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Abstract

Theoretical real option framework with the aim to model prosumers’
decision to invest in photovoltaic power plants, assuming that they are
integrated in a Smart Grid.

Study the optimal plant size and the optimal investment threshold, in
a context where exchange of energy among prosumers is possible.

Model calibration and test on Northern Italy energy market

Main findings: exchange of energy P2P increases investment values,
optimal size of the PV plant and speeds investment timing

Keywords: Smart Grids, Renewable Energy Sources, Real
Options, Prosumer, Peer to Peer Energy Trading.

JEL Classification: Q42, C61, D81
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Traditional Electricity Grid

Figure 1: Source: IRENA
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Smart Grid

Figure 2: Source: IRENA
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Smart Grid

Current electric power delivery system is almost entirely a
mechanical system (no sensors or electronic control)
Smart grid employs digital technology to improve
transparency and to increase reliability as well as efficiency.
Investments in improving current status of the grid allow to
increase flexibility of production and consumption;
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Prosumers

Figure 3: Source: IEA, International Energy Agency
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Prosumers demand and supply of energy

Figure 4: Source: IEA, International Energy Agency
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Exchange of energy Prosumer to Prosumer (P2P)
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Policy implications

IPCC (Intergovernmental Panel on Climate Change)

underlines how important is the control of temperature levels by
reducing or limiting CO2 emissions to avoid the occurrence of
irreversible effects.
mitigation paths

reductions in energy demand,
decarbonisation of electricity and other fuels
electrification of the final use of energy
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Policy implications

European Union 2030 climate and energy policy

3 macro targets: the reduction of 40% in greenhouse gas
emissions (from 1990 levels), 32% of renewable energy,
improvement in energy efficiency of 32.5%
instruments: strong deployment of low carbon technologies,
adequate efficient environment (energy market)
A central role of new emerging power system, required to be:

decarbonized,
decentralized,
digitized.
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Policy implications
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Policy implications

Key elements
"Renewable energy mini-grids are increasingly recognised as a
key solution to expand electricity access in a timely, sustainable
and cost-effective manner"
Nigeria: "Nigeria has identified minigrids as one of the key
solutions to electrify rural areas. Ten thousand mini-grid sites
with a total capacity of 3 000 MW have been identified for
possible development by 2023"
Rwanda: "In rural areas, where over 70% of the population
resides, only 18% of the population has access to electricity. The
government of Rwanda has set a target to achieve universal
electricity access by 2024. It expects to meet that objective
through both on-grid (52%) and off-grid (48%) solutions"
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Real world: Brooklyn Microgrid Project

A brief
Is community-driven initiative started in 2016 (first-ever peer-to-peer
energy transaction), where participants access the local energy
marketplace through a mobile app. People can choose to buy local
solar energy and prosumers can sell their excess solar energy to the
marketplace on which consumers can bid. Transactions exploit
blockchain technology.

To learn more: LO3 Energy founded by Lawrence Orsini
CNBC: https://www.youtube.com/watch?v=WgwipB4U-YU
Website: https://www.brooklyn.energy/about
MIT: https://www.technologyreview.com/s/604227/
blockchain-is-helping-to-build-a-new-kind-of-energy-grid/

Marta Castellini, marta.castellini@unibs.it, Department of Economics and Management, Università degli Studi di Brescia, Italy
Photovoltaic Smart Grids in the prosumers investment decisions: a real option model (2019) 15 / 60 15 / 60

https://www.youtube.com/watch?v=WgwipB4U-YU
https://www.brooklyn.energy/about
https://www.technologyreview.com/s/604227/blockchain-is-helping-to-build-a-new-kind-of-energy-grid/
https://www.technologyreview.com/s/604227/blockchain-is-helping-to-build-a-new-kind-of-energy-grid/


Abstract Introduction The model Calibration of the model Results Conclusions

Real world: Africa
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Real world: Africa
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Real world: Africa
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Real world: Africa
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Real world: Africa
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Real world: Africa
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The main framework
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Photovoltaic Smart Grids in the prosumers investment
decisions: a real option model

Novelty
We extend in two prosumers1 scenario and with cooperative
investment decision
We investigate the impact of exchange possibility on prosumers’
PV plant capacity choices under uncertainty provided by a
stochastic energy selling price with a real option approach
The exchange framework is set under the assumption that storage
is not possible

1behaving complementary in energy demand (and exchange)
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Literature

Real Options applied to investment in energy sector
Smart Grid
Exchange of energy between prosumers
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Assumption 1: prosumer’s energy demand

The energy demand of prosumer i per unit of time t is normalized to 1
(i.e 1Mwh) and can be covered as follows:

1Mwh =ξiαi + γi (1− ξj)αj + bi , with i 6= j = 1, 2, (1)
where ξi ∈

[
0, ξ̄i

]
and γi ∈ [0, γ̄i ] .

αi is the expected production at each t associated with the
capacity chosen by prosumer i,
ξiαi is the portion of αi destined to self-consumption,
γi (1− ξj)αj is the quota satisfied by buying energy from the
other prosumer j (exchange)
bi is the energy that prosumer i purchases from the national
provider.
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Assumption 2: prosumers’ behavior in exchange of energy
choices

The two prosumers are asymmetric in load curves, meaning that
they behave complementarily in demand and supply of
exchanged energy.
Market clearing condition: the demand of energy of each
prosumer i in exchange process cannot exceed the quantity of
energy that the other prosumer can sell
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Assumption 2: prosumers’ behavior in exchange of energy
choices
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Assumption 3: storage is not possible

Storage technologies are still far to be cost effective, thus we
assume that no battery is included in the investment.
This choice allows to include a decrease in prosumers’
managerial flexibility, since energy must be used as long as it is
produced.
From this follows bi > 0.
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Assumption 4: investment cost function

Prosumers cooperate in investment decision, meaning that at time
t = τ , where τ ∈ [0,+∞), the investment cost function of the
prosumers is

I (α1, α2) = P +
K
2
(
α2

1 + α2
2
)

+ H (α1 + α2) , (2)

P is a fixed cost and represents the sunk cost the prosumers have
to pay to access to the P2P energy community through the SG.
K
2
(
α2

1 + α2
2
)
is the sum of the plant costs,

H (α1 + α2) < 0, where H < 0 is the saving gained thanks to the
cooperation in investment decision.
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Assumption 5: energy selling price

Context
Prosumers receive information on selling prices at the beginning
of each time interval dt and make decisions on how much of the
produced energy to self consume and how much to sell.
There is only one hourly local spot market in which prosumers
observe selling prices and instantaneously decide either to sell
the production or not.
Each prosumer’s aim is to minimize energy costs, thus
investment decision depends on their energy demands and the
ratio between the buying and selling prices of energy.
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Assumption 5: energy selling price
Assumption

vt is the price the prosumers are paid for the energy sold to the
national grid is assumed to be stochastic

Model calibration refers northern Italy electricity market and the data set is
built on Italian Zonal prices
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Assumption 5: energy selling price

dvt is the price increment overtime and it is assumed to follow an
Arithmetic Brownian Motion (ABM)

Price increments vs ABM and GBM simulation
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Assumption 5: energy selling price

dvt = θdt + σdWt , (3)
where

dWt is the increment of Wiener’s process (normally distributed
with zero mean and variance dt)
θ is the (constant) increment in the energy price over time
(measured in monetary units)
σ is the instantaneous standard deviation of dvt

and the price vt can be obtained as follows:

vt = vt0 + θ (t − t0) + σ (Wt −Wt0) , (4)

where its expected value at time t = τ is:

Et0 [vt ] =vt0 + θ (t − t0) , (5)
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Assumption 6: price of the exchanged energy

.
z represents the price at which the prosumers agree to exchange
energy once the cooperative investment has been undertaken
z = v(t): the prosumers decide to set this price equal to the one
paid by the TSO for the energy the prosumers sell to the national
grid (vt)
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Assumption 7: plant maintenance cost

.
a represents the maintenance cost per unit of installed capacity
and can be considered as the marginal cost of internal production.
a = 0 since solar radiations represents the production input and
are for free, the marginal production costs for the PV power
plants may considered negligible, thus a will be set at nil
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The model

Optimization problem
The prosumers’ aim it to minimize total net operative cost
under the assumption of a cooperative investment decision
identify the optimal size of the PV plant of each prosumer (α∗i )

the price threshold that triggers the investment decision (vτ )

Marta Castellini, marta.castellini@unibs.it, Department of Economics and Management, Università degli Studi di Brescia, Italy
Photovoltaic Smart Grids in the prosumers investment decisions: a real option model (2019) 37 / 60 37 / 60



Abstract Introduction The model Calibration of the model Results Conclusions

Optimization

Thus, the cost minimizing problem for the prosumers together can be
written as follows:

min
α1,α2,τ

E {C (. . . )} where (6)

C (. . . ) =

∫ τ

0
ce−rtdt +

∫ ∞
τ

C1 (ξi , γi , αi) e−rtdt

+

∫ τ

0
ce−rtdt +

∫ ∞
τ

C2 (ξi , γi , αi) e−rtdt

+ I (α1, α2) e−rτ .
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Prosumer i net operative cost function

Ci (ξi , γi , αi) =c [1− ξiαi − γi (1− ξj)αj ] + zγi (1− ξj)αj (7)
− zγj (1− ξi)αi − vt (1− ξj) (1− ξi)αi (8)
+ aαi (9)

and the optimal self consumption and exchange behavior choices are
defined as follows{

vt < c → ξi ∈
(
0, ξ̄i

]
, γi ∈ (0, γ̄i ] ,

vt ≥ c → ξi , γi = 0,
(10)

thus Ci (ξi , γi , αi) can be rewritten as

Ci (ξi , γi , αi) = aαi + c − vtαi − [ξiαi + (1− ξj)αjγi ] (c − vt) Iv<c,
(11)
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Prosumer i net operative cost function

Ci (ξi , γi , αi) = aαi + c − vtαi − [ξiαi + (1− ξj)αjγi ] (c − vt) Iv<c
(12)

in which Iε is the indicator function of the event ε, whose value is 1 is
the event occurs, and 0 otherwise. Again, the previous can be
rewritten as

Ci (ξi , γi , αi) =



aαi + c − vtαi

− [ξiαi + (1− ξj)αjγi ] (c − vt) Iv<c vt < c

aαi + c − vtαi

− [ξiαi + (1− ξj)αjγi ] vt ≥ c,
(13)
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Optimization

Recalling the prosumers’ aim

min
α1,α2,τ

E {C (. . . )} (14)

The optimal capacity and price threshold for each prosumer are
obtained by solving numerically the following systems of first order
conditions in the two different cases, for vτ < c and vτ > c.

(α∗1, α
∗
1, v
∗
τ ) :


∂E{C(... )}

∂α1
= 0

∂E{C(... )}
∂α2

= 0
∂E{C(... )}

∂vt
= 0

(15)

Marta Castellini, marta.castellini@unibs.it, Department of Economics and Management, Università degli Studi di Brescia, Italy
Photovoltaic Smart Grids in the prosumers investment decisions: a real option model (2019) 41 / 60 41 / 60



Abstract Introduction The model Calibration of the model Results Conclusions

Optimization
If vτ < c, self consumption minimizes the prosumer net cost and the
optimal capacity and price threshold that triggers the investment
((α∗1, α

∗
2, v
∗)vτ<c) are obtained by solving numerically the following:

0 = H + Kα∗
1 + a

r −
v∗

r −
θ
r2

− (ξ1 + (1− ξ1) γ2)
(

Aeβ1v∗ − v∗

r + c
r −

θ
r2

)
0 = H + Kα∗

2 + a
r −

v∗

r −
θ
r2

− (ξ2 + (1− ξ2) γ1)
(

Aeβ1v∗ − v∗

r + c
r −

θ
r2

)
0 = −β1

(
P + H (α1 + α2) + K

2

(
α2

1 + α2
2
))
− a

r (α1 + α2)β1

− 1
r (α1 + α2) (1− v∗β1) + θ

r2 (α1 + α2)β1

+ ((ξ2 + (1− ξ2) γ1)α2 + (ξ1 + (1− ξ1) γ2)α1)
(

Aeβ1v∗ − v∗

r + c
r −

θ
r2

)
β1

− ((ξ2 + (1− ξ2) γ1)α2 + (ξ1 + (1− ξ1) γ2)α1)
(
β1Aeβ1v∗ − 1

r

)
.

(16)
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Instead, when vτ ≥ c, the prosumers minimize net operative costs by
selling and buying energy to and from the national grid, and the
system of first order conditions is as follows:

0 = H + Kα∗
1 + a

r −
v∗

r −
θ
r2 − (ξ1 + (1− ξ1) γ2) Beβ2v∗

0 = H + Kα∗
2 + a

r −
v∗

r −
θ
r2 − (ξ2 + (1− ξ2) γ1) Beβ2v∗

0 = −β1
(
P + H (α1 + α2) + K

2

(
α2

1 + α2
2
))

+ a
r (α1 + α2)β1

− 1
r (α1 + α2) (1− v∗β1) + θ

r2 (α1 + α2)β1

+ ((ξ2 + (1− ξ2) γ1)α2 + (ξ1 + (1− ξ1) γ2)α1)β1Beβ2v∗

− ((ξ2 + (1− ξ2) γ1)α2 + (ξ1 + (1− ξ1) γ2)α1)β2Beβ2v∗
.

(17)

and also in this case numerical solution is required
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Model without exchange

This scenario is investigated in order to identify the value of flexibility
provided by prosumers’ cooperative investment and exchange
possibility. Under this context, two additional assumptions are
introduced:

the absence of exchange with γi = 0
prosumers’ investment decision is no longer undertaken
cooperatively.

In the latter case the investment cost function becomes

I (αi) =
K
2
α2

i (18)
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Model without exchange
whereas the new prosumer demand function is

∫ 24

0
l (s) ds =1Mwh = ξiαi + bi with i = 1, 2, (19)

where ξi ∈ [0, 1] .

The net operative cost function of prosumer i in absence of exchange
becomes

Ci (ξi , αi) =aαi + c − vtαi − ξiαi (c − vt) Ivt<c (20)

and each prosumer i solves the following minimization problem

min
αi ,τ

E0

[∫ τ

0
ce−rtdt +

∫ ∞
τ

Ci (ξi , αi) e−rtdt + I (αi) e−rτ
]
. (21)
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Model without exchange

If vτ < c, self consumption minimizes the prosumer net operative cost
and the optimal capacity and price threshold that triggers the
investment ((α∗i , v∗)vτ<c) are obtained solving numerically the
following system:


α∗

i − 1
K

[
v∗

r −
a
r + θ

r2 + ξi

(
Aeβ1v∗

+ c
r −

θ
r2 − v∗

r

)]
= 0

− 1
r + v∗

r β1 − K
2 α

∗
i β1

−
[

a
r −

θ
r2 − ξi

(
Aeβ1v∗

+ c
r −

θ
r2 − v∗

r

)]
β1 − ξi

(
β1Aeβ1v∗ − 1

r

)
= 0,
(22)
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Model without exchange

If vτ ≥ c, the prosumer i minimizes its net operative cost by selling
and buying energy to and from the national grid. Also in this case,
optimal capacity and price thresholds ((α∗i , v∗)vτ≥c) are obtained
solving numerically the following system{

α∗
i − 1

K

[
v∗

r −
a
r + θ

r2 + ξiBeβ2v∗
]

= 0

− 1
r + v∗

r β1 − K
2 α

∗
i β1 −

[ a
r −

θ
r2 − ξiBeβ2v∗]

β1 − ξiβ2Beβ2v∗
= 0,

(23)
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Parameters
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Parameters
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Methodology

Parameters (θ, σ) of the price paid to the prosumers by the TSO
for the energy sold to the national grid (vt) are obtained with the
method of moments.
Database is built starting from Italian Zonal prices (geographical
prices):

hourly prices of the Single National Price (PUN)
daily time interval from 8 a.m to 7. p.m as reference of the PV
plant operating time
Average monthly prices are computed, thus dt = 1/2
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Once dataset is defined,
Prices were seasonally adjusted
non-stationarity assumption verified with Dickey Fuller test

H0 is the null hypothesis: non-stationarity
H1 is the alternative hypothesis: stationarity.
Result: we fail to reject the null hypothesis, thus the process is not
stationary

The increment dvt can be modeled as a Brownian Motion
Thus the parameters of dvt are

θ̂ =
mean(dvt)

dt
σ̂ =

sd(dvt)√
dt

(24)

where
mean(dvt) is the mean of dvt

sd(dvt) is the standard deviation dvt
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Optimal timing

Given dvt = θdt + σdWt , τ can be obtained with the following
computations∫ T

t0
dvt =

∫ T

t0
θdt +

∫ T

t0
σdWt (25)

vT = vt0 + θ (T − t0) + σ (WT −Wt0) (26)
Et0 [vT ] = vt0 + θ (T − t0) (27)

vτ = vt0 + θ (τ − t0) + σ (Wτ −Wt0) (28)
Et0 [vτ ] = vt0 + θ (Et0 [τ ]− t0) (29)

Et0 [τ ] = t0 +
v∗ − vt0

θ
(30)
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Main results

Marta Castellini, marta.castellini@unibs.it, Department of Economics and Management, Università degli Studi di Brescia, Italy
Photovoltaic Smart Grids in the prosumers investment decisions: a real option model (2019) 53 / 60 53 / 60



Abstract Introduction The model Calibration of the model Results Conclusions

Main results

Marta Castellini, marta.castellini@unibs.it, Department of Economics and Management, Università degli Studi di Brescia, Italy
Photovoltaic Smart Grids in the prosumers investment decisions: a real option model (2019) 54 / 60 54 / 60



Abstract Introduction The model Calibration of the model Results Conclusions

Main results

Marta Castellini, marta.castellini@unibs.it, Department of Economics and Management, Università degli Studi di Brescia, Italy
Photovoltaic Smart Grids in the prosumers investment decisions: a real option model (2019) 55 / 60 55 / 60



Abstract Introduction The model Calibration of the model Results Conclusions

Main results

Marta Castellini, marta.castellini@unibs.it, Department of Economics and Management, Università degli Studi di Brescia, Italy
Photovoltaic Smart Grids in the prosumers investment decisions: a real option model (2019) 56 / 60 56 / 60



Abstract Introduction The model Calibration of the model Results Conclusions

Main results

Marta Castellini, marta.castellini@unibs.it, Department of Economics and Management, Università degli Studi di Brescia, Italy
Photovoltaic Smart Grids in the prosumers investment decisions: a real option model (2019) 57 / 60 57 / 60



Abstract Introduction The model Calibration of the model Results Conclusions

Main results

Marta Castellini, marta.castellini@unibs.it, Department of Economics and Management, Università degli Studi di Brescia, Italy
Photovoltaic Smart Grids in the prosumers investment decisions: a real option model (2019) 58 / 60 58 / 60



Abstract Introduction The model Calibration of the model Results Conclusions

Main results

Marta Castellini, marta.castellini@unibs.it, Department of Economics and Management, Università degli Studi di Brescia, Italy
Photovoltaic Smart Grids in the prosumers investment decisions: a real option model (2019) 59 / 60 59 / 60



Abstract Introduction The model Calibration of the model Results Conclusions

Conclusions

in the benchmark case, value of exchange is always positive;
the option value to defer investment is positive;
the possibility of selling energy between agents encourages
investment in larger plants, compared with the cases with
self-consumption and only exchange with national grid;
the exchange-oriented profile agents invest earlier and with a
lower optimal size of the plant;
there is a positive relation between plant optimal size and optimal
investment timing (i.e., the greater the plant optimal size, the
greater the investment deferral). and exchange.
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