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Abstract

The aim of this work is to demonstrate analyticalhder what conditions activating elasticity of damd of
consumers could be beneficial for the social welféirhas added to the literature on analyzingugesof price
signals in eliciting demand response by an analfapproach. We develop so an analytical Nash miodel
quantify the effect of implementing demand responsga price signals, on social welfare and energy
exchanges. A prior result show that the trade-efiMeen producing locally and exporting energy depeom
the opportunity cost of the energy and the glolffitiency of the generation technology. Results are
moreover impacted by the degree of integration betwthe countries.

The novelty of this research is the demonstratibthe existence of an optimal region of price sigioa
which demand response leads to increase the seelfare. This optimality region is negatively cdated to

the degree of competitiveness of the generationntdogies and to the market size of the system. We
particularly notice that the value of un-servedrgper energy reduction the producers could losenfsuch
demand response program would limit the effectigerdf its implementation. This constraint is stteeged
when energy exchanges between countries are lintiiedlly, we demonstrate that when we only conside
the impact in term of consumers’ surplus, more eggjve DR could be adopted. The intensftiPR program

is however negatively correlatedttee degree of the elasticity of demand.

1. Introduction

The deployment of smart grids is seen as a majangd in the electricity markets. One of the main
considerations, presented as a necessary conthitibanefit from this deployment, is to pilot demaordto
make it reactive to prices or markets’ constra{@isao, 2010). Indeed, beside all improvements éwarks
management, consumers’ behavior will impact thes as®l investment planning in the midstream (netgjork
and the upstream (generation) (Strbac, 2008). Tea iis to replace some of deep investments in
infrastructures by a decrease in consumption. @b@ease could be made by the consumer or by anothe
entity (aggregators, suppliers, distributors) ohdbieof consumers. Experiments have shown thatsiiivg in
smart grids technology could be cheaper than deepestments in infrastructures. For example, tinars
grids project implemented in Orkney, UK, has ainested cost of building new power lines of £30 ioillto
integrate 28 MW of wind energy whereas a smartsgtisthnology investment was of £0.5 million (Kema,
2012).

The main feature of the demand of electricity ssrielasticity (Stoft, 2002). Currently, most oétbonsumers
of electricity are captive in the short run. Indigds customers could be more volatile but mainlyhe long

run (Lijesen, 2007; Patrick and Wolak, 1997). Hoarewith the implementation of smart grids and dedna
response programs, the aim is to make short rustigtyg appears in some uses. Thus, introducingepri
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signals to consumers will always drop consumptidine literature generally shows that demand istiela
when dynamic tariff is introduced. However, theueabf the elasticity varies as regard to sevewbfa, for
instance the period of consumption, the equipmeritdhouseholds, the degree of deployment of SG
technologies or the price differential between @#siof consumption (Di Cosmo et al., 2014). Boiseg¢ral.
(2004) demonstrated that there exists a signifiedasticity of substitution between off-peak andhlpe
periods. An increase in peak prices induces arase in the off-peak demand; this is the loadiagitffect.
More recently, Faruqui and Sergici (2010) have ymreal several American pilots in demand responsey Th
conclude that households could react to dynamizingi mainly by reducing their peak-load demandusih
several papers have studied the impact of dynantmg on consumers and markets design to remumerat
curtailments. In a perfect competitive market, Ch@011) has demonstrated that a remuneration of
curtailment equals to the difference between retdad and real time price should be optimal forledfare.
With an applied model, he notes that consumersdcmdrease their surplus with the implementatioraof
demand response program. As their payments stagtarus, their satisfaction increases because ehtms

of the demand response. Obviously, an increaseariiffst impacts negatively the consumers’ surplus.
However, this decrease in surplus could be offgeelenues from demand response. Thus, consumeid co
improve their welfare. Orans et al. (2010) showt théhree-part tariff, including a Time of Use,igefl fee
and a remuneration of the demand response is anesfftool to give incentives to modify consumers’
behavior. They note the significance to desigrriff igith a lower impact on the consumers’ paymefwith

the demand response program).

We defer from these papers using analytical equiii in an interconnected market to study in whielses

an increase in tariffs would reduce consumptiorhet worsening social welfare. We do not introdace
remuneration for the curtailment, but previous aeskes show that it should improve the satisfactbn
consumers. The more load-shedding is valued onmiméxet or the more the shift of demand is, the more
consumer could conserve part of their surplus freduced bills and demand response valorization.

We use a deterministic optimization model with dydpnctions (Ventosa et al., 2005). As in otheapgrs
(Stoft, 2002), we assume perfect competitive markeach producer makes offers at its marginal cuge®
(1990) shows that it is optimal to set a two-parift based on marginal costs when utilities coulahage the
demand of consumers with an ex-ante subscriptienJdhghe et al. (2011) studied the demand respomse
have shown with a computable model that demandnsgphas an impact on investments and on renewable
integration. To our knowledge, there is a few wottkat tries to model analytically the implementatiof
demand response in a situation of interconnecesadradity markets. Vespucci et al. (2013) is theser model
of ours. They have studied an electricity marketddid into interconnected zones. Their analysisides on
the transformation of their optimization problenoim linear one, as electric supply and demancdtifome are
discontinuous. Then, they show with applied datd thdominant firm has always incentives to useketar
power to achieve higher profit targets. Our mod#ers from their regarding two points. First, wenspute
theoretical equilibriums in a context of two intenmected markets with several technologies in ezatiket.
Secondly, we introduce an analysis of the demasporese linked to the degree of the elasticity aisconer
demand.

In our paper, a first analysis is made on how gai@T technologies structures could affect coustnieerit
orders and potential trades between them. Thetsesibw that the trade-off between producing lgcalid
exporting energy depends on the opportunity coghefenergy and the global efficiency of the getama
technologies. These results are impacted by theedegf integration between the countries. When
interconnection capacity is limited, we demonstithi interconnection prices would impact negagivible

® This result could be overcome by the extend oféfund effect (Muratori et al., 2014).



trades between the countries. Thus, incentivesxports are reduced when transport capacities beooone
expensive. The generation costs differential betvibe interconnected systems lessens this effect.

A second analysis, which constitutes the noveltyhes research, demonstrated that there existspamal
region of price signal for which demand responsaldeto increase the social welfare. We use computed
equilibria of the first analysis to show that tluptimality region is negatively correlated to thegtee of
competitiveness of the generation technologiesthedmarket size of the system. The value of uneskrv
energy or energy reduction the producers could foss such consumption reduction would limit the
implementation of such program. This constrainh@reover strengthened when energy exchanges between
countries are limited. However, this constraintlieviated if the considered system is cost-inedfic as well

as weakly connected with its neighbors. Such ssimgiresult is also explained by the weight of vhkie of

lost energy inefficient producers will cope withevhintensive DR is put in place.

The paper is organized as follows. Section 2 pteséye modeling assumptions. In section 3, we sti@wv
analytical equilibriums as regarding two scenaabsut the degree of interconnection between th&etsrin
section 4, we focus on the impact of a demand respprogram implementation through a modification i
supply and demand functions. Section 5 concludes.

2. Modeling Framework

The following sub-sections discuss the main assiamgtof this analysis regarding generation techgie®
characteristics and the calculation of demand apglg functions in the modeled markets.

2.1. Generation technologies and trades between countries

We assume that there are two interconnected cednin=1,2)°. The two system operators, after collecting
their generation technologies’ plans, balance ttal toffer and the total demand by considering s
exchanges between the countries. This exchangaited by an interconnection capadityp, ,,, which has

a priceP, ,, when the capacity is saturated. Each country &atterized by the presence tofleneration
technologies. We assume perfect competition inwltemarkets. So, we disregard the strategic behsab
producers by admitting that the merit order of egisystem is the result of the aggregation ofntheginal
costs of the generation technologies which arelablai to produck Each technology is characterized by a
quadratic variable cost functigrdescribed as follows:

1
CVt,n(xt,n) =Qtp-Xep + E-bt,n-xt,nz (1)
a;, andb, ,, are parameters angl,, is the quantity produced by technoldgp a given country.

By aggregating marginal costs of the technologiesilable in countryn, we obtain the following inverse
supply function:

Sn(Xn) = an + bpX, (2)

a, andb, are aggregate parameters And= Y2 ;(x;n + Xt nm) iS the total quantity produced in a given
country. Se@ppendix For more details about the construction of thepbypunction.

* We note that the model could be generalized ttyaeanore than two interconnected systems.
® Indexmis also used.
® Our model is a one shot game with a linear dem@ihds, all capacities are offered on the marketitbh the aggregate
supply function to serve the demand.

As we assume a perfect competitive market, fixestx of generation are disregarded since they daonmmact our
results.



For sake of simplicity, we rank the technologiemirthe less costly to the more costly. A lineaatiehship
between the variable costs function of the techgiekbis made as follow:

arn =a"t.aandb,, = a"1b

Wherea is a ranking parameter of the technolob#si;a andb corresponds to the parameters of the less
costly technology.

2.2. Supply and Demand

In a first scenario, we suppose that electricitynded in a given country is inelastib,{). In the second
scenario, we suppose, as detailed in the fourtiiosethat implementing a Demand Response mechanifm
allow to modify consumers’ behavior and then tli@mand becomes elastic. Inverse demand functitmein
last case is given by:

Dn_l(Xn) =cp —dp. Xp 3
Wherec,, andd,, are the parameters of the inverse demand function.

Market equilibrium is found at the intersectionveetn demand and supply functions. While consumers a
passive players, their demand function dependsojugirices and their elasticity. The supply funetis the
result of a minimization program where system oferdetermines the aggregated supply function to be
minimized to satisfy local demand. As in Vespudcale (2013), this minimization includes local geaten
technologies and potential import from the neightmuntry (see section 3 below).

The final consumption in a given coun@y will take this form:

D, if Demand is inelastic
Qn = (4)
D;(Q,) if Demand is elastic

3. The Model

Each countryn’s system operator minimizes the total variablet @isthe generation that satisfies its local
demand and possible export to the other countrg. dijective function to be minimized (5) and thedfic
constraints (6-8) are defined as follows:

M inxt,n,xt,n,m 2t CVin Xen) (5)
Subiject to,

Xen T Xpnm < Ken %n) (6)
Xt Xtnm < Cappm (Pam) (7)
Xt Xtn + Xt Xemn = Qn (fn) (8)
Where,

8 We suppose that is slightly >1 to keep a rational homogeneitylie generation technologies and to avoid exponential
disparity between them.



Xtn Local generation of technologyn countryn

Xtnm Quantity produced by technologyin country n and
exported to countryn

Xin = Xen t Xenm Total generation of technologyn countryn

Kin Installed available capacity of technology t in coyn

Capnm Interconnection capacity between countny and
countrym

Qn Final consumption in countny

Tty Pum andfy Dual vz_;lriables of the constraints (6), (7) and (8)
respectively

Energy generation in a given country must matchhliree constraints. Firstly, the quantity genetdig
each technology, which includes local generatian,,, and possible export to neighbor county, ,,,
cannot exceed its installed available capacity §8qa 6). Secondly, the export energy from coumirio
countrym is limited by the capacity of the interconnectiame, Cap,, ,,, in equation 7. Finally equation 8
shows that each system must ensure its market dia¢poy equaling local consumptio@,,, to total
generation addressed to the system.

By solving the above constrained program, the Naghilibrium consists of determining the optimal
generation quantitiesy/,, andx;,,,, that minimize simultaneously generation variablests in both
countries. As demonstrated appendix 2the solution is unique since the cost functiores sdrictly convex
and continuously differentiable. The solution isirfid by regrouping together all first order condigpso a
Mixed Complementarity ProblehtMCP) is formed.

Resolving the model as demonstratedppendix 3mplies the following results:
3.1. Trade-off between local production and export

Proposition 1: The trade-off between producing locally or expartenergy would depend on the opportunity
cost of energy and the global efficiency of thedpition technology. Interconnection prices in beémses
would limit the exchanges between countries. Timipact is however weighted by the generation costs
differential between interconnected markets.

Optimal levels of production are defined as follows

* * fm_fn
X'tn =X tnmt 2t-1p (98.)
With,
b.(1-a)(Qn—Qm)
fn = fo = 2O (10)

Proof. See appendix 3

° It solves directly the necessary conditions of Msh equilibrium. Writing the first order optirsli conditions
simultaneously for all decision makers results M@P problem that we solve with Kuhn and Tuckepsditions.



First order conditions of the model show that thealdvariablesf,, and f,, are negative. They could be
interpreted as the cost supported by the counthatance its national electricity market. Theirfeliénce is
positive when local consumption is higher than ifprecountry consumptior@,, = Q,,,. In this case, the
production that satisfies local consumptidn,, is far higher than the exported quantity ,, ,. Indeed, when
the absolute value of dual prifeis higher than the one of the other country, thpootunity cost of selling
energy in the local market is higher than exportiag, producers of countrywill have to produce more in
their local country before exporting to countrny Moreover, they have incentives to do so becausdigher
valuation of their production in market A contrario, when the opportunity cost of expugtienergy from
countrym to countryn is less costly than producing locally, producdrsauntrym will favor the export. The
analysis of the demand level in each country mesliiked with the analysis of DR program made ia th
following sections of the paper. A DR program wouniddify these equilibria. Reducing the consumption
the countries must distress the system, making stw@&per generation available for export. Empistatiies
have shown this result. Indeed, a DR program ioumty reduces its needs of generation. Thanksed®R
program, efficient countries must increase thepogts, improving their revenues and the efficienéythe
overall system (Bergaentzlé et al, 2014). Moreobgneorganizing equations 9a and 10 we can obsbate
the efficiency of the technologycompared to the other technologies would influetheetrade-off between

producing locally and exporting. Let's assume that= % is the global efficiency factor of technology

This termw; also give information on price levels in the twankets that balance supply and demand. So,
according to this term, producers in countrynust export capacities when their technologies raoee
efficient rather than competitors’ ones in countny Equation 9b shows that the more the technotogy
efficient i.e.w; decreases, the more it will be preferred for batanthe system of the country having higher
energy consumption:

* * _ Qn—0m (1-a).Yn Pum 1
Xtn—X tnm — we + at-1.(1—ab).b -Zt a7tn—1 (9b)
When interconnection capacities are limited, R,g, = 0, local production is more preferred to serve local
demand. Indeed, high values Ryf,, reduces the incentives for countmyto export andp,, ,, has the same
effect for countrym. Thus, the highe®,, ,, is, the lower producers of country are incited to export, the
higherx*,,, is. The influence of interconnection capacity eran generation decisions is weighted by the

efficiency factor of the importer country’s techogies defined byzt%. The more the importer country

has expensive technologies, i€, * increases, the more this factor decreases. Thuspinimize total
systems costs, it would be beneficial to rely moneexport even if there exist significant intercection
prices, leading to an increasexin ,, ,,. Moreover, producers in countrycould valorize their production at a
greater marginal costs or energy price in countrfexchanges between the countries would still ficarit
when potential importer country holds relativelyrmexpensive technologies.

3.2. Technology efficiency and markets balancing

Proposition 2: Efficient technologies would be called first forldoacing the markets. Other technologies
would satisfy residual demands with respect torthleibal and relative efficiencie&xchanges are however
strongly correlated to interconnection prices amgtintensity of importer country.

Each efficient technologieswould offer all its installed capacity to the irtennected markets. Optimal
quantities for local production and for export gieen as follow”:

1 N.B : under the condition that', ,, andx*,,,, are non negative, with*,, + x*; ., < K. Otherwise, ifx*;, +
X tnm = K¢, the equilibrium isc™, ,, + x*¢ .y = K, , and others technologies serve the residual demand.



annm-z:t !
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X*t,n — Ztn + Qn—0m + Xt,m Ill

2 2.wt b.wt

1
_ Qn—0Qm _ Zn Pn,m-Ztm

*
X tnm =

Kin

However, inefficient technologigswould just deserve residual demand in the intereoted markets, with
quantities lower than their total installed cagasit Their optimal production levels are givert'by

Resp—q;  Ppmn 1
x*_ = —2*i 4 ==, R 13
tn wy b.wg Zt Atm ( )
. _ Resm—cbf Pnm 1
XEnm = wg b""E.Zt At,m (14)
Where,

Res, = Q, — th*t,n - th*t,m,n
Resy, = Qp — th*t,m - th*t,n,m

t-1
w; = =— with t is the index of an efficient technology
™ a1

-1 _
w7 = =— with t is the index of an inefficient technology
t a-1

o = Z;n@ with  the index of the other inefficient technologiesidest
! 1

Proof. See appendix 4

Thus, the call to produce of a given technology Modepend on its efficiency compared to other
technologies. When its efficiency is higher tharedain threshold as discussedppendix 5all its available
capacity will be used to balance the systems amuinmiie the total cost of energy supply. The other
technologies will either satisfy the efficiency dirons and hence they will be called at full capaor just
serve the residual demand, verifying then the smiuwif equation 13 and 14.

Supposing that interconnection capacities are utgldni.e.p, ,,, = 0. When technologies are efficient, the
share of capacity between local production and exp® mainly directed by energy consumption
differential,Q,, — @,,, as shown in figure 1, which return us back todhalysis of equations 9a, 9b and 10
above and more precisely on the impact of pricedihtial,f,,, — f,,. Again, the more the local consumption
is higher than the one in neighbor country, thearocal price is higher, the more generation i kepatisfy
local needs, andice versaWe can observe from figure 1 that generation isragirically shared between
local generation and export, with a constant sldp depends on the global efficiency factor of the

technology%; the total cannot exceed the available generatapacity K, ,. We could conclude that if
Wt

technologyt of countryn is efficient with respect to other technology, pt®duction increases to serve both
the local demand and the export to neighbor countumtil its full capacityk, ,, is reached.

' N.B : under the condition that,, andx’z,,,, are non-negative and their sum does not exceetétheology capacity
Kz, . Otherwise, inefficient technologies produce dt @apacity and a risk of unbalanced market appeitn no

equilibrium. The cost of the energy is then theudabf Loss Load. As mentioned in our article, DRildoreduce this
risk.



We can also see from figure 1 that generation 89as impacted by the global efficiency factor bét
technologyw,. An increase im‘~1, involving that the technology tends to be morstlgp leads to an
increase inw;, meaning that the technology becomes less efficierthis case, the incurred inefficiency will
be supported by the system facing low demand. fsgamce, if),, — Q,, > 0, local generation from efficient
technology in country decreases, and the residue will be covered fropeithandvice versaThis behavior
should stop as soon as the global inefficiencyofact efficient technology reach a limit beyondtlite
technology becomes absolutely inefficient and hewidébe shared given the solutions in equatiorahd 14.

A
* *
X t,nfx tn,m

*
X tn

Kin

X*t,n,m
-------- x*¢ n variation whenw, increases

-------- X"t nm Variation wherw, increases

0 Qn _Qm
Figure 1. Efficient technologies sharing given demand difiée¢ and technology’s global efficiency with
unlimited interconnection capacities

Interconnection capacity prices in both sensescdfi@ge would however reduce the incentives to rxpim
the neighbor country. We can see from figure 2ittisty to the left of the point for which local geration
equals exported quantity. Moreover, for the samellef demand differential and whatever its sigycal
generation increases in spite of export, compacedhé situation with no constraint on inter-cousgri
exchanges. The variation corresponds to the sumteiconnections capacity prices weighted by aofaof

1

Zt(x . .« . . .
cost structure characteristics of the importer d:ltwﬂlmﬂ This means that when restraining interconnection
Wt

capacity, systems with efficient technologies aeslincentivized to externalize their costs adwgmnta
Moreover, we can see from the figure that localegation will reach more quickly its generation azipa
when the country’s needs are higher than in theratbuntry, while exporting all the generation aatyawill

be slowly reached in the opposite case. This ragodts toward our previous analyzing underlying the
disincentive interconnection capacity prices wélvk on energy exchanges.

A

Kin

————— xX*pn andx”, , o, with unlimited
interconnection capacity

x*¢ n With limited
interconnection capacity

X*tnm With limited
interconnection capacity

&
<

. Ay Pn,m.ztﬁ

0 Q0= O b
Figure 2. Efficient technologies sharing given demand difiée¢ and interconnection prices with limited

interconnection capacity



Varying now our results regarding the paramEtte#, which is an indicator on the cost level of importe

At,m

countrym, we can see from the figure 3 below that the ngemgeration technologies of the neighbor country
are cheaper, i.e. a decreasexip, will increaseztai, the less export from country to countrym is,
tm

l.e.x"z, , decreases, and hence the higher the local generitio®e. x*;,, increases. This result holds

whatever the sign of demand differential. Becatmgerteighbor countryn is cheaper, local generation will
prefer to import from country, x*,,, ,, decreases, and because of the technology is effieied has to
generate at its maximum, the residue involved Wwél covered by increasing local generatioh,y, .,

increases.
X" n andx”, , o, with limited
interconnection capacity
Kin
2
0

Kt,n

. . 1
impact of an increase g, —onx";,
tm

. . 1
impact of an increase P, — onx"¢ 5, m
tm

>
>

-~

Qn _Qm
Figure 3. Efficient technologies sharing given demand difiéed and cost structure of importer country

Considering now inefficient technologies. Theirldalincreasingly dependent on the existence aflued
demand@, — X¢ X"t nm andQ,, — Y x*;, , as shown in equations 13 and 14, and on theaglop, and
relative,d;, efficiencies of the technology compared to thieeotinefficient ones. Not surprisingly, when
choosing between inefficient technologies, the iesfficient one are preferred, i€z, andx’z,, ., decrease
whenws; or ¢; increases.

Let's assume that interconnection capacities alienitad. Figure 4 shows that until certain limitsresidual
demands in both countries, inefficient technologiesild produce a quantity given the solutions inagpn
13 and 14. However, beyond this limit, mainly bessaone of the residual demands becomes very higie
B in figure 4, while the technology still inefficigrits total generation would correspond to italt@vailable
capacity and optimal generation will correspondh®e one of efficient technologies, given the solusi in
equation 11 and 12. This means that not only tise stoucture of the technology which determinesjtsmal
generation, the level of the specific demand adé@$o them too.

However, the more the technology is costly, theanity generation quantity still in the inefficienzgne as
shown in the figure 4 i.e. whewy or ¢; increases, the inefficiency limit increases. Tékative efficiency of
the technology, which is defined by the paraméteimpacts the call to generate of such technolodys T
indicator is constituted by the parametess andb which measure respectively the cost of an infintes
guantity of energy and the evolution of the genenatost when the generation quantity increasesmRhis
indicator and its impact on the solutions in equai1l3 and 14, we can admit that the call of arteldyyt
increases with its efficiency, but the increasmixlerated by the trajectoby



x*=
tn -
Res,, A “z
x*= _ Resm_q)f
tn,m w;
x* = Sin 4 n=Om
B tn = 2 2.05
K; _
¥ _"tn _ Qn=0Qm
X tnm = 2 -

2.0

.-+ Impact of an increase of inefficiency on technology
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Inefficiency threshold
————— Change in inefficiency threshold when increases

> — *— = Change in inefficiency threshold whés increases
Res,

Figure 4. Inefficient technologies sharing given residual deds and technology’s efficiency factors

When interconnection capacities are limited, loggneration would be directly impacted by the
interconnection capacity price in the inverse safseport onlyp,, . If technologies in countrgn are more
efficient, balancing supply and demand in marksehould be done with imports, except if imports eostly.
Potential export is however directly impacted objythe capacity price in the sense of exp@y},. Indeed,
when generation technologies are inefficient, syst®perators would weakly rely on them to balamesr t
systems; these technologies will just act as arnyiltechnologies. It would be more beneficial tty ren
import than calling the inefficient local technoleg, upon the condition of course that importedhhetogies
still less expensive. This would be ensured ifabst of transport is low enough. That's why ouwugohs in
equations 18 and 19 show that any increase in disé af transportb,, ,, andP ,,, respectively?, would
reduce the incentive for import and thus would ioippositively local production, even if coming from
inefficient ones. This result is shown in figureviere we observe a shifting to the leftgf, function. For
the same amount &es,, ,local generation will increase. Exported quanfibm inefficient technologies will

1

. .. . En Pn,m'ztu_
however decrease. The variation is identical anulessed byb—m
LWy
X5 AXE
o X"z, andx*z,, . with unlimited
7y interconnection capacity
Kin + O —0n |y o ) )
2 2.0, x"z , With limited interconnection capacity
&_ Qn - Qm
A2 20 X"z n.m With limited interconnection capacity
A4
Zn Pn,m-Ztﬁ
b.w¢
Prn o 1
*—e b " Zt dem
< — — > Pam 1
Res,, Res, MM b 'me

Figure 5. Inefficient technologies sharing given residual deds and with limited interconnection capacity

In this section, we have seen that in an intercoieae market, equilibria rely on technology efficgn
interconnection capacities, the opportunity costrafrgy and the market sizes. Thus, introducingoBdgram

12 Assuming that only capacity prices could increasieer parameters are unchanged.
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will impact these equilibria mainly because of thedification of the demand level and an increaséhen
availability of power plants.

4. Demand response and consumers’ elasticity

We focus now on the effectiveness of the implementaof a Demand Response (DR) program. We can
admit that a generalized application of DR wouldéhgeveral impacts on system equilibrium. The main
objective of this program is to make consumers iieasto prices in the short rth They could actively
participate in managing system security, insteatelying only on supply managements when the syssem
close to rationing.

Such mechanism would have a large cost of implemtient Consumers need to adapt and modify their
behavior, going from being captive and inelasticdally elastic. It is worth noting that under DRograms,
demand becomes elastic for a large range of consuimeependently of their own appliances. Obvipuas
several pilots in US have shown it (Faruqui et2009), main gains are in peak periods. Electratihg or air
conditioning demand are the main consumption appdia that could be managed in DR programs. However,
dynamic pricing gives incentives to reduce consumnpto large part of consumers, regardless of the
ownership of for example air conditioning (Di Cosmet al., 2014). These effects are increased with
information technologies, as in home display, tlgate continuous information to consumers on its
consumption and tariffs.

Let's assume that at least two consequences vplbdrain the future because of a generalized apiolicaf
DR. First, we can admit that the additional DR cesgpported by the suppliers will lead to modify and
increase their supply function. Indeed, investmémisetering, energy boxes and sensors should be to
precisely assess energy consumption and to maximmézenpact of DR programs. Firms should also ihires
people to manage big data and to pilot DR progualinthese investments should be recovered by ttmasfi
leading to increase their fixed and variable coStgopliers will undertake such investment afteresting
their specific market share whereas the cost wiliransferred to consumers by a tariff increases dduld be

modeled by assuming that operational costs ofdblentology would increase by a convex funct%on,.xt_n2

wherey can be interpreted as a DR intensity parametears Tlve assume a positive correlation between the
intensity of suppliers’ investments in smart grigstem and the opportunity for consumers to mariagie
consumption with large variety of tools (In-Homespliay, Direct Load Control, Energy boxes, etc...).tlm
other hand, we can assume that consumers, beingprio sensitive, will become demand elastic. Thei
inverse demand function is defined as in equatiam section 2 above. Graphically, the electricitice goes
from pointA to pointB, as it is shown in the figure 7 below, when gdirmgn no DR scenario to a generalized
DR scenario. Indeed, with the deployment of SGorim&tions are provided to consumers, allowing them
make decisions, to change their electricity condignppatterns and to adapt their demand. DR program
change the cost of electricity for consumers: tfeseive new price signals and, with new SG teclgiey
they could react to them. Consumers’ reserve pritte DR, c,,, is now higher than,,, the reserve price when
all consumers are price inelastic. Indeed whenwoess are price elastic, becoming able to pay highees

for electricity when the system is rationed, willle much more the electricity scarcity which iraplian
increase in the value of lost energy (VoLt)

13 Electricity consumers are recognized to be elastly in the long run, even if in the short runstpaf them can be
partially elastic too. We note also that we do matke any distinction between residential and imtalstonsumers
which have different consumption profiles and would practice react differently on intensive DR pram
implementation.

% |n practice, the reserve price varies with theetgp consumers, theirs elasticities as well agtivation of the outage.
See Leautier (2000) for more details.
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Figure 6. Impact of a demand response program on marketiledGuih.

The impact of the DR programs on price bids has Istedied in the literature. DR is a key to makedm
grids to work because it allows efficient interaot between the segments of the electricity ¢habR
programs are separated into incentives and prisecb@rograms (Muratori et al.,, 2014). The first one
remunerates consumers for their load-shedding skeitee second only gives a price signal to conssimer
the cut in energy bills is then their only remutiera However, lower forecasted gains for consuniers
electricity bills lead the utilities to use the twkind of DR at the same time. For example, feeddcbe
transferred from utilities’ gains to consumersémforce load-shedding incentiveBhe literature has studied
a variety of DR tools (Bergaentzlé et al., 2014rufai and Sergici, 2010 and Horowitz and Lave, 3014
going from the simplest one that requires dividing consumption periods in some price blocks wieim
increases with the short term system vulnerallityne-Of-Use or Critical Peak Pricing), to the cdenpone
were consumers react in real time to electricitggw (Real Time Pricing). All these tools implyiacrease in
electricity price in the periods of tensions andwa price otherwise. It is somewhere a realistisuasption to
assume that an activation of a DR is translatedrbincrease in electricity price.

As prices increase, some consumers could be wérsertsidering this increase (Horowitz and Lavel20

As the main gains of DR program is the reductiocaisumption in peak-load demand, incentives prices
direct load control are used to make the volumecefgreater than the price effect, i,e to compentat
increase in prices by the decrease in electriotysamption. This should be done by minimizing timgact

on consumers’ utilit}, as consumers must have incentives to participaPR program. Thus, social welfare
and consumers’ surplus are two economic indicam@shave to study to gauge the efficiency of the DR
programs.

In our model, we only study the impact of pricedth®R on the market equilibrium of two interconmeeict
area, on consumers’ surplus and on welfare. Stgalo at the social efficiency of a DR measure, st f
consider the maximum level of demand reductionsygem operator can reach without any lose in kocia
welfare. So, we defin@,, ,,;; as the minimum quantity of demand beyond it sog&lfare does not decrease.

'3 For instance, generators of conventional or intiéemt energies could easily manage variationshefrtproductions
and integrate renewable energies in the power syste

16 One of the main field of suppliers’research isctmvince consumers to participate in DR programusTho be
accepted by consumers, DR program must minimizentipaict on consumers’ modern conveniences and emtrigity
bills.
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Then, we will introduce an analysis of consumergphkis to show the existence of some designs of DR
program that could not deteriorate this surpluseAsitivity analysis regarding some key parametadsthe
level of demand elasticity is also done.

Without loss of generality, four extreme scenariegarding markets integration and market efficieaoy
analyzed. In the first two scenarios, courntrig more efficient and so less costly than couniryVe look at
welfare variation for two situations regarding thdent to which there is a sufficient interconnaetcapacity
between the two countries. In the last two scesari@ assume that countmyjs now more expensive than its
neighbot”.

The results of section 3 have emphasized the ingfatte opportunity cost of energy and the techgiels
cost efficiency on energy exchanges between casitsubject to interconnection capacity prices. {fade-
off between costs and volumes efficiencies wouldedthe exchanges and the generation decisionshét
follow, we apply these theoretical predictions lpynsidering the particular case of elastic demanih wi
demand response. The results of proposition 1 andll Zo serve as the analytical basis of the fwilg
efficiency study.

4.3.Demand Response, technology efficiency and volumiigency

In this section, we analyze the efficiency of a plegram using social welfare as indicator of effeatess.
The introduction of,, > 0 leads consumers to react to prices. Thus, inah@ysis, we show when system
operator could implement DR programs and minimiee ¢onsumption without any deterioration in social
welfare.

Let's defined,, as the welfare variation after implementing a DBgpam in the countrg as follows:
An = SWn’z - SWn’1 (15)

Where,

SWy1 = Dy. (P, — Pj1) + Dy (P“T_a”) 18 Social welfare before implementing DR program.

Cn—An

> ) : Social welfare at the equilibrium after implemegtDR program.

Wz = Qn.(
When developing the above function, we obtain #hat> 0, i.e. DR is socially efficient, when the
equilibrium quantity belongs to the optimal reglogiow:

2.5Wn 1
Qr*l = Qn,min = -

p— (16)
Qy, is the equilibrium that is effectively reached @cling to supply and demand functions and the petam
of DR, vy. Qnmin IS the minimum equilibrium quantity that could teached with a DR program without a
decrease in social welfare. This threshold exstsefich equilibriungy;, i,e for all configurations of supply
and demand functions. According to supply and dehpamameters, some of these equilibriums will irrdac
positive variation of the social welfare.

In our modeling assumption, the two countriesdifierentiated only regarding their volume struei(demand and
generation capacities) and their cost structurgs.inBegrating these differences, the results of fineth scenarios
guarantee a certain level of exhaustiveness.

— 2
' When developingW,, ;, we haveSW,, ; = D,.. (P, — a,) — b"':"
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correlation between the intensity of the DR program, and the probability to cope with, > 0 as

lim, . Qn,=0.Itis a rational result since the more DR is msige, the higher is the consumption

Knowing also that at the intersection poidtin the figure 6,Q;, = 19 we obtain a negative

reduction. Thus, as it is optimal for the DR pragréo reachy;, € [Qn,min, Qnmax = ;—"] to keep social

welfare gains, an intensive DR should stronger cedtonsumers’ surplus as well as the profits offitines
which compete in marginal costs. So, there arenoeritives to designyg, such a%);, < Q, ni, because of
loses in social welfare when the demand functicelastic.

As 4, is an increasing function @f, , we could conclude th&l; = Q;, i, is the minimal condition the
equilibrium must respect to keep gains from DR prots.

According to this prior result, we can see that tiaimum quantity is linked to parameters of th@my
functiona,, andb,,2° reflecting the supply marginal costs, and the rieselectricity prices before and after

implementing the modification of their consumptioehavior due to the DR prograf, andc,, respectively.
This threshold quantity is decreasing with the $ufpnction parametefS Thus, the less the country is
efficient, the more it is possible to send a psgmal to consumers to adapt and reduce their copison
without a decrease in the welfare. The intuitiothest the SVy; is reduced because of inefficient supply costs.
Thus, elasticity of demand and a higher resernaeprg could offset the DR increase in costs to keepgyain
social welfare. In the same way, the more the vafuenserved energy when consumers are elasiieis,
increases, the more there are able to reducedbesumption levéf. Finally, the higher the levels of initial
demand and initial maximum price arg,or D,, increasesthe less there is a margin for system operatgoto
through an intensive DS program and important comgion reduction because of a strong initial social
welfare SW, ;.

This prior analysis just served to have an indiwatn the main factors influencing the optimal econption
limit. We will study now in depth the extent to whithis limit would depend on (i) the system cdfitiency
and market sizes, (ii) systems integrations by idengsg the level of the price of the interconnecttapacity
between the countries, and (iii) the impact of thain parameters of the systems configurations en th
efficiency of a DR program.

Proposition 5. If the country is efficient, there exists an optimegion for which a demand response program
does not reduce social welfare. This region is tiegly correlated with the degree of competitivenekthe
generation technologies and its market size.

In this scenario, we assume that coumtig enough more efficient than country This means that with or
without price signal, only its generation technaodsgare called to produce to satisfy the local deima

Integrating our results frofroposition 2 with P, ,, = 0 into equation (16), the optimal minimum quantity is
also equal to:

K n—a. 2.5W,
Qn’min — Zt‘ tn an — n,1 (17)

2-a Cph—Qn

19 This result holds by equaling inverse supply fiorcto inverse demand function, i@, + (v, + b,)X, = ¢, — dp. X,
2 We remind that electricity price in the first sition is given byP;; ; = a,, + b,D,,

dsw;, dsw;, d i
218Wn1 - ) and®¥nt < gnd Lnmin
dbn dan dan
22 dQn,min

<0

dcp
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The left term (from cost minimization program (5-8nd the right term (from equation 15) are eqaalhe
equilibrium. Any change in one parameter of onenteiill be accompanied by a proportional changethen
parameter in the other term, guaranteeing thatbimere equality always holds and the equilibriuriissthe
one of efficient technologies. The link between twe terms is obtained through the parambjeas it is
detailed next.

We can see from equation (17) that the optimaloredimit depends on many parameters about the
interconnected systems configurations and techiedogpecifications. We define three criteria tadgtthe
sensitivity ofQ,, i to the main parameters. The first one is aboutrtheket size of the efficient country. It is
impacted by, ,, andD,,. Indeed the more these parameters are importantnore we can admit a large size
of the system. The second one is about the consmmpevel of the inefficient country, i.€,,.

Technologies’ cost efficiency level is the thirdlicator. Parameters like the supply function’s patersa,,
andb,, fall into this category.

Market size of the efficient country

When the capacities of country increase, i.e},; K, , increases, two impacts @h,;, could happen.
Knowing that countryn is cheap, any increase in its technology capaeilybe exported to the neighbor
country. Such capacity addition can also offer mavailability of cheapest technologies to country;s
leading to reduce the slope of the energy mix (theameteb,) and increasing then the initial social
welfareSW, ;. We observe so an identical increase in the lgit and the right side of equation 17. The
optimal region of a DR program, not reducing theialowelfare, is reducéd This reduction is due to the
difficulty to implement a DR program without a rextion in social welfare because the supply costetge
the captive demand are cheap. Thus, consumershnagj is costly for the collectivity. Firms mustphement
lower DR program, witly,, positively correlated to the elastic consumerseree price ¢ Indeed, we have
seen in the previous equilibriums that an incréasgeneration capacities of the efficient couneggds in
general to increase the local generation as wekxap®rt. When available capacities are competitiie,
system is far from rationing. Consumers do not nigedle rationed and to adapt their consumptions, th
generation being available and cheap. Indeed,og®eih term of surplus could be very high in suthasion
when generation is cheap while consumption mustedse because of the voluntarily increase in tiee pr
There exists a kind of opportunity cost to ratitie ttonsumers without constraining the system. This
translated by a relaxation of the constraint 6hi initial minimization program. Second, the optimegion
could however still unchang&df the increased capacity will be totally exportecthe neighbor country, i.e.
any increase i, K; ,, is off-set by a proportional increasedp, in equation 17 above.

Qnmin 1S also positively correlated @, (the right term of equation 1%) Indeed, such increase in the
differential between the initial demand and tardetme would induce an important negative impact on
producers, observing a great generation reductsowedl as an increased value of their unused cagsci

From other side, captive demand is high enoughllitavathe rationing a high number of users by a DR

23 This analysis procedure is followed for all thersarios below.
d(zt"t.n—‘“-‘?m) don
240 2@ )5 jf o Lnmin <1, meaning that only a part of capacity increast e exported. At the same

dKtn dcp
. dSWh 1 .
time, —== > 0 because of decreasebj.
tn

YtKtn-aQm
a|l—%—— .
» % >=0 if a.dog% =1, meaning that a high part of capacity increask vé exported. At the same
tn n

time,dSW"'1 = 0 becaus#,, is unchanged.

dKtn
dasw, * ) P
ZGT’” > 0 becausé; , = a, + b,D, < P,.

n
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program, without impacting negatively their welfaBich increase iB,, and so, in the right term of equation
17 is accompanied by a proportional decreasg,jrand then in the left term of equation 17. Indeesk|
export is envisaged when local system has moresneed

As a first conclusion, we can presume that inten$MR is constrained by the market size of the ayste
because of the considerable impact of the valusoofserved energy for producers. Not only consumers
rigidity would undermine the efficiency of DR busa the producers’ side, regarding how much thdllege

in term of profit..

Consumption level of the inefficient country

We can note that the demand in the neighbor couaftacts negativel,, ,,;»2’. Because interconnection
capacity are unlimited and so are freely valued,jrmnease irQ,, will be covered by more export from
countryn, and then moving down the local generation in tgun. Because export in now more preferred
compared to local generation, countmywill observe a reduction i§W, ,, b, being increased. These
intermediate impacts lead to a reductio®jn,,;,. A reduction inQ,, will have however the opposite impact.

It is also to say that while the market size reduite efficiency of DR, export opportunities giviey the
increase in foreign demand would alleviate suchatiegg impact, reducing then the value of un-semeergy
caused by the DR program.

Cost efficiency of the efficient country

The second group of parameters regarding cosiexftig of the technologies is the specific paransetéithe
supply function &, andb,). Again, whena,, or b, decreases, meaning also that technologies are more
efficient, we observe an increase@in,,;,. Indeed, the initial social welfare is more immtt because the
cost to serve the demaix] with an efficient energy mix is now lower. Thereas intensive DR would be
accepted by system actors, facing now a higherrtypity cost of avoiding the demand response.

Proposition 6. When interconnection capacity is limited, the optimegion is reduced. System operators
cannot introduce an intensive DR program because ghneration reduction of its efficient producers,
involved by the DR program implementation, canrmeotdtally evacuated by relying on export.

Here, countryn is still more efficient than countmn. However, interconnection capacity between the two
countries is limited in the both senses.

Integrating our results iRroposition 2 with P, ,, > 0 into equation 16, the optimality region of the pric
signal is now given by:

Pnm
LeKen—aQmt "y _ 2.5Wp,

Qn,min = —a ety (18)

All previous cost and market size parameters kieepsame impact o, .,,;, as previously. We still observe
that the more the technologies that serve the déraem efficient, the more the rationing is costhgl daence
the moreQ,, i increases. ldem, the more the size of the maskéte low the consumption reduction is.

Transmission capacity limit

2-a

- d(ErKrn——“Qm)

m < 0. At the same timef\i,j:;—”'1 < 0 since more export will induce highky.
m m
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Due to the constraint on interconnection capac#ycapacity price effect associated to the use of
interconnection appears and is representeﬁfiég—b. This effect leads to reduce the optimal regionitli

compared to the previous case, all things beingledndeed, implementing an intensive DS measuwe, b
encouraging consumers to highly reduce their copsiom would involve a great reduction in local
generation. Efficient producers, observing a hugduction in their generation, can export their ever
production to the neighbor less efficient countoyyering then the negative volume effect of suclasoee.
When interconnection capacity is limited, exportdies more costly as well as less possible. Hehee,
equilibrium for which efficient technologies areedsat their maximum is much more difficult to reathe
cost to serve the rationed demand will significariticrease, leading the system operator to addpssa
intensive DR program in order to avoid system s We can also understand this decrease in theabp
region by looking at the impact on the merit ordécountryn, a limitation on interconnection capacity will
induce. The more interconnection capacity is lidhitine less export to countnyis reasonable. The reduced
export can be seen as an excess of generatiohatab be put in the local system. The impactes thwice.

In the one hand, a direct impact would be the mseeof local generation. On the other hand, thieirimed”
generation has a high probability to come from ksstly technologies, where their supply in thealonarket
will move down the merit order curve, because teerelase ob,,. Consequently, initial social welfare is
increased, impacting then positively the quaniititl This result shows that the impact of DR piaogs on
interconnection capacities is ambiguous. On theharal, DR programs, reducing the local demand, advoul
distress the electric system. Thus, interconneatmiid be less used because of lower demand. Diggno
should be a substitute to network expansion. On dther side, there exist incentives to expand the
interconnection capacity network to benefit fromeaper generations. Considering the opportunity obst
non-served energy and the capacity price, as #f@idient country has no incentive to implemeneimtive
DR programs, we have shown that the second eftedti e greater than the first one.

To sum up, let’s focus on two indicators of thetaisucture and the market size of the studied wguihe
first one includes, as said previously, paramelies supply function parameters, andb,,. As it was
demonstrated, the impact of these parameterd, g, is the same, the more technologies are cost &ffici
the higheQ,, ,in is. We can so for simplicity focus only on paraenét, , as a good indicator of the cost
efficiency of the technology. Regarding market sizdicator, it is also highlighted that the moretiai

captive demandD,,, is high, or the more generation capacityK; ,, is high, the higheQ,, ,,;, is. For
simplicity, we center our conclusion on the impaktD,,. Figure 7 below shows the evolution of the optimal

region regarding,, andD,,*®. The curves are approximated based on our refsalts equations 17 and 18
abové®.

Two zones can be identified. The first zoheneans that with low,, and lowD,,, it is not possible to reach
low demand reduction with intensive demand respofise fact thab,, is low enough, the rationing will lead
to a high negative price effect on consumers. Tve level of demand would not provide an important
positive quantity effect of the measure. Conseduewe expect a high price effect of such measonainly

for consumers, making a great loss of welfare ifraensive DR is implemented. In the opposite caken
both parameters are high, the volume effect is nomsiderable compared to price effect, i.e. a Bféct

8 We note that we disregard extreme situation,vileen country become inefficient compared to itsghbor. Such
situation will be studied in the next sub-section.

% From equation 17 we can deduce the following i@tship between), i, and (by, D,) : Qumin(by) =

[ — — 2
- 2Dp.(Pp—an)—bn.D . . . . . . .
Qn,min(Dn) = 2n( "C 12 1 Function of,,, the function is strictly decreasing, whereas itnicreasing and convex
n—Un

Pnm 1

.= . . . Lt . . . L
in D,,. When the capacity price is non null (equation, 1—@2_“—’" is added to the last function. Functionbgf it stills
decreasing but with a concave form as shown itiigguee 7. Function ofD,,, it is translated to the top.
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comes from generation reduction and a second dff@ct the increased value of unused capacity. Maeo
demand is initially high enough while the gain @rm of price reduction is insignificant. Finally,law
demand reduction is also expected whens low andD,, is high. While the positive volume effect for
consumers would be off-set by the high negativeepsffect, producers would lose a high level ofirthe
surplus, as in the precedent case because of hertemt generation reduction and the increasedevafu
unused capacity. The positive impact of price iaseson producers is however moderate when we @nsid
the increasing cost of the DR measure on theiratjperal costs. Finally, when interconnection catyais
limited, the efficiency of DR in term of consumpiioeduction is moreover reduced (zéhén the right part

of figure 7).

However, an aggressive demand response could enjyubin place wheb,, is high and,, is low. This
intensity is moderated by the extent to which tkgoet is limited, i.e. a loss in the optimal regias shown in
the right part of figure 7. We can conclude thatrd@ach higher reduction of consumption without asedf
loses, the volume effect of the DR measure on coassiand on producers has to be off-set by prieetef
giving then an insignificant negative welfare impauw total surplus.

Optimal regions of efficient DR with unlimited Optimal Regions of efficient DR with limited
interconnection capacity interconnection capacity

A

nmin Qn,min
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2.(cn—an)
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Figure 7. Optimal regions of efficient DRor efficient country

Proposition 7. When country is inefficient, the higher the impisit the inefficient an intensive Demand
Response is.

In this scenario, we assume that coumtig now enough less efficient than countmyThis means that with
or without price signals, it relies always on imjgdirom countrym to satisfy its local demand. We begin by
admitting also that interconnection capacity ismited.
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Integrating our results frofroposition 2 into equation (16), the minimum quantity for effiot DR is equal
to:

_ YtKegm—a.QmtResy  2.5Wyp (19)

Qn,mm —a Cn—n

Parameters,, andb,, (throughSW,, ;) are playing the same role @ ,,,;,,. We still obtain that any decrease
in the inefficiency of the cost of the local teclowes is positively impacting;, ,,:,. ldem, market size
indicator of the inefficient country,,, throughSW,, ,, stills influence positivel),, ,,:». The optimal region is
however significantly influenced by the market sif¢he exporter countm, i.e.K; ,,,, as we see below. As a
preliminary interpretation, we can say that sineetiountry relies massively on import, any local rgge
policy would be subject mainly to the (un)attraetiess of import, being structurally inefficientgo through
independent measures.

Market size of exporter country

Compared to the scenario where countiy efficient, here generation capacity of expoc@untry,K ,,,, will
influenceQ, nin instead of, ,,. Interconnection capacities do not constraint gnexchanges. Countny

will intuitively import any less costly energy froits efficient neighbor country. An increaseXp,, will
relax the neighbor system and then encourage mxp@teto the inefficient system. Therefore, twaiations
are possible. Inefficient technologies of countrwill be more replaced by less costly one, so ameiase

of K, ,, will be accompanied by a decrease in the residesaiand served by local producetss,,, the impact

on Qnmin is then quite limited. Or the capacity expansianthe exporter country will be transferred to
countryn, and then satisfying more demar@, ,,,;, has to increase becausges, will still unchanged. In this
latter case, the rationing is more harmful for eaoners. Indeed, when available capacities are cativget
consumers do not need to be rationed and to atapt consumptions, the generation being cheap. The
opportunity cost to ration the consumers withoutstaining the system is here significant. Fromep#ide,
since cheapest technologies are more availabletint’sn, we obtain a reduction in the slope of the energy
mix (the parameteh,) and an increase in the initial social welf&Vg, ;. So, any capacity expansion in the
exporter country that will be transferred to theffitient country will make more probably restnaithe
efficiency of DR program.

Consumption level of the exporter country

We can finally note that the demand in the neightmmtry affects negatively, ,;,. Again the increased
demand in the exporter country would reduce thaevalf un-served energy of efficient producers cause
the DR program.

Proposition 8. When interconnection capacities are constrained,df5stem operator of the inefficient system
can exert more aggressive demand response program.

Finally, considering that countryis enough less efficient than countmwhere also interconnection capacity
between the two countries are limited in both sense

Integrating our results iRroposition 2 into equation (16), the optimality region of DemdResponse is given
by:

2
a
_ Zth,m_a-Qm__l-b-ZmPm,n+ReSn Z.SWn'l

Qn,min = — = (20)

2-a Cp—an

Transmission capacity limit
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Contrarily to the scenario with efficient countmsyhen the country is holding expensive technologiks,
more the import is costly, the more the DR couldritense. Indeed, whe}, ,, increases, it is less possible to
rely on import to satisfy local demand of countrylLocal inefficient generation will be used to baia the
system. Given that the opportunity cost of redugegeration is much lower for inefficient technokxyj i.e.
local producers, than the efficient one, i.e. i@, the system operator can undertake more aj¢gedR
program without facing a social cost of unservedegation that would be caused if he relies onlgfitient
technologies. He can hence implement a price sigmiillan optimal level that does not reduce soeielfare,
while when import is not constrained, this levelagrer because of the impact of the value of thesed
energy of the efficient technologies.

To sum up, we will focus again on two criteria abmehnologies’ cost level of the inefficient coynand the
market size of the exporter one since it signifisamfluence equilibrium in the under study mark@¥e
consider the parametk) as an indicator of the efficiency of the countBecond, we look at the impact
of K; ,, as an indicator about the market size the neigbbantry to counterbalance the inefficiency of the
considered country. Figure 8 below shows the eimiudf the optimal region of DR regardibg andK ,,.
The curves’ approximation is based on our resaleguations 24 and 25 above and similarly to theesuin
figure 7 above.

Here, three zones are identified. ZoWemeans that it is socially inefficient to targewlaemand reduction
when eitheb, andK,,, are low or onl\X, ,,, is high. When they are low this means that théesyss less
inefficient but it cannot rely so much on impont. the one hand consumers are less able to accdy to
rationed, the generation being cheap. On the aillerthe System Operator have to rely on localyeds to
satisfy the local demand, an intensive demand teduwill then be socially suboptimal because @ thgh
negative price effect of the DR measure on produserplus, i.e. price differential from the initatuation to
the targeted one is important. Whé&p,, is high, import could be abundant regardless dst-intensity of the
system. DR is also limited. While consumers couddléss sensitive to demand rationing, the sigmfica
weight of cheap import will observe a significaetcdease in their surplus, making the great demaahakction
socially inefficient for all actors involved in dusystem. This result is very interesting and ersjzies the
extent to which the development of interconnectidmtween countries could condition energy policy
strategies of the countries being highly dependargnergy import.

However, an aggressive demand response could kia pliace only wheb,, is high and<; ,, is low. In this
case, we have a very inefficient system as wedl lasv rate of import. In such case, consumers anerable
to accept demand rationing because of the alreacssive electricity price. On the other hand, afl as
local producers and the low level of importers wibtt observe a significant decrease in their sgrphaking
then a great demand reduction socially acceptagarding the actors involved in such system. tbisay
that intensive DR could be put place when the syssealready extremely inefficient and in the sdime the
system falls into a quite isolated situation. Wealily observe that the intensity of DR program dobk
increased by the extent to which the export istéohii.e. an increase in the optimal region as shiswthe
zoneC in the right part of figure 10. The zofkindicates that more aggressive demand reductiold dummu
targeted even if the degree of competitivenesshef technologies increases as long as import is more
restricted.
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Optimal regions of efficient DR with unlimited Optimal Regions of efficient DR with limited
interconnection capacity and inefficient country interconnection capacity and inefficient country

Qn,min Qn,min

2.D,. (F,, - an)

Cp — Qp

<_._._._._

B / B

v

—a.Q,, + Res, 2(Puan) K, . b, Ky b
2—a Dn
Low (High) K, ,, , Low (High)b, — Qumin(Kem)
ngh Kt,m , LOan Qn,min(bn)
i a.b.Pmy
- Low K ., , Highb, \V (a—1).(2-a)
C Region Limit gain when import is limited

Figure 8. Optimal regions of efficient DRor inefficient country

4.4.Consumers’ surplus analysis

We study now the extent to which the optimal reggdrDR programs would vary if consumers’ surplus
variation is considered instead of social welf@ensumers are sensitive to financial losses thaitdoaccur
with the adoption of a new technology (Park et2014). In the case of a SG deployment with DR @3
and dynamic pricing, these fears should be cogélatith lower surplus, because of the risk of amdase in
electricity bills®. This is one of the main risks that group conssirierars together when DR program are
used. Indeed, a DR mechanism has to act mainlyonsutners profile; its efficiency would depend oaith
adaptation and their elasticity the DR program daiucceed to activate. The impact on consumerglisir
could be an important social constraint that pudlithorities should seek to reach when trying talifgche
equilibrium rational of their energy systems.

Proposition 8. When the consumers’ surplus variation is the uséeéria instead of social welfare, more
aggressive DR could be adopted, unless the systeasi-inefficient as well as the captive demaravis

Let’s define(),, as the consumers’ surplus variation after impleéimgra DR program:
Qp =CSpy — CSpy (21)

Where,

% 5G and DR pilots have shown that this risk exigtdould be limited for consumers that react tmaidrom utilities or
Distribution System Operators(Faruqui et al., 20B@ruqui et al., 2010 ; Faruqui and Sergici, 2010)
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CSny = Dp. (P, — P;)3t : Consumers’ Surplus after DR program
And,

CSp2 = Qn. (%) : Consumers’ Surplus at the equilibrium before @Bgram

When developing the above functigrwe obtain tha®,, > 0, i.e. DR is efficient from consumers’ side, when
the equilibrium quantity belongs to the optimalioggbelow:

. fz.csn
Qn = Qn,min = d—nl (22)

A consumption reduction without decreasing conssiramplus could be reached uj] ,,;;, in equation 22
above. We could verify that the intensity of thend&d response is positively correlated to the ielgsbf the
demand function and negatively correlated to thativa demand prices. If we assume that public aitho
considers principally the impact in term of conswsheurplus when implanting DR measures, instead of
social welfare, we can demonstrate that a highesumption reduction could be obtained if the foilogy
condition is met:

2CSn1 _ 2:5Wna

dn ~ ctp—an

(23)

In what follow, we look at the additional consungptireduction under consumers’ surplus constraigt an

regarding the level of two parameters about cofitieficy and market size of the systebp, andD,,
respectivel§/. The results shown in figure 9 below confirm owvevious results regarding the impact of the
weight of consumers’ surplus in the social welfsegiation, via the price and the volume effectsDiR
program. Two mains conclusions could come out ftbefigure. First, when market size of the system i
high, i.eD,, is high as shown is the right part of figure 9d amgardless the level of the cost efficiency, a
higher consumption reduction could be reached ibwg consider consumers’ surplus impact (zBna the
right part of figure 9). This additional quantityduction could also be obtained when demand is ratelbut
the system has to be highly inefficient in termcoft (zoneB in the left part of the figure). Indeed, when
demand is very high, negative price of an intendd®R program on consumers is off-set by the positive
volume effect, while for producers, since positprice effect is insignificant (price variation isw because
the additional cost of DR), the negative price @ffeill make them facing a high decrease in theino
surplus variation. DR could not be then intensiveuich surplus is considered. Likewise, if demamahat
high enough, DR could be intensive only under coress’ surplus approach and if the system is expensi
In this case, consumers having already high bitisilds be more able to accept aggressive demandtrexduc
volume effect being higher than price effect.

The second conclusion is that, under consumerglisirapproach, we cannot expect a deep reduction in
consumption when the system is already cheap vddglaand is also low (zon& in the figure). Again,
negative price effect of the measure would be Bighugh for consumers and demand rationing woulédse
acceptable, energy being cheap as well as theguooption is already low.

. . — — —2
* When developing the function, we obtali$,, ; = D,,. (P, — a,) — b,. D,
20, = 0if Q,. (%) > CS,,,. Knowing thatP, = ¢, — d,. Q,,, thenQp, in = /zcdﬂ

n

B Qnmin Under consumers’ surplus criteria is higher t@ap,;;, under social welfare criteria.
3 A deep analysis of the impact of interconnecti@pazity price is disregarded here. Like previousien the
interconnection capacity is constrained, the ogtiragion is reduced when the system is efficierd acreased in the
other case. This holds under social welfare as agetlonsumers’ surplus criteria.
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Figure 9. Maximal consumption reduction under consumers’lsigrpriterion and social welfare criterion

4.5.Elasticity of demand

We end our analysis by studying the sensitivitpaf results to the level of the elasticity of dechawe look

at the consumption reduction a DR program couldhregiven the level of elasticity. Different situats are
considered regarding the cost efficiency and theketasize of the country as well as its degree of
interconnection with the neighbor country.

Proposition 9. Elasticity of demand is negatively correlated te thtensity of DR program. In general, less
elasticity of demand is needed under a consumarplis approach. Finally, the more the systemfigieft,
the more consumers have to be elastic, to undéhgiefficiency of the DR program.

Let’s defineg,, as the level of the elasticity of demand in countafter DR being adopted:
&, = Q'(Pn).g—: (24)
A DR program is efficient when the level of thestigity belongs to the following regidh

E,21——2= (25)

dn'Qn,min

Where,

* From equation 24 and knowing tit = c, — d,..Q,, we findg, = 1 — dc’g . Efficient DR is wherQ;, = Qy min, SO

Cn n-<n
> 1-

An-Qnmin
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2.5W ) L

P _;'1 If Social Welfare criterion is used
n n

Onmin = 2051

y If Consumers’ Surplus criterion is used
n

From the figure 10 below, we can make three impbrt@mments. First, the more the demand is elasbic,
more DR could be aggressive, i&.,;, decreases, whatever the efficiency of the systethumler both
criteria. This is an expected result since whersaorers are increasingly elastic they are more tabdecept

a consumption reduction after a given price in@e&econd, the impact of the elasticity of demanbkss
positive for consumption reduction if social wedfas considered instead of consumers’ welfarethe shift

to the left from the black curve to the gray ondhia figures, except when the system is efficianterm of
costs and has higher market size. Not surprisirfglya given level of quantity reduction, we woukjuire
higher elasticity of demand under welfare approten consumers’ surplus approach. This supplemient o
elasticity is needed to compensate the loss ofymed’ surplus induced by the DR program. Final,
observe again that when the interconnection capeciimited, higher elasticity of demand is neetiedeach

a given demand reduction when the system is cfistegft and inversely and low elasticity of demaisd
required when the system is cost-inefficient, fte discontinued curves in the figures. When tletesy is
efficient and export is less possible, as it wasuksed in section 4.1, the cost to serve thenedidlemand
becomes more expensive. The un-exported quantitgnasxcess of generation should be injected in the
system. The impact is twice. First impact is arrease in the merit order function. Second impaans
increase in the local generation in order to kesprized a system having efficient and cheap teopred. A
higher quantity is now needed to be produced fori@ probably higher because the un-exported gépar
could be more expensive. Even consumers’ surplds b& negatively impacted, energy being more
expensive.

The opposite phenomenon is observed when the systerafficient and relying massively on import. dér
consumers’ surplus approach, before implementingpRdgram, consumers’ surplus is low due to the tzfck
efficient generation. With DR program, energy isvnmore expensive than the situation where impaires.

To cover the increased loss in their surplus berafishe increased negative price effect, they daacept
higher consumption reduction and profiting from mqositive volume effect. That's why we observe an
increase in the quantity reduction under consumsugdlus approach too. This means that one would no
require a high elasticity of demand to get inteaddR when the system is inefficient.
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Figure 10. Elasticity of demand and optimal consumption reigunct

5. Conclusion

The deployment of smart grids, seen as a majorgehanthe electricity markets, would rely, amongest
transformations, on making demand reactive to praremarkets’ constraints. This work aims to denrares
analytically under what conditions activating comsus’ elasticity of demand could be beneficial $ocial
welfare. It has added to the literature on anatyzire use of price signals in eliciting demand oese by an
analytical approach. The developed model has diexhtihe effect of implementing demand response, vi
price signals, on social welfare and energy excasnd\ first analysis was made on how generation
technologies structures could affect countries’itr@ders and potential exchange between them.résdts
show that the trade-off between producing locatlgt exporting energy depends on the opportunity abite
energy and the global efficiency of the generatanhnology. Technologies are differentiated regaydheir
efficiency levels where efficient ones would beladlfirst for balancing the markets and inefficiemtes
would just satisfy the residual demands. Theselteeave impacted by the degree of integration betwbe
countries. When interconnection capacity is limitege demonstrated that interconnection prices ith bo
senses of the exchange would impact negativelyethanges between the countries; an impact which is
however weighted by the generation costs diffeagrietween the interconnected systems. Incentioes f
exports are also reduced when transport capabiiesme more expensive.

The second analysis constitutes the novelty ofrdgearch. It demonstrated that there exists amabtegion
of price signal for which demand response leadmtoease the social welfare. This optimality regisn
negatively correlated with the degree of compeditess of the generation technologies and the mside2bf
the system. While the literature and policy recomdations have widely highlighted that the degree
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consumers ability to adapt their behaviors is tl@nntondition of the effectiveness of a demand oasp
program, this work has demonstrated that the impagiroducers’ surplus has to be considered agstraint

to the implementation of DR. More particularly, thalue of un-served energy or energy reduction the
producers could lose from such consumption redoatiould limit the implementation of such progranmist
constraint is moreover strengthened when energhamges between countries is limited. However, this
constraint is alleviated if the considered systencost-inefficient as well as weakly connected witth
neighbors. Such surprising result is also explaibgdthe weight of the value of lost energy ineHit
producers will cope with when intensive DR is puplace.

Our intuitions was confirmed when the analysis draly considered the impact in term of consumergisis
instead of social welfare. We demonstrated thatusdch condition, more aggressive DR could be taedop
the weight of producers welfare being removed. di@ysis has finally demonstrated that the intgrediDR
program is negatively correlated ttwe degree of the elasticity of demaide do not need however higher
elastic demand if consumers’ surplus is the comsitieriteria.

This paper could be extended in several ways.,FStaitegic interaction between producers, whiabukh
affect merit orders functions and therefore mawratilibrium, has to be introduced. Second, consamer
behaviours could be more robustly analysed by rateyy their satisfaction of consuming energy vétkind

of utility function. Consumers have also to be idmmished regarding their types and their consumnpti
profiles.
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Appendix

Appendix 1:

Since we suppose that the merit order functionniggregation of individual marginal costs of aaklié
technologies, let's definePt_n(xt_n) = arpn + b n. X, @s the individual inverse supply function of aegiv

Ptn—0tn

technology in a given country. Thex,, (P ) = P
tn

is the individual supply function.

When the market is cleared, all market participaeteive the same electricity price, theref@rg = B,” for
all technologies producing in countny i.e. local technologies as well exporters onebarth considered. By
aggregating so all individual supply functions, dggregated function at the equilibrium will takéstform
(equation (2) in section 2):

B =a,+ b, X,

Replacing nowX,, by the sum of the quantities of all generatiomtedogies potentially producing in country
n (by including import from the other country), asichplifying the equation above, we find the pararebdf
the aggregated inverse supply function as follows:

_ Zeaeabratlen denbpmtXen dri-Dem andb.. = [t iben
Zeibei o Yeabea

an

Whereji is the index of the countries selling electriditycountryn, £ is the index of the technology different
from technologyt andmi is the index the other country selling electrigitycountryn.

Appendix 2:

Each countryn’'s system operator minimizes its total generatiariable cost (5) under capacities constraints
(6) and (7) and market balancing constraint (8)e Tecision variables arg, andx,,,, . We state the
Cournot-based model as a Mixed Complementarity IEBnob(MCP) by determining first the first order
optimally conditions associated to each countrytgpam.

To calculate the optimality conditions of each peog, we define the Lagrangien function of the
corresponding optimization probledgg,, :

Lagn = Zt [Xt,n- (at,n + %-bt,n-Xt,n)] —Ttn- (Kt,n - Xt,n) - Pn,m- (Capn,m - Zm xt,n,m) - fn- (Ln -
Zt Xtn — Zt Zm xt,m,n)

Then we calculate the gradient of the Lagrangienction with respect to each decision variable:

dLagn and dLagn

dxen dXtnm
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Optimality conditions of each program are:

%lxt’n>0

0< =
Xtn

dLa
0<=29 | %,y m =0
AX¢nm "

0 S (Kt,Tl _Xt,n) J_ Tt’n 2 0

0< (Capn,m - Zm xt,n,m) 1 Pn,m =0
Ly =% Xtn — Xt2m Xtmn =0

fn free

Grouping together the optimality constraints of the@ programs lead to a MCP problem. Since the cost
functions are convex and continuously differentialbthe KKT conditions are necessary and sufficienthe
existence and the uniqueness of the solution (Bazat al. (1993)). The solutianis unique and satisfies
simultaneously the above constraints:

Xin Vtn
. Xinm Vtn .

x=| v, Vtn
P, Vtn
fn vn
Appendix 3:
By developing the above program in appendix 3, btaio the following equations:
{at,n + bt,n-xt,n =—Ttn — fn
At n + bt,n-xt,n,m =—Ttn — Pn,m - fm
Subtracting the above equations and replabjpgby a‘~*. b, we can verify thate, , = x; pm + f’";{f#
D1

Replacingx; ,, ,, bY x4, — ’;";__f;‘ as determined above. We find:

S~ Fon+Pr,
XtXen + DeXem — "= Qp

bt,m
fm_fn+Pm,n —
Xt Xem t e Xen — th— =0Qnm
tn
We find that:
Py S PpmYe——
_ _ b1.(Lp—Lm) mn to‘t,m _ i tat,n
fm fn - 5 1 5 1 D T
tn ot-1 tn ot—1 tn Lt—1
And,
1
YT
Qn_Qm En an Am 1
Xy =x" ULy
tn tnm T o + atib, 3, T

at—1
Appendix 4:

System operators should prefer less costly techiedowhen balancing their systems. Let's assunst fir
thatY n Kin = Xn Qns Ken < 20 Q-
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Secondly, let's assume that technoldgy countryn is the most efficient. Therefore; , + x¢ 1 = K¢ p-

0y, ZnPamIeg—

1
Ppm-2t—
oxt,m Qn—0Qm _ Ln mm Ztat,m

Kin + Qn

Kin Ken _
2 2.(1)[- b'wf 2

Hence, from equation 9}, ,, = andx*y pm =

2.(1)[- b'(‘)t

For inefficient technology, we can admit that, #lled to produce, total quantity put in both maskeould
not reach the technology capacity. Let's asstnhe index of inefficient technology. In this casg, = 0,

because the capacity constraint is not saturated Eand from% =0 and% =0, we find that:
tn tnm

_ GnT %y, @
Xtn = 3 +
’ at=1p, at~

az,—az t -
_ “tn"%tn a B Pmn
Xen = 1, + L1 Ximn + Tip vVt

Knowing that at the equilibriu@,, = Y x;» + X¢ Xm Xt mn, and replacing;z ,, andx; ,,, , by their respective
terms, we find that:

* Qn_ztx*t,n,m_q)f Pm,n 1
xty, =it 7B | Pon 1
’ Wz b.wg Atm

e _ Qm_ZtX*t,n_C])E _ Pnm Z 1
tn,m wg b.wg et At,m

We note that if all technologies are inefficiedt.x*: , ., = X¢ X"+, = 0 in the above equations.

X'en Vtn

X'enm Vtn

These solutions = hold of course only ik > 0 and the sum of local generation and

. -
Xin VEn
. -
Xtnm VOGN

exported quantity for a given technology does moeed the available capacity of the technology.
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