to evaluate the
impact of the initial conditions on results. Finally, as the current
model only considers one type of DR that corresponds to the defi-
nition of load shedding, a completion of the model with the consid-
eration of other situations will be done (for instance, load shifting
with a load duration curve that has an evolution over the time
horizon).
Disclaimer
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