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Background & Research Question
Background:

DER increases and smart home devices are installed; thus,

consumers become more responsive.

Dynamics prices incentivize consumers’ responsiveness, but

bring uncertainties.

Key point

Understand complex risk-aware behaviors of consumers when

facing (price) uncertainty;

Highlight the need for a more sophisticated utility function

formulation;

Intentionally adding risk term instead of natural behaviors.

Research question: How does the future uncertainty distribution

affect the risk-neutral decision-making process?

Prudent
Prudent demand - Future price uncertainties affect immediate

consumption patterns despite the price expectations remaining un-

changed.

Time

Demand

Time

• If uncertain events happen, prudent decision-
makers will do sth. to respond to the event

• Time-dependent system:

Decision makers do sth. ahead of time
Uncertainty

Figure 1. Title explanation.

Model and Formulation
Risk-neutral, cost-saving objective, discrete time-varying linear

system t ∈ [0, T ]

Original min
pt

EΛt

T∑
t=1

[
λtpt + Ct(xt) + Gt(pt)

]
+ VT (xT ), (1a)

Reformulate Qt−1(xt−1|λt) = min
pt

λtpt + Ct(xt) + Gt(pt) + Vt(xt) (1b)

Vt(xt) = EΛt+1[Qt(xt|λt+1)] (1c)

s.t. xt = Axt−1 + pt. (1d)

λt - uncertain price following distribution Λt; pt, xt - demand and

state value; Ct(xt), Gt(pt) - state cost and action cost function;
Qt−1(xt−1|λt) - action-value function; Vt(xt) - state-value function;
A - discount factor.

Definition 1. Normalized power and state cost.
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Figure 2. Graph of function Ct, Gt and their derivative.

Key Results
Theorem 1. Distribution-insensitive demands models.

Demand model:
• Quadratic state cost function
• Quadratic action cost function
• 0 end value function

Price

Same expectation

Theorem - The demand model at 
time t-1 is distribution-insensitive 
to price distribution at time t, i.e.,
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Figure 3. Theorem 1.

Theorem 2. Prudent demand models.

Demand model:
• Super quadratic state cost function
• Quadratic action cost function
• 0 end value function

Same expectation

Theorem - The demand model 
before time t is prudent to price 
distribution at time t+1, i.e.,

Price distribution
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Figure 4. Theorem 2.

We also provide Corollaries about

Strict condition

Prudent demand distribution extrapolation

Prudent demand sensitivity extrapolation

Case Study
Log barrier State cost function; Quadratic Action cost function

-4 -2 0 2 4 6 8
Scenario

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

Pr
ob

ab
ilit

y

Var = 2.1596
Var = 3.2503
Var = 4.7074
Var = 6.5308
Var = 8.7206
Var = 11.2768

(a) Uncertain price distribution.
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(b) State value under 1st price distribution
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(c) State value under all price distributions

Figure 5. Continuous prudent demand results.

Fig. 5 (b) Skewness (risk)-averse behavior - demand level

increases until the event happens.

Fig. 5 (c) Skewness sensitivity - previous state value and slope

increases with the price variance.

Practical insight
Operator design demand response event Prudent behavior

Do precautionary savings (charging) to 
prepare for discharge in the price spike

Another demand 
peak ahead of time

Consume response to price uncertainty Prudent behavior

Saving more money by preparing ahead of time 

Extreme weather Example Price variance increase

Intervention: price increase and battery discharge ahead of time, 
can’t provide system support

1. 

2. 

3. 

No intervention: Consumers' responses naturally provide support
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