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Abstract

We consider an energy system with n consumers who are linked by a Demand Side Management
(DSM) contract, i.e. they agreed to diminish, at random times, their aggregated power consumption
by a predefined volume during a predefined duration. Their failure to deliver the service is penalised
via the difference between the sum of the n power consumptions and the contracted target. We
are led to analyse a non-zero sum stochastic game with n players, where the interaction takes place
through a cost which involves a delay induced by the duration included in the DSM contract. When
n — 0o, we obtain a Mean-Field Game (MFG) with random jump time penalty and interaction on
the control. We prove a stochastic maximum principle in this context, which allows to compare the
MFG solution to the optimal strategy of a central planner. In a linear quadratic setting we obtain
an semi-explicit solution through a system of decoupled forward-backward stochastic differential
equations with jumps, involving a Riccati Backward SDE with jumps. We show that it provides
an approximate Nash equilibrium for the original n-player game for n large. Finally, we propose a

numerical algorithm to compute the MFG equilibrium and present several numerical experiments.

Keywords: Demand Side Management, Real-Time Pricing, mean-field games, mean-field control,

delay, Riccati BSDE with jumps, stochastic maximum principle.

1 Introduction

Dynamic pricing or real time pricing (RTP) for electricity contracts is a form of demand side management
(DSM) and is possible due to the large development of smart meters. Through dynamic pricing, the

consumer can optimise her flexibility over time as she is aware of potential scarcity or on the contrary
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oversupply on the production side. This kind of contracts is indeed a way to enhance active participation
of customers to contribute to the balancing of consumption-production equilibrium which becomes
more challenging with the development of intermittent renewable and the shut down of some thermal
production plants. This type of contracts is bound to develop as in Europe, the Clean Energy Package®,
which is central to define European roadmap to decarbonize its energy sector, aims at each final customer
being entitled to choose a dynamic electricity price contract by its supplier. In 2019, seven states in
European Union? (Estonia, Finland, Sweden, Spain, Netherlands, Denmark and the United Kingdom)
were proposing those type of contracts. Other forms of DSM contracts include interruptible load
contracts which are activated by the Transmission System Operator (TSO) to contribute to the balancing
of the power system and to maintain grid and system security. Interruptible load are often contracted
by large consumers with industrial process but also by aggregator who represents a large collection of

small consumers.

Proposed Mean-Field Game model of flexible customers with dynamic pricing. The aim
of our paper is to provide a stylized model to analyse a system with DSM contracts involving a large
fraction of clients. Our model includes both RTP and interruptible load contracts. RTP implies that
power consumers are exposed to a variable price, e.g. the spot or the real time price. Interruptible
load contracts are often managed by an aggregator which by definition aggregates several consumers.
By this contract, the aggregator is committed to reduce the global consumption of its clients’ portfolio
by a certain amount and for a given duration at specific moments corresponding to tension on global
equilibrium. The aggregator is of course penalized if he does not manage to achieve the reduction
of consumption he was committed to perform, that is if the sum of the reactions of all customers he
aggregates does not fit the contracted target during the whole duration of the contract. The triggered
instants of the interruptible load contract are often decided by the Transmission System Operator
(TSO) which is the operator in charge of the balance of the system. Our model does not represent the
production side of the power system and the interruptible load contract is considered to be triggered
randomly in our model through a jump process. The aggregator is not represented explicitly in our
model: the DSM is operated by customers themselves who already agreed with the aggregator on the
structure of the contract. The power system is then modeled as a large population of consumers who
manage individually their consumption and provides DSM services to minimize the cost of their retail
contract. In our model, each consumer is characterised by a two-state variable, their natural power
demand @; and the accumulated deviation S; from natural power demand, and a control variable given
by the deviation a; from natural power demand. We propose general dynamics for natural power
demand with Brownian and jump components to be able to fit observed natural demand of individual
consumers. The objective of each consumer is to minimize its own cost of electricity and inconvenience
cost to deviate from natural power demand. Since we consider that a large fraction of consumers are

active and involved in this type of DSM contracts, we assume that the real-time price and the respect
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of the engagement of the interruptible load when activated is impacted by the total deviation of all
customers involved in the DSM. Therefore, we are led to the analysis of a non-zero sum stochastic game
with n players in a non-cooperative game setting and to the search of Nash equilibria. As n is typically
very large, we rely on a Mean Field Game (MFQG) approach with common noise, random jump times

penalty and interaction on the control.

Literature review. MFG have been introduced simultaneously in [16, 17] and [15] as natural limits of
symmetric stochastic differential games for a large population of players interacting through a mean field.
Since then, a very rich literature has been developed from both perspectives - theory and applications.
For a complete treatment of the probabilistic theory of MFG we refer to [7], while for the applications to
economics and finance we cite the recent survey [6]. This model is an extension to [1] with introduction
of jumps in the state variable dynamics and a long lived penalty at random jump times in the cost
function, which, in the particular case of a quadratic cost structure and linear pricing and divergence
rules, leads to a linear-quadratic model with jumps and random coefficients. For the particular case
of the model studied in [1], we provide a more detailed analysis from both theoretical and numerical
points of view (see the paragraph below for details). Related works in the case of a Brownian filtration
can be found in e.g. [14], [25], [24], [23], [20], while in the case of jumps we cite the articles [3, 4] for
jump-diffusion state variable dynamics and [19] for a pure-jump MFG model of cryptocurrency mining,.
Several other MFG models have been developed to study the management of consumers’ flexibility with
interaction through spot prices represented as inverse functions of the total power demand - see [8] for
EV (Electrical Vehicle) charging, [9] for micro-storages or [10] for TCL (Thermostatic Control Load). In
[10], the production system is explicitly represented and agents also interact through frequency response.
In [2], the authors study a demand side management problem for TCL devices, by considering an MFG
formulation which involves interaction on the distribution of their temperature. In [13], power consumers
interact through price which is not an inverse demand function, but the result of the equilibrium of the

power system.

Main contributions. Our model provides an analytically and numerically tractable setting to assess
questions related to development and practical implementation of DSM on power system. The associated
game is formulated as an MFG with common noise, interaction on the control and random jump time
penalty and we provide some conditions under which there exists an unique equilibrium. We are able
to show that the MFG is equivalent to a Mean-Field Type Control (MFC) with suitable pricing and
divergence rules. This connection enables to decentralize the aggregator’s optimisation problem to the
customer’s level which is much more tractable in practice, avoiding to rely on heavy communication
system. In the particular case where the cost structure is quadratic and the pricing and divergence rules
are linear, the mean-field equilibrium is characterised through a decoupled system of Forward Backward
Stochastic Differential Equations with jumps, involving a Riccati BSDE with jumps. We propose a
numerical scheme and provide several numerical illustrations together with detailed interpretations of

the results. Finally, in the linear-quadratic case, we prove rigorously that the MFG solution is an



e-Nash equilibrium for the n-player game. To the best of our knowledge, very few MFG models with
jumps have been studied in the previous literature (see paragraph above) and this is the first paper
which proposes a linear quadratic model with common noise, jumps and random coefficients, for which

complete mathematical and numerical treatments are provided.

Organization of the paper. The paper is organized as follows: in Section 2 we describe the n-
players model. In Section 3, we formulate the mean-field game and the mean-field optimal control
problems and characterize the optimal solutions, by providing, under specific conditions, the relation
between the two. In Section 4, we study the linear-quadratic setting, in particular we characterize the
optimal control through a system of forward backward SDEs with jumps and show that the equilibrium
strategy provides an approximated Nash equilibria for the n-players game. In Section 6, we describe

the numerical approach to compute the mean-field equilibria and provide numerical results.

2 The Model

We consider a large number, say n, of electricity consumers who have entered a Demand Side Man-
agement (DSM) contract. This means that they agreed to modify their electricity consumption by

postponing, anticipating or even giving up some energy at some inconvenience cost.
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Figure 1: Illustration of the model

Each consumer involved in the DSM contract ¢ = 1,...,n is characterised by two state variables

(Q%,S%). The first state variable Q! is the instantaneous electricity consumption of consumer i which



represents the volume of electricity consumer ¢ needs at time ¢. The consumer is also active: at time
t the consumer can decide to deviate by an amount ! from his natural power demand and to finally
consume (Q% +ai)dt. When ai > 0 (resp. < 0), the consumer consumes more (resp. less) that he would
naturally need. The accumulated volume of consumption the consumer has agreed to modify from his
natural power demand Q! since the beginning of the time period is denoted by S;. Typically, S could
represent the state of charge of a battery but it could also represent the cumulated effort the consumer
makes by postponing or anticipating some actions like washing, charging his electrical vehicle (EV) and
so forth.

Another category of consumers is also present in the market that is the standard consumers who do
not optimise their consumption. Each standard consumer i = n+1,...,n’ is characterised by one state
1

variable only Q°. The average consumption of the standard consumers is Q%" = - 37" | Q".

We consider a complete probability space (2, F,P) on which are defined independent Brownian
motions WO, W1, ..., W", independent Poisson processes N',..., N™ with intensity given by a positive
real number ) and a counting process N° with intensity A and independent of the individual noises. The
process tho (resp. th’, i =1,...,n) represents the compensated martingale and is given by Nf = NP -\
(resp. N} = N} —Xt, i = 1,....,n). We consider n independent identically distributed (i.i.d.) random
variables z{ = (¢f, s§) which are independent of W°, W N* and N°. We denote by F = (F;).e[0,r] the
filtration generated by (s§,¢}), NO, WO N Wi i = 1,...,n, and satisfying the usual conditions. We
denote by A the set of F-adapted real-valued processes o = (a)¢ejo,7] such that | UOT \at|2dt} < o0
and E[|a,|1,<] < oo for all F-stopping times 7 with values in [0, 7] U {+oc}. The latter property
grants existence of the optional projection for any « € A, that we will need later on in the paper (see
Remark 3.1).

The dynamics of the two state variables for consumer ¢ are given by:

dQ; w(QL t)dt + o(QL, )dW{ + B(Qi-, t)dN] + a°(Q}, )dWy,  Qf = g,
dSti = aidt, Sé = 56

The dynamic of the average standard consumption Q¢ is given by:
dQ;' = p(QF t)dt + o™ (QF AW + Q' )dNT, Q¢ =g,

where the coefficients pu(t, x), pst(t, z), o(t, z), o5 (t,x), 85 (¢, z), B54(t,x) are continuous in (¢, ) and
Lipschitz continuous with respect to x, uniformly in ¢, which ensures the existence of unique strong
solutions for the above SDEs.

Furthermore, we denote by Q; the deseasonalised version of the state variable Qi such that Qi =

Qi—E [Qﬂ . Q% corresponds to the divergence of the consumption to the seasonal consumption (E [Q;] ).

In the model, the consumer is not restricted to be consumer-only; he may have his own local

production (for example he could own solar panels). Therefore, consumer i could be, at time ¢, either



in a consuming mode meaning he needs electricity (Q¢ positive) or in a producing mode (Qi negative)

when he is a net producer.

Our model represents an interruptible load contract which is activated by the TSO when tension
happens on the production-consumption balance. The aim of this contract is to equalize the total
power deviation ), a} to a deterministic contracted target @ at random instants (75) decided by the
TSO. (7%)k>1 is an increasing sequence of stopping times which are the jump times of the counting
process N°. In addition, the interruptible load contract is such that the effort & is maintained during
a deterministic duration #. To avoid trivial cases, let us assume 6 < T', with T the finite time horizon.
During interruptible load contract activation, each agent ¢ is penalised when the total response ), al
differs from the requirement &. The energy operator cannot monitor o but only @+ a at each consumer
because power meters register the global consumption only. With those measures, the aggregator is
able to estimate the deseasonalised consumption Q + a which corresponds to the divergence of the
consumption to the standard consumption (i.e. E [Qf‘/] ). The divergence cost is therefore proportional

to this quantity Q + ov.
This divergence cost is the following:

n

=JQI+ ol —a)f QI +ad)—a

1
ne
with f a convex growing function such as f(0) = 0 and J? equal to one during interruptible load

contract activation and 0 otherwise.

To specify J?, we introduce a new state variable, Ry, which measures the time since the last DSM
jump occurred. Once a jump occurs, the process is set to 0. The process R; is given by the unique

strong solution of the following SDE:
dR; = dt — R,-dN}y, Ry = 20,

and th = 1Rt§9 in dt.

In addition, power is not free and the consumers also have to pay their power at a RTP. We consider
in this model that consumer are charged at the spot price of the power system which is an inverse
demand function p of the expectation of consumption of all involved consumers. The power cost ¢; is

therefore, at time ¢, given by:

¢ = (Q) + af)p Z Q + ,ZQuat
j=1

Jj=n+1

standard consumers  consumers with DSM contract

The proportion of standard consumers with respect to DSM consumers in the total population is 7 =



’
—— and the power cost ¢ can be rewritten as:

n+
o= @i+abp =it + (1= w3 3@t e ).
o
1 n
1 (Qt+at ﬁZQ]‘FO‘t )
with
p(Q) =p (7Q7" + (1 —7)Q) . (2.1)

To capture the costs induced by the efforts made by the agent when controlling its consumption,
we include an inconvenience cost g(cy, Sy, Q¢). Typically, g is convex and increasing in both «; and
S;. This represents that the more the consumer needs to deviate from his natural consumption Qy,
the more disrupting. In addition, large accumulated deviations S; are also penalized. We also consider
an additional cost I(Q¢, ) to represent demand charge component of the retail tariff structure. Most
electricity bills are indeed structured in two parts: first the energy consumption, the amount of energy
(kWh) consumed, multiplied by the relevant price of energy and secondly the demand charge: the
maximum amount of power (kW) drawn for any given time interval (typically 15 minutes) during the

billing period, multiplied by the relevant demand charge.

Finally, consumers are facing a terminal cost h(St). Indeed, S # 0 means that the agent did
not get during the period [0, 7] the exact amount of energy he needed. Therefore, the terminal cost

penalises this extra or negative amount of energy the consumer has to manage during the period.

Finally, each consumer i € {1,...,n} wants to minimise its total expected costs:

inf J'(a)= inf E

T
1Q: di)dt+h
inf @)= it B [ (a(0f. 51.Q) + UQi+ a) + + ) de+ hiSh)|

with a = (at, ..., a").

We are led to the analysis of a non-zero sum stochastic game with n players and to the search of

Nash equilibria:

Definition 2.1 (e-Nash equilibrium for the n-players game). Let ¢ > 0. We say that a strategy profile

*

a* = (™l ... ") € A" is a e-Nash-equilibrium if for each i, for any 3 € A:

Ji(a®t o T Boat T o) > T (oML ot ) — e



3 The mean-field game and mean-field type control problems

In this part, we consider the mean-field game (MFG) formulation arising at the limit when n — oo, which
essentially refers to considering the optimization problem of a representative consumer and looking for
the existence an equilibrium. We also consider a different, but still related optimization problem of
mean-field type control (MFC), which consists in assigning a strategy to all agents at once, such that
the resulting crowd behavior is optimal with respect to costs imposed on a central planner. Let us first
describe the mathematical framework.

Fix a terminal time T' > 0. Let (Q, F,P) be a probability space, equipped with two independent
Brownian motions W% and W and two independent Poisson processes N and N (also independent
of W and W°) with intensities two positive real numbers A’ and A. We denote by N (resp.N) the
compensated Poisson processes, i.e. NP := NP — A%t (resp. N; := N; — At). Let (s0,q0) be two
random variables independent of W, W% N, N°. Let F = (Ft)teo,) be the (complete) natural filtration
generated by (W, W% N, N° so, qp). Let FO = (F?)ie0,r) be the (complete) natural filtration
generated by (W9, N°). Furthermore, the state variables (Q, S) have dynamics

dQ: = Qe t)dt + o (Qe, )AW; + B(Q-, )AN; + °(Qr, t)AWY, Qo = qo, (3.1)
dSt = atdt, SO = S0. (32)

We denote by Q; = Q; — E[Q4], t € [0, T7.

Remark 3.1. Given any B([0,7T]) ® F-measurable process X such that E[|X;|1,<s] < oo for all F°-
stopping times 7 with values in [0,7] U {4+oc0}, the notation X indicates the optional projection of X
with respect to the filtration F°, i.e. X is the unique (up to indistinguishibility) F°-optional process
such that X, 1,00 = E[X, 1, <00|F2] a.s. for all FO-stopping times 7 with values in [0, 7] U {+oc} (cf.
Section 2 in [5]). We will use this notation throughout the whole paper.

We now move on to the next sub-section, where we give the detailed formulation of the MFG and

MFC problems.

3.1 Formulation of the representative consumer and central planner prob-

lems

We start with the mean-field game problem.

The representative consumer: MFG problem. Let & = (&):c[0,) be a given FO-adapted process.

Consider the objective functional

JMFG(CWS) =E /OT (g(at, St, Q) +1(Q¢ + o) + (Qp + )y (@t + ft)

—

+ @i+ —a)f (Qu+&—a))dt+h(Sr)], (3.3)



where o = (at)sepo,7 is an admissible control process which belongs to A, the set of all real-valued
F-adapted processes such that E[ fOT afdt] < oo and E[|a,|1, <] < 0o for all F-stopping times T with
values in [0, T] U {4o00}. The latter requirement guarantees that for any « € A the optional projection
a with respect to FO is well-defined (see Remark 3.1) and satisfies 4y ;<00 = Ela; 1, <00 F2] a.s. for all
FO-stopping times 7 with values in [0, 7] U {+o00}. Notice that the a-priori estimates of the solution of
the equation (3.1) imply that the optional projections @ and 5, appearing in the objective functional
above, are also well defined.
The optimization problem of the representative consumer can be written as follows

VMFG(f) = inf JMFG(oz;g).

acA

The goal is to find a process a* = (a})e[o,7] such that
JMEG (* &) = VMFG(g)  and ay =&, as. forall t € [0,T]. (3.4)

Such a process o* is called a mean-field Nash equilibrium.

We make the following assumption on the coefficients, which ensures that the problem is well-defined.

Assumption 3.1. 1. g:R? 3R, I:R—=R and h: R = R have at most quadratic growth and are

strictly convez.
2.p:R—=R, f:R— R have at most linear growth.

3. g,p, f,l and h are differentiable.
We now formulate the mean-field type control problem.

The central planner: MFC problem. The mean-field type control problem corresponds to the
problem of a central planner who wants to optimise the global population (standard and DSM con-
sumers). Standard consumers are only charged at the spot price and cost {. The objective functional
takes the following form

Ja) =E | (1 — ) /OT (g(auSt,Qt) +(Q¢ + ar)py (@f + at)

HUQu+ ) + JH(Qu + ar = a)f (Qu+ @ — @) ) dt + (1= m)h(Sr)
T
™ oy (Qr + @ ) 4+ 1(QSY) ) dt | . (3.5)
[ (@ (@) o)
The optimization problem of the central planner writes as follows:

c_ . c
14 —JrelfAJ (). (3.6)



3.2 Characterization of the MFG equilibria and optimal MFC

Characterization of the MFG equilibria. We provide here a characterization result of the MFG
Nash equilibria. To this purpose, we first define the set S? of F-adapted RCLL processes Y such that
Elsupg<;<7 Y] < 0o and the set #? of F-predictable processes Z such that E[fOT Z2%ds] < .

Theorem 3.1. Letf be a given FY-adapted R-valued process and xo = (so,qo) be a random vector
independent of F°. If there exists a control o* € A which minimizes the map o JMFG(a,é) and if
(57, Q) is the state process associated to the initial condition g, control o and the dynamics (3.1)-
(3.2), then there exists a unique solution (Y*,q%*, ¢*,v*,v%*) € 82 x (H%)* of the following BSDE with

jumps:

_dy;* = azg(a7 S?*aQt)dt - q?’*thO - q:th - V;dj\?t - Vi?ﬁ(df\}tov
Vi = 0,h(S%), (3.7)

satisfying the coupling condition
Dag(af, S8 Q) + 0@+ ) + 1 (Qu+ &) + V7 + I f (Qu+ & —a) =0, (38)

Conversely, assume that there erists (a*,So‘*,Y*,qO’*,q*, v 0%) € A x (8%)2 x (H2)* satisfying the
coupling condition (3.8), as well as the FBSDE (3.2) — (3.7), then a* is the optimal control minimizing
the map o — JMFG(a,é) and S®" is the optimal trajectory.

If additionally &F = & a.s. for allt € [0,T), then o* is a Mean-field Nash equilibrium.

Proof. We first show that the first implication of the above theorem holds.
lim J(a* +¢ef) — J(a*)

e—0 £

T —
| ((2nste. 52" Q0+ 001(@u + 1) + Qe +6) + H Qi+ &= ) 1

=E

+0.9(a, 57, Q0)SY ) dt + S0.h(S5)] (3.9)
with S =0 and S = fot Budu.
By applying It6’s formula, we get

T B T _
YrdS) + | 8layy

E [5’5«33}1(51&“*)} =E [S@Yf} =K 0 0

T T
_E / Yt*ﬁtdt—/ Daglal, S, Qu)SPdt| . (3.10)
0 0

From (3.9) and (3.10), we deduce

T —
E l / (V7" + Baglad, S5, Qu) + Bal(Qu + o) + pu(@u + &) + I f(Qu + & - @) ﬁtdt] —0. (3.11)
0

10



By arbitrariness of 8 € A, we get the following coupling condition (3.8), i.e.
Y+ 0ag(0f, 57, Qe) + 0ul(Qe + 07) + (@ + &) + T (Qr + & — @) =0.

Conversely, one can easily remark that, if the coupling condition (3.8) is satisfied, as well as the FBSDE

(3.2) — (3.7), then, by using similar arguments as above,

T Y
E /0 ((&19(0@7 S?*,Qt) + 01(Q¢ + f) + pe(Qr + ét) + Jff(@t + ét — @) + 0z9(af, Sf*’Qt)Sf) dt

+§§azh(5%*)} —0.

The above relation, together with (3.9), implies that the Gateaux derivative of J with respect to « is 0

in o* and for all directions 5. This result, together with the strict convexity of J, allows to conclude.

Characterization of the MFC optimal strategy. We now provide a caracterization result for the

optimal strategy of the MFC problem.

Theorem 3.2. Let 19 = (s0,q0) be a random vector independent of FO. If there exists a control
o* € A which minimizes the map a — JMFC(a) and if (S*,Q) is the state process associated to
the initial condition xo, control o* and the dynamics (3.1)-(3.2), then there exists a unique solution
(Y*, %% g%, v*,1%%) € 82 x (H2)* of the BSDE with jumps
—dY}" = 0,9(0, 577, Q)dt — ¢ AW — qf dW, — v dN, — v} dN},
Y = 0,h(S$), (3.12)

satisfying the coupling condition

Dag(af, S5 Q1) + 0ad(Qu + ) + pr(Qu +87) + (7@ + (1 = ) (Qu + 67))ap(7Q;' + (1 — 7)(Q1 + a7))

FYF A+ ILFQe +ap — @) + T Q + A — @)0af(Qu +a; —a) =0,
(3.13)

with @* the optional projection of a* with respect to FO.
Conversely, assume that there exists (a*, St Y * gO*, g, v, yo’*) € Ax (8%)2 x (H?)* satisfying the
coupling condition (3.13), as well as the FBSDE (3.2) —(3.12), then o* is the optimal control minimizing

the map o — JMFC () and S is the optimal trajectory.

Remark 3.2. The uniqueness is induced by the strict convexity of the criterion. The proof follows

closely the proof of the theorem given for the MFG case, we give it for sake of clarity.

Proof. We start with the first implication.

11



We have:
MFC/(, % _ IMFC/(,
L TMEC(r 4 ) - JMPC(a)

e—0 3

T ~ ~
| (0= (0usor. 527 Q0 + 0al(@u+ )+ 1(Q +0) + I (@ + 7~ )

=E

+ (mQi" + (1= m)(@Q1 + 7)) Dap(n Q3 + (1= m)(Q: +a))Be
+ JN@Q+ 0f — @)0uf(Qu+ @ — a)F + Duglod, ST, Q0S] ) di + (1 - m)S50(5E)], (3.14)

with S =0 and S = fot Budu.
By applying Itd’s formula, we get

E [Sﬁash(sg*)] SBYT -

/ YdSP + / SPavy

T T
=E / y;*gtdt—/ axg(a;,sg*,Qt)Sfdt]. (3.15)
0 0

From (3.14) and (3.15), we deduce

E l/oT (3049(0%*7 S&7,Qu) + pe(Qr +ap) + Y + (Wth +(1—m) (@t + at*)) Oap(mQ5 + (1 — 7)(Qy + &1))

FIL(Qu+ @ — @)+ 0l(Qu + af) + T (Qu+ 4F — @) (@ + af — ) ] =
(3.16)

By arbitrariness of 3, we get the coupling condition (3.13), i.e

Oag(0f, 58", Q) + 0al(Qu + af) + (@ + 87) + (7Qi" + (1= ) (Qu +a7 ) ) Dap(m@i" + (1= m)(Qu + &7)

VP + L f(Qu+ a5 — a) + ) (Qu+ of — @)0af(Qe + of — @) =0.
(3.17)

Conversely, similar to the MFG case, one can show that if the coupling condition is satisfied, we get

that the Gateaux derivative of J with respect to « is 0 and we conclude by strict convexity of J.

Equivalence between MFC and MFG problems. The two characterization systems are equiva-
lent except the two coupling conditions. More precisely, let g, [, h as in Assumption 3.1 and let (pyrrg,
v ra) be two continuous functions with linear growth and (parre, farre) two CF functions satisfying

the relations

fox pMFG(y)dy; Furo(z) = fom fura(y)dy

T T

, x #0. (3.18)

purco(T) =

From the two characterization results (for the MFG and MFC problems), we deduce that o* is a
mean-field optimal control for the problem with pricing rules py;rc and fype if and only if it is

a mean-field Nash equilibrium for the MFG problem with pricing rules py;pg and fayrg. Under

12



these assumptions, the uniqueness of the mean-field optimal control implies the uniqueness of the
mean-field Nash equilibrium. In the particular case of the linear quadratic setting studied in the next
section, the pricing rules corresponding to the MFG problem are given by pyrra(z) = po + p1z and
fvrc(x) = fo+ fiz and there exist C} pricing rules for the associated mean-field control problem given
by pyro(z) = po+ B and fyrco(z) = fo+ %x, which satisfy (3.18). Therefore, we have uniqueness
of the mean-field Nash equilibrium in this case.

Assume that a};p- is a mean field optimal control for the problem with pricing rules pyre and
fure. Then, from (3.18), we deduce that o}y is a mean-field Nash equilibrium for the MFG problem

with the pricing rules:

pvra(x) = purc(x) + apypo(@), (3.19)
fura(x) = fure (@) + 2 fype(z). (3.20)

If the price function pyspe is increasing and = > 0, then the price used by the MFG system needs to
be higher than the price used by the MFC system to produce the same result in terms of efforts a.
These two hypotheses seem quite natural as we defined pp;rg as an inverse demand function and z
represents the global consumption of the Agents of the system. Indeed even if individually the power
demand of an agent happens to be negative, we expect their total power demand to remain positive. We
can interpret the relationship between the prices pysrag and pprsre as the additional penalisation which
needs to be provided to the agents when they selfishly optimize (i.e. MFG system) to behave as if they
were considering the whole community of all agents (i.e. MFC case). This is similar for the function
fumra which a convex growing function. It then penalizes more agents whose deviation is too low (or
large) with respect to the target @ when the global deviation is also too low (or large) with respect to
the target. On the contrary, it encourages agents whose deviation is on the opposite direction of the
global deviation with respect to the target & to further increase their effort in this direction as they are

helping the system.

Remark 3.3. The relationships above between MFG and MFC are used in the numerical part in order
to compute the solutions of the MFC as they allow us to use the same code for computing both equilibria

at the same time.

4 The linear-quadratic case and explicit solution of the MFG

problem

In this section, we study the linear-quadratic case (LQ case). In more detail, we provide an semi-
explicit characterization of the MFG Nash equilibrium expressed through a decoupled system of forward-
backward stochastic differential with jumps, involving a suitable Riccati BSDE and show that such an

equilibrium provides approximate Nash equilibria in the n-player game for n sufficiently large.

13



4.1 Main assumptions and a preliminary existence result
We start by making the following assumption on the game coefficients.

Assumption 4.1. 1. p(t,q) = p®t(t,q) = pq with p € R, and o(t,q) = oq,0%(t,q) = o%tq, 3 =0

and B°t =0, with pu,o,0° given constants.
2. g(a,s,q) = %aQ + %52 with A,C € R*..
3. U(z) = Ka? with K € R,
4. f(a) = fo+ fra with f; e R, i=0,1 and f; > 0.
5. p(q) = po + p1q with po € R, and p; € R..
6. h(s) = ho+his+ 25 with h; € R, i =0,1,2 and hy > 0.

Before solving the MFG, we prove the following auxiliary existence and uniqueness result, that we

will use in the next sub-sections.

Theorem 4.1 (Existence and uniqueness result for Riccati BSDEs with jumps). Let p € Ry and &
a bounded F2-measurable random variable such that & > 0 a.s. Let (©;) be an F°-adapted bounded
optional stochastic process such that ©; < 0 a.s. for all t € [0,T]. Then there exists an unique solution
(Y, Z,U), with Y bounded and F°-predictable processes (Z,U) € (H?)? of the following Riccati BSDE

with jumps:
—dY; = (p+ ©,Y2)dt — Z,dW? — U, dNY; Yr = €. (4.1)
Proof. Ezistence. Consider the process X(?) = 0 and define for each n > 0 the following BSDE:

~dX{"Y = (p+ 20X XY — 0(X(M)2) dt — 2"V awp — Ut Vany;
X — ¢,

The above BSDE is a linear BSDE with jumps, and the first component of the unique solution
(X.(n+1) Z‘(n—&-l) U(n+1))
f] .

Due to the assumptions, one can easily remark that, for all n, 0 < Xt(n) < Cp as. for all t € [0,7T], with

, admits the following representation:

T
X[ =g |l 20rxting [ ol 20X 6, (X))

t

C,, positive constant.
Define now the sequence: X = X — x (1) Z(n) = z(n) _ z(n+1) gnd g = g — gr+1)
n > 1. We obtain

—dx{" = (2@tX§">X§") - @t(Xt("‘”)2) dt — Z{™awp — UM Ny,
X =0.

14



Observe that the above BSDE is linear, therefore, for n > 1, the following representation holds:

]-'f] ,

which leads to X(™ > 0. Consequently, the sequence X (™ is decreasing; since, moreover, it is bounded

T
_t(n) -F [/ eftu 2@SX£")ds (_(_)u)_(qgn—l))2) du
t

from below, we derive that x™ converges a.s. for all ¢ € [0,7T] to a limiting bounded process X, such
that there exists FO- predictable processes (Z,U) € (H?)? such that (X, Z, U) is a solution of the Ricatti
BSDE (4.1).

Uniqueness. Let (Y, Z1,U') and (Y2, Z2,U?) be two solutions of the Riccati BSDE (4.1) satisfying
the integrability conditions given in the statement of the theorem. The process (Y, Z,U), with Y =
Y'-Y2 Z=27'-27Z%U =U" — U?, satisfies the linear BSDE:

—dY; = .Y, (Y} 4+ Y2)dt — Z,dWP — U,dN?; Yr =0,
Observe that (0,0, 0) is a solution of the above linear BSDE with jumps. By uniqueness of the solution
of a linear BSDE with jumps, we derive that Y = Z = U = 0.
4.2 Characterization of the solution

Now, we proceed with solving the MFG in the linear quadratic case building on the stochastic maximum
principle approach developed in the previous section. Using (3.7), the adjoint variable is given in this

case by
dY; = —CSPdt + q?dW + qdW; + ¢ dN; + ¢p N dNY?,  Yr = 9,h(S$) = hy + 2SS,
where dSy = adt, S§ = s0, and the coupling condition
Ay + K(Qu +00) + pi(Qu +52) + Vs + [(Q + @ — 6)JE =0, (4.2)

where
J) =1p,<s, t€]0,T).

Notice that J¢ above is independent of the control a.. Since W, W9 N° are independent, hypothesis
(H) in [5, Section 2.4] is fulfilled, hence using Proposition 7(ii) in [5] and exploiting the fact that J? is
already FO-adapted, we can project the adjoint variables (}A/, 7°,q>") into the filtration FY leading to
the following BSDE with jumps:

dY, = —CS¥dt + QdW? + @NdN?, Y = 0,h(53), (4.3)
while the coupling condition becomes
Aay+ K(Qu+ ) +pi(Qu +60) + Vi + £(Qy + 61— a) I =0, (4.4)
which in this LQ case reads (also recall (2.1)) as

AGy + K(Qy + @) +po+ pr(nQ5 + (1= m)(Qr + @) + Vi + (fo + 1(Qy + 61 — @) =0,
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We look for a solution taking the form:
Y, = $eSy + i,
with ¢ = (d_)t)te[o"]"] and ¢ = (it)te[O,T] obtained by solving the following two BSDEs with jumps:

1 72
+
A+K+(1—7T)p1+f1=]t0¢t

doy = (—c ) dt + dwW? + ENaAN?, ¢ = ho. (4.5)

and

dipy = A+(1—7r);it+K+f1Jf {po +ap1Q + (1= m)py + K)Qe + J{ (fo + f1(Qr — E[Qe] — &)) + 7/%} dt
+A0dW? + 7N AN
/IET - h’l)

(4.6)

which are derived by using the ansatz and It0’s formula. Note that the two above BSDEs admit an
unique solution (see Theorem 4.1 for the Riccati BSDE with jumps and Theorem 2.4 in [21] for the
linear BSDE with jumps).

One can check with Itd’s formula, using the ansatz and the (projected) coupling condition that given
(qg,@, EON) the unique solution of the Riccati BSDE (4.5) and (v, 7°,7%V) the unique solution of the
BSDE (4.6), then the triple (Y, ¢°, ¢%) defined by

Vo= aSE 4y, Q=888 +70, @V =NST+q>N telo,T],

is a solution of the adjoint equation (4.3). Since equation (4.3) admits an unique solution, we get ¥ = 1/},
g = q° and @V = @®". Therefore, by using again the coupling condition and by substituting the
ansatz in the projected coupling condition, @; has the following representation in feedback form:
~ 1 s ~ o aa . T ~ ~ _
G = —=5 (o + Q" + (1= mpr + K)Qr + 657 + b+ I {fo+ 1@ ~EQ) - @) }), (47)
¢
where K¢ := A+ (1 — 7)py + K + f1J¢, which is strictly positive due Assumption 4.1.6. Here the

expression for a; is linear in Sy = 5% s0 S satisfies a linear SDE that can be solved explicitly, yielding

t
S, = sge~ Jo Slw)/ K du —|—/ Ay JI o)/ Klds g, (4.8)
0
where A, = —ﬁ (po +mp1QSt + (1 — m)py + K)@T + 1 + J(fo + f1(Qr — d))). With §t, we can
obtain &y by (4.7).
With &, we go back to the (unprojected) coupling condition to find o*. By assuming Y; = ¢S5 +

and proceeding in the same way as for Y;, we have

doy = <—C + A_‘_lK@?) dt, ¢r = ho, (4.9)
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and

dipy 1 ?:K KQ¢ +po + mp1Q;t + (1 — mp1(Q: + ar) + J(fo+ f1(Q, + &y — @) + oy | dt
+n0dWP + mdWy + "N dN?, (4.10)

with ¢ = h;y. Finally, we can provide an expression for a* as follows:

0 = e (FK @ — Q' — pr(1 = m)(Qs + )
o5t == {fo+ £ (Qu+a-a)} ), (4.11)

which is linear in S} = S,?* as in the projected case, so the SDE for S controlled by a* can be solved

explicitly as

t
St = o Ji(Gu/(A+K)du (80+ / A;ef[f(m/mw))dudr), (4.12)
0
where
* # . _ _ st _ A ~ N _ = ~ = 6
A= g (FKQepo —mpi @ = (1= mp (@ +80) e — (fo+ 1 (Q + 8 —a) 7))

Finally, exploiting the integrability properties of ¢ and 1) and the boundedness of J?, one can easily
prove that a* belongs to A.

4.3 Approximate Nash equilibria for the n-player model

We describe here how the equilibrium strategy a* found above can be implemented in the n-player game
in order to obtain an approximate Nash equilibrium (a*!,..., a*") with vanishing error as n — oco.
Lett=1,...,n and let

*,4 1 i s A ~
o = AT K (_KQt —po —mp1Q;" — p1(1 — m)(Qs + )

—6uSTt = 0k = (fo+ F1(Qu —EIQ) - @)Jf ), (1.13)

with @; and J¢ as above, while ¢ and (%, n%%, n™N'!), i = 1,...,n, are solutions to the following BSDE
1

doy = (—C alyyn quf) dt, ¢ = ha, (4.14)
and
dyy = Af—tK [KQi +po+TmQF + (1 — 77)1)1(@75 +ag) + Jf(fo + fl(@t +a; — E[@t] —a))+ 1/’2] dt

+ 2 AW + nidWi + n dND, (4.15)

with 1% = hi, where @ is as in (4.7). Theorem 4.1 and Theorem 2.4. in [21] grant existence and
uniqueness of the solution for system above. A useful consequence of the definition of a*? is that the

two vector-valued processes

(@,5%,Q,Q,Q*") and (™', 5%, Q",Q, Q") (4.16)
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have the same distribution, for all i = 1,...,n. The description of i-th player strategy a** is completed

by the expression for S$** given by
t t
St = s +/ aytdu = e~ Jo (@u/(A+K)du (50 +/ Airefor(‘i’“/(A*K))d“dr) , (4.17)
0 0

where

At = e (FKQE =0 — @ — (= mpa(@r +8,) — vk — (o + /1@, — @))JE).

Finally, we recall that
d@t = ,LLQ\tdt + UOQtde,

and that E[Q,] = E[Q;] = Qoe/* for all ¢ € [0, T].

Proposition 4.1. The strategy profile (a*!, ..., a*") defined in (4.13) is an €,-Nash equilibrium with

en — 0 asn — 0.

Proof. The proof consists in showing the following two limits for i = 1,... n:
L. limy, o0 JE(ah .. am) = JMEPG (o),
2. limsup,,_, o SUpyica Ji(af, a8 > JMEC (o).

Combining the two limits above we would get that for all € > 0 there exists n. € N such that

Ji(a*t o at™) > sup JE(of, ot ) — ¢,
ai
forall i = 1,...,n, ie. (a®!,...,a*") is an e-Nash equilibrium, and for all n > n.. By symmetry,

it clearly suffices to prove properties 1 and 2 above only for the first player. Recall the following two
expressions for the MFG objective functional, where the second one comes from (4.16) (with i = 1)

together with projecting onto F7,

TraA C K
sree) =k | [ (Glir+ Sistr+ @t ar?

+(Q + ) (po + 1 (7Q5F + (1 — W)(@t +a7)))

+I0(Qe ot =)o+ Q0+ @) i+ ho + Sy + 2 (57

Tra C, K *
| (Gt + Gtz + et +apty

QL+ aP N (po + pi(7Q5 + (1 —7)(QF +arh))
ho

~ ~1
Qi — @) (fo + [1(Qr + a7 — a))) dt +ho + S5 + 2(5;752]

18



and

. TrA C ot K
st =5 | [ (Glab e S+ @t ab?

HQ o) (ot {70+ (1m0 (@ +0p)

J

~ B 1 =J y B
+I/@Qf +ai —a) | fot i |~ (Qr +of) —a dt

J
ol h2 al\2
+h0 + hlST + ?(ST ) 3

where we recall that Q; = Q; — E[Q;] = QF — E[Q}].

1. Let us show the first limit. Using the expressions above and the fact that E[Q;] = E[Q}] for all
t € [0,T], we obtain

JHEG () = Jh(a* ) = E /T = m(@} +aih) @ +art) - -3 (@f +ar?)
n ’ 0 1 t t t t n t

J
+f1J0<Q1+oz*’1—o7) (Q +arh) — lz Ql + a7y | | dt
t t t t t n - t
(4.18)

Now, since J¢ is uniformly bounded, there exists a constant C' > 0 (changing possibly from line to line)

such that

[JMEG (%) = Iy 0 < C sup [@f +af

/N

Q)+ af’j) dt

| ’ 1y _ 1
L (@ ran -0 s

te[0,77] n ; Lo
(4.19)
~x,1 1 i *,j
<C suwp @ +ail sup (@ +arh) =230 (Al +ai?)|
tefo,T t€[0,T n J Lo
(4.20)

where we observe that sup,cpo 17 Q¢ + 7 || 2 is finite. Hence, to show to conclude this part it suffices

to show

1 _
sup [|QF —=3"QI + sup ||ayt ==Y || =0, n— oo (4.21)
t€(0,7] ' Z Lo t€[0,T) ‘ n z]: ¢

L2
Now, the convergence to zero of the first summand on the LHS follows from conditional propagation

of chaos applied to the sequence of processes Q.3 It remains to show the convergence to zero of the

3See, for instance, Theorem 2.12 in Carmona and Delarue book [7], Vol. II, which can be easily extended to our case

with jumps exploiting in particular the fact that the intensities are constant.
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second summand. Using the expressions for a**, i = 1...,n, and since both ¢ and J? are bounded, we
have
~%,1 1 *, ! A1 1 9l *,1 1 *,7
ity so(|a-ie sty « w1y ),
n “— n < n = te[0,T]
J 2 J 2 J 2 2

for some further constant C’ > 0, so we are left with showing

sup 1/)—* Yl + sup S*l—f Sl =0, n— oo
te[0,T] i Z ’ L2 te[0,T] Z L2
The limit
1 ,
sup |[¢f — — ng —0, n— oo, (4.22)
te[0,T] n J Lo

can be obtained as follows: since it satisfies a linear BSDE, the process 1’ can be represented as

T
. T, .
1,[}2 =K 7h1—|—/ 702d8 ./—"t R te [0,11]7
I . Iy
where we set
¢t 0
d t tA+Kdt7 )
Cti T TATK f_tK {KQé +po+ Q5" + (1 _W)pl(@t +d&y) + JtG(fo +f1(Qt + oy —07))} .

Therefore, we get
1 . o r, (1 .
SN i =E|=Lh == C%d‘f,
X
so that, using the fact that I' is bounded,

wt—wat Ql——ZQZ

for some constant C' > 0. Hence, from above we can deduce the convergence (4.22) from the analogue

< CE | sup
s€[0,T]

for Q°. We now exploit (4.17) to get the following estimate

te[0,T] ) tel0,T te[0,T
L

sup 5“—*25’” <c"| sup Qt—fZQJ + sup wt—wat ,
] L2 L2
for some constant C” > 0. This concludes the proof of item 1.

Finally, using similar arguments we can also show the limit in item 2., i.e

limsup sup J! (af,a*~%) > JMEC (o*),
n—oo qtc A
The final statement is a straightforward consequence of items 1 and 2 as already explained at the

beginning of this proof.
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5 Numerical approach and results

In this section, we describe the methodology used for the numerical approximation of the mean-field
game equilibrium and the mean-field game optimal control in the linear-quadratic case and provide some

numerical results and interpretations.

5.1 Numerical implementation

We propose an implementable numerical scheme which is based on the approach introduced in [18] (also
used in e.g. [11], [12]) for the approximation of the solution of a Lipschitz BSDE, driven by a Brownian
motion and a compensated Poisson process. For sake of clarity, we describe first the method used for the
approximation of the optional projection of the optimal control, i.e. @. More specifically, this method is
based on the approximation of the Brownian motion W° and the compensated Poisson process NO by
two independent random walks. For n € N, we introduce the first random walk {W,S” :k=0,...,n}

which is given by
k

1
Wy =0, W"=-—=Y "¢ k=1,..n,
\/ﬁifl

where €7, ..., € are independent symmetric Bernoulli random variables:

P(ef =1) =P(} =—1)=1/2, k=1,...,n.

The second random walk {1\718" :k=0,...,n} is non symmetric, and given by
N N k
Ng™ =0,NS"=>"mp k=1,....n,
i=1

where 77, ...,n; are independent and identically distributed random variables with probabilities, for
each k, given by
P(ngzﬁn_l)zl_ﬁn(ng:Kn):'k@na k=1,...,n,

with x,, = e~ . We assume that both sequence €7, ..., er and n{,...,n; are defined on the original
probability space (Q, F,P) (that can be enlarged if necessary), and that they are mutually independent.
The (discrete) filtration in the probability space is F* = {F} : k = 0,...,n} with F§ = {Q,0} and

v=o{el,... e, nt, ...} for k=1,...,n. In the discrete stochastic basis, given an 41 random
variable yj1, in order to represent the martingale difference pi41 = yr+1 — E(yg+1|F}) we need a set

of three orthogonal martingales. For this reason, we introduce a third martingale increments sequence

{py ==€emp : k=0,...,n}. In this setting, there exist unique zj, ux, v such that
1
P41 = Y1 — E(yea | FE) = ﬁzk'iZH + Uk 41 Uk - (5.1)

We now illustrate our numerical algorithm.
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Numerical computation of a. Let ¢ := %, where n represents the number of time discretization

points and let {t; = j§; j=0,...,n}.

Step 1 As in [18] Section 4 (see also [22]), we simulate the discrete time SDEs g", ¢**™ and R"™ (which
converge to @, @St and R in probability in the J;-Skorokhod topology) as follows: Set ¢ = qo
(resp. ¢i"" = ¢5"™ and R% = Ry) and for i = 0,...,n, define the discrete time SDEs:

QP = @+ 0pqy +Voogrer ;
z]\fi? _ z]\ft,n + 5Msté\:t,n + \/So.sta\ist,ne?_i_l; (52)
R, =R} + 6(1+ AO)R:'L + Ry,

where g; := ¢,, for i = 0,...,n (this notation is adopted for all discrete time processes).

Step 2 Since the unique solution ¢ of the Riccati BSDE (4.5) is positive bounded (see Theorem 4.1), it
can be approximated by a discrete time BSDE with jumps 5”, using the algorithm proposed in
[18] for Lipschitz BSDEs with jumps:

e Set the terminal condition 52 = ho.

e For k from n — 1 down to 0, solve the discrete time BSDE

~ ~ 1 ~\2
O = Ppyq +0|C — o
bR A+ (1 —mpr + K+ frJ)" ( k) 1

n_n n, mn n, n
- \/Szk €h+1 — UpTk+1 — Uk Mk+1s

with JZ” = ]_RZSQ, k=0,...,n.

In view of the representation (5.1), the above equation is equivalent to:
o = E (9|77

C 1 o) 5.3
- A+(177r)p1+K+f1J,f’” ((bk) (53)

+9

and 5; can be obtained by a fixed point principle. At each time step, one needs to compute
E (EE};H |.7-',?)7 which is done using the formula

E(GhalB) = S ohaalels e Lot i — 1)
+ %gﬁﬂ(e?,...,eZ,—l,n?,...,ng,nn—1)
+ FT”"%;;H(#,...,62,1,7;;’,...,7;;,%”)
+ 1*7”"5;;“(6’;,...,eg,q,n?,...,ng,nn).
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Step 3 Approximate the solution ¢ of the linear BSDE (4.6) by a discrete time BSDE with jumps 12”,

using the same algorithm as in Step 2.

Uro=h
n n 57 ~st,n _ ~n
7/’;‘ E(¢z+1|f ) A+(1 Tr)p1+K+f1Jn’9 [pO + mp1gq; + ((1 7T)p1 + K)qi

I8 (ot fu(@ ~ BIG) - @) + 7] i=n= 10,

Step 4 Compute §{L as follows

~

S(T)L = S0
Sty =S+ o[Srgr 4y -
I o+ @ ~Elg] - a)], i =0 n =1,

L (po+ 7@ + (1 — m)p1 + K)

with K" = A+ (1 —mpr + K+ f1J™°, i =0,.. . n.
Step 5 Compute i, for i =0,...,n by

. 1 ‘
67 = g (ot @+ (L= )y + KT + 07 ST+ 07

7

+{fo+ K@ —E@) - @)} ).

Numerical computation of a. The numerical approximation of the optimal control a follows the
same steps as in the case of @, the additional complexity being given by the fact that we have an addi-
tional Brownian motion W, which has to be approximated by using another random walk independent

of the first two ones.

5.2 Numerical experiments

Parameters estimation First of all, in order to estimate the dynamics of @ and ), we use the
half-hour electricity data of 300 homes with rooftop solar* recorded in Australia from 2012 to 2013. In
our simulations, we consider a typical weekday in July and make the assumption that every weekday in
July 2012 has the same seasonality. Therefore, the seasonality is estimated by computing the mean of @
(Q being the average of the 300 homes consumption) for every weekday in July. The volatilities of the
common and idiosyncratic noises are estimated from the differences between the estimated seasonality
and the realizations of all residential households every weekday in July. As a result, we obtain % =
0 =0.31 and o = 0.56. The realised Q (resp. Q) and the simulated Q (resp. Q) are shown in Figure
2 (resp. Figure 3).
We recognize on the estimated seasonality the typical pattern of households consumption: a peak

of power consumption in the morning and a second peak in the evening when people go back home.

4https://www.ausgrid.com.au/Industry /Our-Research /Data-to-share/Solar-home-electricity-data
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Figure 2: Trajectories of @ (in kW) with estimated seasonality over 48 half-hours in a weekday in July.
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Figure 3: Trajectories of @ (in kW) with estimated seasonality over 48 half-hours in a weekday in July.

It can be easily observed that the simulated trajectories look very similar to the observations for @
The simulated trajectories of @ look less satisfactory than for (:j but we leave for further research the
definition of a better model as our focus here is to provide a complete mathematical and numerical
treatment of the linear-quadratic case.

To estimate the parameters corresponding to the price function p, we use the historical data of global
consumption and spot prices in France ® and obtain that py = 6.16 € and p; = 0.65 €/GWh (see
Figure 4).

We counsider a time horizon T of two days (i.e. 96 half-hours or 48 hours). The parameters are set
to A =150, C = 80, K = 50, hg = hy = 0 and hy = 100, which means that each consumer targets a
null value for S at the end of the period. The interruptible load contract is set at @ = 0.1 kW, a delay
6 = 3 hours and A = 2, fy = 0 and f; = 10000. In particular, the value A = 2 implies an average
number of jumps of 4 over the horizon T = 2 days (i.e. 48 hours). We consider the population to be
equally shared (7 = 0.5) between standard consumers and consumers with DSM contracts, the standard

consumers being assumed to have the same consumption dynamics as those with DSM contracts.

5source: French TSO https://www.services-rte.com
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Figure 4: Price (in €/MWh) - demand curve (in MW).

Numerical illustrations We present the results corresponding to one set of trajectories, which are

represented in Figure 5. On this set of trajectories, the consumption is globally more important during

— 5 1.0 1
1.0 —— Q (Consumer 1) m F

—— Q (Consumer 2 0.8 1

0.8
0.6 q

0.6 q
0.41

0.4
0.29

0.29 0.0

Time t Time t

Figure 5: One trajectory of Q and Q (in kW) for two different consumers (left) and one trajectory of .J
(right) along time (in half-hours).

the first day compared with the second day. Consumer 1 is globally less consuming than consumer 2
and also less than the average of all consumers during the first day, whereas this effect is reversed during
the second day. Consumers are faced with two jumps related to the DSM contract during the 48-hour

time horizon.

Numerical results for Real Time Tariff and no Demand-Side Management. We first present
results when consumers only have RTP tariff and no divergence (i.e. f; = 0). Figure 6 shows the
resulting consumption @ + « for both situations MFG and MFC. First, we notice that in the MFC the
effort a which are made by consumers with DSM contract are more important: they reduce more their
consumption during high demand moment compared to the MFG situation. Indeed, in the MFC case,
DSM consumers’ action benefits to themselves but also to the standard consumers. Therefore, when
they reduce their consumption, they actually reduce power prices which is also beneficial to standard

consumers, leading them to make more effort. We also observe the typical wvalley-filling phenomenon

25



we expected: consumers transfer some part of their consumption from high-consumption periods cor-
responding to high-price periods to low-consumption periods. By doing so, they reduce the cost they
have to pay for their consumption. Let us note that in the MFG case, the consumers increase their
consumption (by having a positive «) during the first hours when their consumption is naturally low
but that they also increase their consumption at the first morning peak which may seem less natural.
But this can be explained as the initial value of S at time 0 is —0.5 for this simulation. This typically
represents the situation when consumers start the period with some postponed consumption they are

trying to catch up. This effect is less visible in the MFC situation.

0.9 — G+a 087 — Q+a
—— Q+a (Consumer 1) —— Q+a (Consumer 1)
0.8 —— Q+a (Consumer 2) 0.7 1 —— Q+a (Consumer 2)

0.7 1
0.6 q
0.519
0.44

0.39

Time t Time t

Figure 6: Trajectories of Q + a and Q + a (in kW) for two different consumers for MFG (left) and
corresponding trajectories for MFC (right) when f; = 0 along time (in half-hours).

The consumers’ actions have a direct impact on spot prices p represented in Figure 7. We plot
the impact of different proportions 7« of standard consumers in the system. It is clear that the lower
7, the more active consumers in the system are, which implies that their impact is collectively more
important. The valley-filling of consumption has a smoothing effect on prices: the peak prices are
attenuated, whereas the low prices increase. This effect is more important for MFC for the reasons

already given.

70  — price withouta 70 { — price without &
—— price with @ (1=0.1) ~—— price with a (1=0.1)
—— price with a (1= 0.5) —— price with a (1=0.5)
60 | — price with a (1=0.9) 60 | — price with a (m=0.9)

50 A 50 A

401 401

30 A 30 A

20 T T T T T 20

Time t Time t

Figure 7: Trajectories of price p for three different proportions of active consumers for MFG (left) and

corresponding trajectories for MFC (right) when f; = 0 along time (in half-hours).
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Another optimization problem, called MFC®Y, could be formulated to represent the point of view
of the aggregator who coordinates all the DSM consumers, without being interested in the rest of the
population:

VO = inf E
acA

/OT (g(at, St, Qr) + (Qr + ar)p (WQSt +(1 - W)@t + at)

HUQu + ) + JH(Qu + ar = a)f (Qu+ @ — @) ) dt + h(Sn)] | (5.4)
with the function p of class C} and g, f, [, h satisfying Assumption 3.1.

By taking the point of view of the aggregator of DSM consumers (the associated value of the
optimization problem being given by Vca‘qg), the equilibrium can also be characterized in the same
way as it has been done for the social planner V¢ in previous section. Furthermore, by comparing the
coupling conditions associated to the MFG problem and to MFC"Y, it follows that if &};pcags is a

mean field optimal control for the problem with pricing rules pyrpcess and frrrpcess then iy peags is
a MFG Nash equilibrium for the MFG with pricing rules:

pMEE [0, T) x 1P — L?
P Q) = pt, 7Q5" + (1 - 1)Q), (5.5)

with p given by:
Bt Q)(w) = parrcass (QW)) + (Q(w) — Q5 (W) Parpeess (Q(w)).

In the linear quadratic setting, choosing pyspcass (r) = po + p1x, we obtain pMF¢(Q) = po + 2p1(1 —
m)Q + p1mQ:t and the results obtained in this section remain valid for this price function.

Centralized decisions might be difficult to implement in practice as they require a large amount of
information to be sent from the aggregator to the agents and the other way round. This relation between
the aggregator’s problem and an MFG problem enables to implement the decision of the aggregator
through a decentralized setting by letting the agents play the MFG with the modified pricing rules given
by (5.5).

The point of view of the aggregator MFC®9 (5.4) produces intermediary efforts between the MFG
and the MFC. The efforts produced are illustrated in figure 8. This result is expected as the MFG
focuses its objective on one single consumers, the MFC on the total consumers, i.e. the standard and
DSM consumers whereas the MFC®%7 is in between as it is interested in all DSM consumers but not in

standard ones.

Numerical results for Demand-Side Management but no Real Time Tariff. We now illustrate
the situation in which the active consumers only have a DSM incentives but no RTP (i.e. p; =0). In
Figure 9, we observe that in the MFG case the response of all active consumers (é + @) is exactly at
the expected DSM level &. Each single consumer is not exactly at the target because of their individual
constraints and personal situation, but as a whole they manage to satisfy the contract. The results
in the MFC case are not presented as they are quite similar to those obtained for the MFG setting.

Indeed, both optimisation problems are very similar since the price p is null.
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Figure 8: Trajectories of Q + @ and Q + o (in kW) for two different consumers from Aggregator point

of view along time (in half-hours).
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Figure 9: Trajectories of Q + @ and Q + « in the MFG case along time (in half-hours).

Numerical results for Demand-Side Management and Real Time Tariff. When both DSM
and RTP are combined, the influence of jumps is still clearly noticeable. In Figure 10, we observe that
63 + @ matches @ during the jumps episodes for both MFG and MFC cases. During the other periods,
i.e. without jumps, consumers react in a very similar manner to what was observed for the simulation
with f; = 0. The resulting spot price is presented in Figure 11, in particular the price drops during the

jumps because the global consumption is reduced.
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