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Abstract

Driven by ambitious targets to reduce greenhouse gas emissions many countries have introduced
support schemes to accelerate investments in renewable energy. However, in recent years experience
showed that, over time, retraction of support schemes becomes more likely. This has a severe effect
on investment behavior. In this paper we study the effect of a potential subsidy retraction of a feed-in
tariff (FIT) on investment in renewable energy capacity, where we explicitly account for the fact that
the likelihood of policy retraction may change over time. We show that the range of FITs, for which it
is optimal to invest immediately, decreases the longer a subsidy has been in place. If the FIT offered
is too small and/or the subsidy has been installed too long ago, it is optimal for the firm to wait with
investment until the subsidy is eventually retracted and free market conditions prove to be profitable
enough. Furthermore, we show that whether a policy maker aiming at accelerating investment prefers
investors to consider retraction risk to be time-dependent or not, depends on how much time has passed
since the subsidy has been introduced at the moment the investor considers investment for the first time.
Keywords: real options; renewable energy; policy risk; non-homogeneous Poisson process; feed-in-
tariffs

1. Introduction

Increasing the share of renewable energy (RE)
production to the overall energy mix is recognized
as critical in reaching ambitious targets to reduce
greenhouse gas emissions ([10]). Due to the
deregulation of the majority of electricity markets
worldwide, it is private investors with an objective of
maximizing profit that decide whether RE projects
are built or not ([1]). By 2019 nearly all coun-
tries worldwide have employed RE support poli-
cies and targets ([20]). Feed-in pricing policies,
i.e. feed-in tariffs (FITs) and feed-in premiums
(FIPs), have been instrumental in encouraging RE
projects worldwide, since they provide a stable in-
come to generators and help increase the banka-
bility of projects ([16]).

Policy uncertainty in the form of sudden revisions
or retractions of renewable support schemes, how-
ever, had a dramatic impact on investments in RE
projects during recent years. This type of policy
risk represents a significant challenge for actors in
the RE sector currently ([22]) and hinders needed
investments. Policy uncertainty is frequently men-
tioned as (one of) the key reasons for the lack of
investments in RE ([22], [4]).

From an investor’s perspective experience

shows that over time, retraction or revision of sup-
port schemes become more likely ([6]). Reasons
for increasing likelihood of policy retraction over
time are, among others, diminishing public funds,
changes of governments or the fact that RE capac-
ity goals have been reached. There are several
cases where budget constraints led regulators to
retract or significantly reduce provided FITs. One
prominent example is Spain, where a new gov-
ernment announced a drastic cut of subsidies to
electricity suppliers in 2013 as a consequence of a
26bn E tariff deficit, which was besides the effects
of the financial crisis also a result of a too gener-
ous system of subsidies provided by the previous
government ([11]).

While, FITs have long been considered to be
the most effective scheme for accelerating devel-
opment of RE sources ([5], [7], [21]), we currently
can observe a shift from tariff-based instruments
to competitive auctions ([20]). This may lead in-
vestors to perceive an increase in the risk of re-
traction of currently installed FIT schemes.

In this paper we study the effect of a potential
subsidy retraction on investment in RE capacity
considering that the likelihood of policy retraction
can change over time. We develop a model in
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which a profit maximising investor has the option
to invest in an RE project. The current subsidy
scheme provides investors in RE projects with a
fixed FIT for each unit produced, therewith shield-
ing them from market uncertainty. However, invest-
ments are threatened by a potential subsidy retrac-
tio, which is assumed to become more likely the
longer the subsidy scheme has been provided to
investors. After subsidy retraction electricity pro-
duced must be sold on the spot or futures market
at a price that varies over time. Some of the exam-
ples of such retroactive subsidy revisions have oc-
curred in several countries in the last decade ([19]).
Examples are Spain, Belgium, the Czech Repub-
lic, Bulgaria and Greece ([2]). In order to relate
our results to a realistic case of green investment
we present a case study considering investment
in an onshore wind project using the most recent
available data for the case of Europe. FITs and
electricity price data is taken from Germany, where
different types of FIT support schemes have been
applied since 1991.

Applying a real options approach allows us to
account for important characteristics of RE invest-
ments. RE investments entail large sunk invest-
ment costs, which are often specific to the consid-
ered project. Second, the project value depends on
uncertain future framework conditions, like fluctuat-
ing electricity prices or changing support schemes.
Third, investors have the option to postpone invest-
ments if current framework conditions do not justify
immediate investment.

Our results show that the range of FITs, for which
it is optimal to invest immediately, decreases the
longer a subsidy has been in place. If the FIT
offered is too small and/or the subsidy has been
installed for too long, it is optimal for the firm to
wait with investment until the subsidy has been re-
tracted and free market conditions are profitable
enough. Specifically, we derive the optimal elec-
tricity market price threshold that triggers invest-
ment in this case. We find that increasing mar-
ket price volatility (drift) discourages (encourages)
investment, also for the cases that investment is
made when the subsidy is still provided.

Furthermore, we show that considering subsidy
retraction risk to be time-dependent can signifi-
cantly affect the optimal investment strategy com-
pared to the case when subsidy retraction risk is
considered constant over time.

Finally, we conclude that setting a limit for the
period during which the subsidy is provided both in
the form of time or a specific market price, discour-
ages investment. The best from a policy makers
point of view with the main objective to accelerate
investment is to announce a support scheme for an
unlimited period of time.

Real options theory has been increasingly ap-
plied to investment problems in the energy sec-
tor under market uncertainty and policy change in
recent years. Early contributions to work on pol-
icy and investment from a real options perspective
have focused on tax policy uncertainty ([8, Chapter
9], [14], [18]). Similar to our case [21] and [2] study
the effect of a potential future retroactively applied
subsidy retraction. [21] consider a case where reg-
ulators may decide to switch from a fixed-price FIT
to a free-market regime. They find that uncertainty
regarding future regulatory regimes delays or even
reduces investment activity for FIT levels near elec-
tricity market prices and high probabilities of an im-
minent regime switch.

However, all of the aforementioned papers
analysing policy uncertainty in the form of subsidy
retraction consider that the likelihood of subsidy re-
visions is constant over time. We contribute to this
strand of literature by allowing the probability of
subsidy retraction to depend on the time since the
support scheme was originally introduced. Specif-
ically, we look at the case that investors perceive
subsidy retraction to become more likely the longer
subsidy has been provided.

From a more technical point of view, policy un-
certainty is usually modelled in the literature by
a homogeneous stochastic process with different
states, each one representing a different level
of subsidy (or the retraction of it). Technically,
our contribution to the state of the art is to con-
sider an non-homogeneous stochastic process to
model policy uncertainty. In this case the invest-
ment problem relies on the resolution of a time-
dependent optimal stopping problem where differ-
ent regimes are considered. From a pure mathe-
matical point of view, this type of optimal stopping
problems are studied by [17]. In this theoretical pa-
per, the system of Hamilton-Jacobi-Bellman (HJB)
equations is derived and technical conditions sat-
isfied by value functions are presented. Since our
set up fits in the one presented in the previous pa-
per, we take into account some of the technical re-
sults of [17]. Our paper contributes to the litera-
ture by presenting the specific solution of such a
stopping problem and derives explicit expressions
for the value function and threshold curves for the
investment problem considered. This has, to the
best of our knowledge, not been done before.

The remainder of this paper is organised as fol-
lows. Section 2 introduces a benchmark model, for
which we present the solution procedure in Section
3. Comparative statics results for the benchmark
model are presented in Section 4. We then check
the robustness of our model in Section 5, releas-
ing a key assumption we make in the benchmark
model. The solution for the robustness model is
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presented in Section 5.1, and the results are anal-
ysed in Section 5.3, based on a case study intro-
duced in Section 5.2. We finally present relevant
extensions in Section 6, and conclude in Section
7.

2. Model
We study a profit maximising firm that considers
the option to invest in a RE project. In order to ac-
celerate investment in new RE projects regulators
are currently providing a subsidy in the form of a
fixed feed-in-tariff (FIT) that offers a subsidy pay-
ment of (p + F ) per MWh of electricity produced
during the contract. Investors are aware of the
possibility that, at some random point in time, ν,
regulators may retract the current subsidy scheme,
which would, as a consequence, expose the firm
to market risk. Similar to [3], [2], [21] and [6], we
are considering a single subsidy revision. After the
subsidy has been retracted the firm will sell the
electricity at market price per MWh of electricity
produced.

We consider that retraction of the subsidy sup-
port scheme will occur at an exponentially dis-
tributed random time, denoted by ν, with inten-
sity λ(t), that is assumed to be increasing with
time. Therefore, retraction of the subsidy sup-
port scheme becomes more likely as time goes
by. For illustration purposes we assume the fol-
lowing time-dependent intensity λ(s) = λ0s. Then
Fν(u) = 1− e−λ0u

2/2.

Most of the qualitative results that we show in
the paper carry over for other intensity functions,
as long as they are non-decreasing in t.

In what follows, the stochastic process θ pro-
vides us the information regarding the state of the
subsidy. Specifically, θ = 1 while the subsidy
is still active and θ = 0, otherwise. Therefore,
θs = 1{s<ν}.

Due to the structure of ν, θ is not, apriori, a
Markov process, unless one takes into account
the information regarding the moment when the
support scheme was implemented and the current
time. Therefore, from now on, we consider the
bi-dimensional pair (t, θ), where t represents the
time elapsed since the moment when the support
scheme was implemented. This new process is, in
fact a Markov process.

In light of the information introduced in the previ-
ous paragraph, one can update the distribution of
ν taking into account that ν > t. We therefore, in-
troduce a new random variable, represented by νt.
The distribution function for νt can be computed as
the conditional distribution of the random variable
ν, as we show in the next equation:

P (νt > t+ s) = P (ν > s+ t | ν > t) = e−
∫ t+s
t

λ0udu.

The random variable νt denotes the (random) time
remaining until retraction of the subsidy, given that
it has been active in the last t units of time. Addi-
tionally, one can notice that the expected time of νt
is equal to

E[νt] =

√
2π
(
1− Φ

(
t
√
λ0

))
eλ0t

2/2

√
λ0

, (1)

where Φ denotes the distribution function of a nor-
mal distribution, with mean 0 and variance 1. We
note that E[νt] is a decreasing function of t and
verifies E[νt]→ 0.

We furthermore assume that the electricity mar-
ket price, hereafter denoted by P = {Ps : s ≥ 0},
follows the following stochastic differential equa-
tion:

dPs = µ(θs)Psds+ σ(θs)PsdWs, P0 = p (2)

where µ(θ) = µ1{θ=0}, σ(θ) = σ1{θ=0}, and
W = {Ws : s ≥ 0} is a Brownian motion. By con-
struction, the process P incorporates the informa-
tion regarding the activeness of the subsidy. There-
fore, as long as the FIT is provided, the unit price
is fixed and equal to p. In this period the firm earns
p + F for each unit produced by unit of time. We
interpret this FIT as a premium F offered on top of
the electricity price at the beginning of the planning
horizon, i.e. p+ F . Upon retraction of the subsidy,
the firm earns the electricity market price, which
is assumed to follow a geometric Brownian motion
(as in, for example, [12], [21] and [2], with drift µ
and volatility σ. We construct the process P in this
form for modelling convenience for our benchmark
model.

The profit function of the firm, hereby denoted
Πθ(.), is given by

Πθ(Ps) =

{
K(p+ F )− C(K), θ = 1

KPs − C(K), θ = 0
(3)

where K > 0 represents the annual production ca-
pacity, C(.) denotes the production costs, and p+F
represents the FIT. Upon investment the firm needs
to pay a sunk cost of I.

The investment problem of the firm can then be
formulated as the following optimal stopping prob-
lem:

Vθ(p, t) = sup
τ
Eθ,p,t

[∫ ∞
τ

e−rsΠθ(Ps)ds− e−rτI(K)

]
,

(4)
where we use the index θ ∈ {0, 1} to denote
the current state of the subsidy (non-active or ac-
tive, respectively), and r is the exogenously given
discount rate. Furthermore, due to the time-
dependence of the intensity rate λ0t, at which the
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subsidy is retracted, we need to take time into ac-
count in the optimisation problem (4). For that rea-
son, Vθ has an explicit dependency on the variable
t, which we include notation-wise.

To solve the optimal stopping problem, we will
use the results presented in [17]. Since in that case
the authors deal with an exit problem, we re-write
our problem (4) in a more convenient way as fol-
lows

Vθ(p, t) = Eθ,p,t

[∫ ∞
0

e−rsΠθ(Ps)ds

]
+

(5)

sup
τ
Eθ,p,t

[∫ τ

0

e−rs(−Πθ(Ps))ds− e−rτI(K)

]
.

(6)

One may notice that the computations regard-
ing the first expected value in (5) are straightfor-
ward since it does not depend on the stopping time
τ . Therefore we are left to find the solution of the
second term in (5), which we denote by vθ(p, t) =
supτ Eθ,p,t

[∫ τ
0
e−rs(−Π(Ps))ds− e−rτI(K)

]
.

We next present the Hamilton-Jacobi-Bellman
(HJB) equations that characterise vθ(p, t). In this
case, as we have two regimes (that correspond to
two possible states of the subsidy: active or inac-
tive) that influence the dynamics of the price and
profit function of the firm, we need to solve two sets
of HJB equations:

min (rvi(p, t)− Livi(p, t) + Πi(p), vi(p, t) + I(K)) = 0

where Li (for i = 0, 1) is the infinitesimal generator
of the bi-variate process (θ, P ) = {(θs, Ps), s > 0}.
In view of the assumptions about θ and P , the fol-
lowing holds:

L0v0(p, t) = µp
∂v0(p, t)

∂p
+

1

2
σ2p2 ∂

2v0(p, t)

∂p2
,

L1v1(p, t) =
∂v1(p, t)

∂t
+ λ(t) (v0(p, t)− v1(p, t)) .

3. Model Solution
In this section we present the value function of
the firm depending on whether the subsidy is still
present or not.

3.1. Solution when the subsidy has been retracted
In case the subsidy has been retracted, we have
a standard investment problem, for which the so-
lution is already known; see, for instance, [8].
Moreover, we know that for such a case the in-
vestment decision is a threshold decision, mean-
ing that investment is optimal for large values of
price (p ≥ p∗0) while, for small values of price
(p < p∗0), it is optimal to wait. Upon invest-
ment, the firms earns a perpetual value given by:

Eθ,p,t
[∫∞

0
e−rs (KPs − C(K)) ds

]
−I(K) = K

r−µp−
C(K)
r − I(K).
Before investment (ie., p < p∗0), the firm does not

earn any profits. Therefore, the value of the firm
is equal to the value of the option to invest. Fur-
thermore, as the subsidy is not active, there is no
longer the need for the time dependency. There-
fore, we may drop the explicit dependency on t of
the value function V0.

In view of these considerations, and application
of results provided by [8], we end up with the result
presented in the following proposition.

Proposition 1. The value function when the sub-
sidy is no longer available, i.e. V0(p), is given by:

V0(p, t) ≡ V0(p) =

{
Apd1 , p ≤ p∗0
K
r−µp−

C(K)
r − I(K), p > p∗0

(7)
where p∗0 = d1

d1−1 (I(K) + C(K)
r ) ×

r−µ
K ,, A = K

r−µ
1
d1
p∗0

1−d1 and d1 =

σ2−2µ+
√

4µ2−4µσ2+σ4+8rσ2

2σ2 > 1.

3.2. Solution when the subsidy is still active
When the subsidy is still active, the firm’s revenues
would be constant upon investment. Therefore, the
return of the company is constant, as the output
price is fixed and equal to p+F . Once the subsidy
will be retracted, the firm will be exposed to out-
put price uncertainty. Thus, we need to take into
account the possible changes in the state process
θ.

As discussed above, in order to find V1 one
has to compute the function v1, which satisfies
rv1(p, t) − ∂v1(p,t)

∂t − λ0t (v0(p)− v1(p, t)) + K(p +
F )− C(K) = 0, in the continuation region.

We present the solution in the following proposi-
tion.

Proposition 2. Assume that F is such that it sat-
isfies the following condition

F < F < F.

with F ≡ −σ
2

2
1
K
C(K)+rI(K)

r d1 and 1
K
rI(K)+C(K)
1−E[e−rν0 ]

≡
F . Then the value function for the optimal stopping
problem presented in (5) is given by:

V1(p, t) =


V1,1(p, t), p < c∗1
V1,2(p, t), (p, t) ∈ [c∗1, p

∗
0)× [t∗1(p),∞)

V1,3(p, t), (p, t) ∈ [c∗1, p
∗
0)× [0, t∗1(p))

V1,4(p, t), p > p∗0

where, V1,1(p, t) = V1,2(p, t) = Apd1E [e−rνt ], and
V1,3(p, t) = V1,4(p, t) =

(
K(p+F )

r − C(K)
r − I(K)

)
+
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(
Kp
r−µ −

K(p+F )
r

)
E[e−rνt ] Finally t∗1(p) is uniquely

defined by the equation:

V1,2(p, t∗1(p)) = V1,3(p, t∗1(p)) (8)

Additionally, c∗1 ≡ c∗1(F ) verifies the following con-
ditions:

(i) c∗1(F ) ∈ (0, p∗0) and t∗1(c∗1) = 0, if F < F < F

(ii) lim
F↗ F

c∗1(F ) = 0, and lim
F↘ F

c∗1(F ) = p∗0.

The results presented in Proposition 2 show that
we have to distinguish between four regions for the
value function in case the subsidy is still active.
Figure 1 illustrates the shapes of the different re-
gions, assuming that the intensity function, λ(t),
at which the subsidy is retrieved is non-decreasing
in t. If the initial value of the process P is strictly
smaller than a threshold c∗1 the firm is in the contin-
uation region. We indicate this continuation region
by “Wait (1)” in Figure 1. For such low values of
p it is in fact never optimal for the firm to invest,
neither before nor after the subsidy is retracted, in-
dependently of how much time has passed since
the subsidy has been installed. Once the subsidy
has been retracted the firm will invest as soon as
the price hits the level p∗0.

If the current value of the process P is large
enough, specifically p ≥ p∗0, it is optimal for the firm
to invest immediately independent on whether the
subsidy is still provided or not. We indicate this re-
gion by “Invest (4)” in Figure 1. The value function
in this region, V1,4(., .) consists of two terms. The
first term represents the discounted expected fu-
ture cash flows of the project in case the firm would
receive the FIT forever minus the investment cost.
The second term accounts for the additional rev-
enues earned in the open market as soon as the
subsidy is retracted, scaled by a factor accounting
for the expected time until the subsidy is retracted.

For intermediate values of p between c∗1 and p∗0,
whether the firm is in the continuation region or in
the stopping region depends on how much time
has passed since the subsidy was installed (rep-
resented by t). If, however, relatively little time
has passed since the subsidy has been introduced,
specifically t ≤ t∗1(p), it is optimal for the firm to in-
vest immediately. The value function for this case,
V1,3(., .), is equal to the value in the other invest-
ment region. This investment region is indicated
by “Invest (3)” in Figure 1. Note that the boundary
curve separating the investment and continuation
regions in this case increases with the value of p,
as well as the time t, for which the subsidy has
been active already.

Note that the investment strategy (given the sub-
sidy is still present) depends on how much time has

Wait

 (1)

Wait

 (2)

Invest

  (4)

Invest

  (3)

p0
*c1

* p*
p

t*

t

t 1
*
(p)

Figure 1: Investment and continuation regions in the (p, t)-
plane.

passed since the subsidy introduction at the mo-
ment the firm considers the investment problem for
the first time. In case the firm considers investment
at the moment the subsidy has been introduced,
i.e. t = 0, then the horizontal line at t = 0 in Fig-
ure 1 represents the decision rule as a function of
p. For t = 0 the firm will invest if p > c∗1. If the
firm considers the investment problem for the first
time when t > 0 time has already passed since
the subsidy introduction, then the threshold curve
t∗1(p) determines the investment strategy. For t = t̂,
the firm invests if p > c2, as indicated in Figure 1.
Otherwise, it is optimal for the firm to wait with in-
vestment until the subsidy has been retracted and
the price has reached the threshold p∗0.

The following remark comments on the invest-
ment strategy that results when a too small or too
large FIT is offered to the firm.

Remark 1. (a) If the decision-maker offers a FIT
equal to p + F for each unit produced, then it
holds that c∗1 = 0. This means that it is opti-
mal for the firm to invest for any initial price p
given investment is considered at t = 0. As a
consequence, the optimal strategy depicted in
Figure 1 changes in the sense that the waiting
region (1) disappears; Moreover, when F > F ,
the waiting region (1) will not exist either and
the investment region (regions 3 plus 4) will be
larger than the one obtained when F = F as
for this case it holds that t∗1(p) > 0 for every
p ∈ [0, p∗0). This means, that it is optimal for a
firm to invest for every price p as long as less
than t∗1(p = 0) time has passed since the sub-
sidy has been provided.

(b) If F = F , then both the waiting region (2) and
the investment region (3) depicted in Figure 1
will disappear because limF↘ F c

∗(F ) = p∗0,
which implies that the boundary t∗1 turns into a
vertical line in p∗0. In this case, the firm does
not have any additional incentive to make the
decision earlier than in the case that subsidy
is not provided. It is also important to note that
when F < F , the investment decision will be
optimal only for prices greater than p∗0.

5



In the following we will focus on analysing the
cases that F is set such that the condition pre-
sented in Proposition 2 holds.

In the next proposition, we provide the expected
time to undertake the investment decision given it
is not optimal to invest immediately.

Proposition 3. In case the current price is p, the
time elapsed since the introduction of the subsidy
is equal to t, the subsidy is still active and it is not
optimal for the firm to invest immediately, the ex-
pected time to undertake the investment decision,
which we denote by E1,t[τI ], is given by

E1,t[τI ] =

[
E[νt] +

ln
p∗0
p

µ− 1
2σ

2

]
1{t>t+1 (p),µ> 1

2σ
2},

(9)
where E[νt] is given by Equation (1), and 1A de-
notes the indicator function of proposition A.

The expression (9) for the expected investment
time stated in Proposition 3 should be understood
as follows. If the time t when the firm considers
investment is such that t < t∗1(p), it is optimal for
the firm to invest immediately. This means that in
this case the expected time to investment is equal
to zero. In case t > t∗1(p), however, it is not opti-
mal for the firm to invest immediately. Then the firm
first waits until the subsidy is retracted (which will
take E1,t[νt] time, on average). Once the subsidy is
retracted the firm will wait until the market price in-

creases up to p∗0 (which will take
[

ln
p∗0
p

µ− 1
2σ

2

]
time, on

average), and then take the investment decision.
Note that the expected time for the price to hit p∗0 is
finite if and only if µ > 1

2σ
2 (see [23]).

4. Comparative statics results
In order to allow comparison we also present the
analytical results for the case of constant retraction
risk, i.e, we consider the case λ(t) = λ̂. Note that
we assume here that the intensity rate of retraction
increases linearly with time, i.e., λ(t) = λ0t, order
to derive the expressions for the relevant quantities
explicitly.

We note again that for the case that the subsidy
is no longer active, the problem is a standard one.
Detailed results regarding the comparative statics
of this case can be found in the literature (see, for
example, [8]) and can be easily derived analyti-
cally. Indeed, one can prove that p∗0 increases with
σ and decreases with µ. This means the higher the
market price uncertainty the larger the investment
threshold as the value of the option to invest in-
creases. The higher the trend of the price process,
the smaller the investment threshold as the value
of the project increases and the firm is more ea-
ger to undergo investment and therewith, receive

the project value. In the following we now focus on
the results related to the investment strategy when
the subsidy is still active. Proposition 4 presents
results on the behavior of the investment threshold
curve in key parameters.

Proposition 4. The investment threshold curve,
t∗1(p), increases with µ and F and decreases with
σ and λ0, i.e.

∂t∗1(p)

∂µ
> 0,

∂t∗1(p)

∂σ
< 0,

∂t∗1(p)

∂λ0
< 0,

∂t∗1(p)

∂F
> 0.

The boundary c∗1 decreases with µ and F and in-
creases with σ and λ0, i.e.

∂c∗1
∂µ

< 0,
∂c∗1
∂σ

> 0,
∂c∗1
∂λ0

> 0,
∂c∗1
∂F

< 0.

The results presented in Proposition (4) show
that keeping all other parameters constant, in-
creasing the volatility (drift) decreases (increases)
the optimal investment boundary, therewith de-
creasing (increasing) the investment region for the
case that the subsidy is active. This is not surpris-
ing as higher electricity price uncertainty increases
the value of the firm’s investment opportunity as it
will receive the electricity price once the subsidy
has been retracted. Therefore, the firm demands a
higher FIT (i.e. larger p, as we keep F constant for
this case) to undergo investment immediately. A
higher electricity price drift, however, increases the
value of the project. Therefore, for higher drift the
firm has a larger incentive to invest immediately,
which means that the range of prices p for which it
is optimal to invest immediately at the first time the
firm considers investment, is larger. Increasing F
and therewith, the FIT offered, has the same effect.
Proposition (4) also shows that increasing the like-
lihood of policy retraction, i.e. increasing λ0, de-
creases the investment region, and therewith the
range of FITs for which the firm is willing to invest
immediately. The reason for that is that increasing
λ0 decreases the project value, as the firm expects
to receive the FIT over a shorter period of time.
Therefore, it demands higher levels of the FIT to
justify immediate investment when subsidy is (still)
provided. From a policy makers perspective that
aims to accelerate investment, policy risk is dam-
aging as it reduces the firm’s willingness to invest.
If investors perceive policy risk to be larger, they
will be more hesitant to invest. In that case regu-
lators would need to offer a higher FIT in order to
trigger the same amount of investment.

We also note that the result of Proposition 4
shows that in case the price p lays in (c∗1,∞) and
µ or F increase, the firm may still decide to invest
even if more time elapsed since the introduction of
the subsidies. On the contrary, if σ increases, it
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may be too late for a firm to invest in that range of
prices. In that case the investment will only occur
after the subsidy is removed and the market price
reaches the value p∗0. This means that our results
are coherent with the standard real options result
that increasing the volatility postpones the invest-
ment decision.

We now analyze how the investment strategy
differs when subsidy retraction risk is assumed to
be time-dependent compared to the case that the
firm assumes it to stay constant over time. In this
case the time until retraction is exponentially dis-
tributed, and we are dealing with a homogeneous
process, as opposition of the time-dependent case,
that leads to a non-homogeneous process.

Proposition 5. Assume that λ(t) = λ̂,∀t, and F is
such that

˜
F < F < F̃.

with
˜
F ≡ C(K)+rI(K)

K − p∗0 and
r+λ̂
K

(
I(K) + C(K)

r

)
≡ F̃ Then, the value function

for the optimal stopping problem presented in (4)
is given by:

V1(p) =

{
Apd1 λ̂

r+λ̂
p < p∗

K(p+F )

r+λ̂
− C(K)

r + Kp
r−µ

λ̂
r+λ̂
− I(K) p ≥ p∗,

(10)
where p∗ is the smallest solution of the following
equation:

A(p∗)d1 λ̂

r + λ̂
=
K(p∗ + F )

r + λ̂
−C(K)

r
+
Kp∗

r − µ
λ̂

r + λ̂
−I(K).

(11)
The expected time to take the decision to invest,

in case p < p∗, is given by

E1[τI ] =

[
1

λ̂
+

ln p∗

p

µ− 1
2σ

2

]
1{µ> 1

2σ
2}. (12)

In case the retraction probability is considered
to stay constant over time, it is optimal for the firm
to undergo investment immediately the first time it
considers investment, if p is larger or equal than the
threshold p∗. Otherwise, it is optimal to wait until
the subsidy is retracted and the electricity market
price hits the threshold p∗0. The optimal decision
in this case is independent of how much time has
passed since the subsidy has been introduced.

We now compare the cases of constant versus
time-dependent retraction probability. Note that if
the following relation between the intensity param-
eters λ0 and λ̂ holds: λ̂2

λ0
= 2

π , then the expected
time to retraction at time t = 0 is the same for the
two cases, i.e. E[ν0] = 1

λ̂
. As E[νt] is a decreasing

function of t, it follows that

E[νt] <
1

λ̂
, for t > 0,

which means that as time since the introduction
of the subsidy passes, the expected time until re-
traction in the non-homogeneous case (i.e., when
λ(t) = λ0t) decreases and the difference between
this situation and the homogeneous one increases.
For the following analysis we will assume that the
expected time to retraction at time t = 0 is the
same for the two cases.

p0
*c1

* p*
p

t*

t

t1
* (p)

Figure 2: Optimal investment regions for the case of con-
stant and time-dependent subsidy retraction probability assum-
ing that the expected time of retraction at t = 0 is equal for the
two cases.

Figure 2 illustrates how the investment strategies
of the cases of constant and time varying retrac-
tion probability differ. The blue solid line illustrates
the investment boundary t∗1(p) for the case of time-
dependent retraction risk, while the blue dashed
line represents the boundary between the waiting
and investment region for the constant case. Note
that our numerical results indicate that c∗1 < p∗ al-
ways holds. As depicted in Figure 2, one may de-
fine t∗ ≡ t∗1(p∗), which represents the last moment
since subsidy introduction, at which it is still optimal
to invest for a FIT scheme paying p∗ + F per unit
produced if the firm considers retraction risk to be
time-dependent.

We find that if t ≤ t∗ the range of FITs, p + F ,
for which the firm will invest immediately is larger
if it considers retraction probability to be time-
dependent. If however, t > t∗, the opposite holds.

5. Robustness
In this section, we release the assumption that the
electricity market price starts to evolve stochasti-
cally only after the subsidy has been retracted.

5.1. Model solution
We now assume that the electricity price follows
a geometric Brownian motion from time zero on.
Therefore, the process P defined by Equation (2)
is now replaced by

dPs = µPsds+ σPsdWs, P0 = p. (13)

In this set-up Pν , the market price at the time the
subsidy is retracted, is unknown. This is contrary
to the benchmark model, where Pν would be equal
to p. Assuming that all other model characteristics
presented in Section 2 remain unchanged, then the
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value function, now denoted by V θ, is still defined
as in equation (4). As in the benchmark case, the
decomposition in (5) is still valid for V θ. The sec-
ond term in the second line of (5) is now defined by
vθ.

Releasing the assumption regarding the electric-
ity price development does not change the value
function when the subsidy is not active, i.e. V 0 ≡
V0. For this case, the investment region remains
the same as for our benchmark model presented in
Proposition 1. If the subsidy has been already re-
tracted, it is optimal to invest once the selling price
rises above p∗0 as given in equation (1), and wait for
investment, otherwise.

When the subsidy is still active, the value func-
tion V 1 can be computed noticing that

E1,p,t

[∫ ∞
0

e−rsΠθ(Ps)ds

]
=
K(p+ F )

r
− C(K)

r
+

+E1,p,t

[
e−rνt

(
KPνt
r − µ

− K(p+ F )

r

)]
,

and v1, which is the solution to the
stopping problem stated in HJB with
θ = 1, satisfies the HJB equation
min

(
rv1(p, t)− L̃1v1(p, t) + Π1(p), v1(p, t) + I(K)

)
=

0, where L̃1 is the operator defined by
L̃1v1(p, t) = ∂v1(p,t)

∂t +µp∂v1(p,t)
∂p ++ 1

2σ
2p2 ∂

2v1(p,t)
∂p2 +

λ(t) (v0(p)− v1(p, t)) . In order to introduce a rep-
resentation of the value function, one may notice
that the main difference between the benchmark
model and the robustness model is the fact that
the market price at the retraction moment is
unknown for this case. Thus, the relationship
between the initial price p and the price when the
subsidy retraction occurs, Pν , is also unknown.
In case Pν is known, although different from p,
an analytical representation for the value func-
tion V 1 would be possible to find. To facilitate
the explanation, let us assume that Pν = p1 is
deterministic and known. The investment prob-
lem in this case would be given by V A1 (p, p1, t) =

supτ E1,p,t

[∫∞
τ
e−rsΠθ(Ps)ds− e−rτI(K) |Pν = p1

]
,

where P is defined as in (13), and therefore
V A1 (p, p1, t) represents the value function if we
would know the market price at the moment that
the subsidy is retracted. The value function V A1 for
that case can be derived along the same lines as
in Proposition 2. The following proposition states
the solution for this problem.

Proposition 6. Assume that F is such that it sat-
isfies the following condition F < F < F, where
F and F are defined in Proposition 1. Then the
value function V

A

1 is given by: V A1,1(p, p1, t), if p <
p̃∨(p, p1) ∈ [p̃,∞)×(0, c∗1,A(p))∨(p, p1, t) ∈ [p̃,∞)×

[c∗1,A(p), p∗0) × [t∗1,A(p, p1),∞) and V A1,4(p, p1, t) oth-
erwise. where,

V A1,1(p, p1, t) = Apd11 E
[
e−rνt

]
,

V A1,4(p, p1, t) =

(
K(p+ F )

r
− C(K)

r
− I(K)

)
+

+

(
Kp1

r − µ
− K(p+ F )

r

)
E[e−rνt ],

p∗0 is given by (1) and t∗1,A(p, p1) is uniquely

defined by the equation Apd11 E
[
e
−rνt∗

1,A
(p,p1)

]
=(

K(p+F )
r − C(K)

r − I(K)
)

+

+
(
Kp1
r−µ −

K(p+F )
r

)
E
[
e
−rνt∗

1,A
(p,p1)

]
.

Next we show that the value function of the ro-
bustness model can be stated in terms of this value
function V A1 .

As Pν is in fact unknown, then, by using the
strong Markov property, one can obtain the value
function, V 1, taking the expected value of V A1 with
respect to Pν . Moreover, using similar arguments,
the corresponding threshold boundary, that we de-
note by t

∗
1(p), is equal to t

∗
1(p) = Ep[t

∗
1(p, Pν)],

where t∗1(p, Pν) is the boundary splitting the wait-
ing and continuation regions when Pν is unknown.

The value function for the robustness model can
now be presented as in the following proposition.

Proposition 7. The solution of the optimal stop-
ping problem (4), when the process P satisfies
(13), is given by

V 1(p, t) = E1,p,t

[
V A1 (p, Pν , t)

]
.

Since Pν is unknown, it is not possible to re-
cover the value of the firm from Proposition 6 as
V A1 (p, Pν , t) is a random variable. Proposition 7
states that the value of the firm is in fact equal to
the expected value of V A1 (p, Pν , t).

In the following we introduce a case study, which
will present the basis for the comparative statics
analysis.

5.2. Case study
Our case study considers an investment in a single
onshore wind turbine using the most recent avail-
able data for Europe.

The parameters are based on an average on-
shore wind turbine in Europe of 2.7 MW ([24, Sec-
tion 1.6]). Given an average onshore wind capac-
ity factor for a wind turbine in Europe of 22% ([24,
Section 1.5]), the capacity of the power plant is
set to 5200 MWh. The average CapEx per MW
was approximately equal to 1.3 MEUR/MW in 2018
([24]). Following [21] in assuming initial investment
cost are given by about 75% of CapEx, while 25%
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constitute variable production cost, we set the in-
vestment cost equal to 2 600 000 EUR and assume
marginal production cost of 8.44 EUR/MWh.

Regarding the other parameters we consider the
case of Germany, where a FIT support scheme
was employed through the Renewable Energy
Sources Act 2000 (Germany) and came into force
on April 1, 2000 ([15]).Since then the support
scheme has been revised several times. In 2014
the scheme was adapted in terms of the level of
FITs offered for the last time so far. From 2014
on, Germany was supporting onshore wind turbine
projects with an average of 89.00 EUR/MWh for
the first five years of the project lifetime and 49.50
EUR/MWh, thereafter ([13]). Given this information
we set the FIT used for our case study equal to 59.4
EUR/MWh. Note that in 2017 the support scheme
was revised again affecting projects commissioned
from 2019 on.

Similar to [12], [3] and [21] we use forward and
futures prices to estimate the electricity spot price
process. We use weekly one-year base-load elec-
tricity future prices in Germany between January
1, 2009 and Dec 27, 2018 stated at the European
Energy Exchange to estimate the drift and volatil-
ity of the electricity price process as well as current
prices. The electricity price drift and volatility are
estimated and rounded to 0% and 18.5%, respec-
tively. As base-load electricity start price we set p
equal to 35.08 EUR/MWh, which is equal to the av-
erage 1-year future base load price in 2014. The
risk-adjusted discount rate of our analysis is calcu-
lated as the sum of the risk-free rate plus a risk pre-
mium reflecting the risk embedded in the project.
The risk-free rate is calculated using the average
observed 10-year German government bond yields
over the last 10 years (ending January 1, 2019).
This results in a rate of 1.428%. For the risk pre-
mium we follow the suggestion of [9], who state
that the best indicator for project specific risk is the
debt margin offered to the onshore wind projects.
Using a risk premium of 1.73% we round our dis-
count rate to 3%. Finally, we set λ0 for the base
case equal to π

200 which results in an expected re-
traction time of 10 years (i.e. E[ν] = 10).

5.3. Comparative statics
In order to compare the results of the robustness
model with the once of the benchmark model, we
run numerical simulations based on the case study
presented above using Python.

Using the parameter values of the case study we
derive that c̄∗1 = 23.1661 and p∗0 = 49.0536. Figure 3
illustrates the specific results for the base case pa-
rameter set. The blue line indicates the resulting in-
vestment boundary. Assuming that the subsidy has
been introduced (in the considered revised form) in

p0
*c1

* 35.0820 30 40 50
p2014

1

2

3

2018

t

t1
* (p), λ0=

π

200

t1
* (p), λ0=

π

50

Figure 3: Investment boundary for the robustness model
(t̄∗1(p)) using the base case parameter set.

2014 and the firm considers investment in the wind
project for the first time in 2018, it is optimal to un-
dertake investment if p ≥ 24.65, or equivalently the
FIT provided is larger or equal to 48.97 EUR/MWh.
This means that the FIT of 59.4 EUR/MWh pro-
vided in Germany for projects commissioned be-
fore 2019, would be more than sufficient to incen-
tivize immediate investment in the project. Note
that we assumed that the expected retraction time
at t = 0 is assumed to be 10 years. Figure 3 also
indicates the investment boundary (by the orange
curve) for the case that the expected retraction time
at t = 0 is set to 5 years. This leads to a signifi-
cantly larger value of p, for which the firm considers
investment to be optimal in 2018. Specifically, we
find that in that case the firm would undergo invest-
ment if p ≥ 32.32 or equivalently the FIT is larger or
equal to 56.64 EUR/MWh.

Figure 4: Investment boundary for the benchmark (t∗1(p)) and
the robustness model (t̄∗1(p)).

Figure 4 illustrates that the shape of the invest-
ment boundary t̂∗1(p), when we assume that the
electricity price evolves from time zero on, is very
similar to the investment curve when the electricity
price process is limited to start evolving once the
subsidy has been retracted. For the latter case the
investment boundary lays farther to the right in the
(p, t)-plane, i.e. t̄∗1(p) > t∗1(p), which means that the
investment region when the subsidy is still active is
slightly smaller. As the price process is assumed to
evolve over a longer time horizon, the uncertainty
faced by the firm about the project revenues after
the subsidy has been retracted increases. This
leads to a higher option value and therefore, the
firm is more hesitant to invest immediately when
the subsidy is still provided.
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6. Extensions
We now extend our model to account for two dif-
ferent features relevant for support policies in the
electricity sector. Note that we will extend the
model presented in the robustness section that al-
lows for the electricity process to develop accord-
ing to a GBM from the beginning of the planning
horizon on.

6.1. Time Limit
We will now account for an additional boundary
condition: a time boundary. Although our approach
accounts for the fact that the probability of the sub-
sidy being retracted increases as time goes by, it is
still possible that the subsidy is active forever. As
many support schemes are announced to be of-
fered for a specific time period by regulators, we
will now extend our model to account for a maxi-
mum length of the period, denoted by T , where the
subsidy is active. This means that the subsidy re-
traction will occur according to a random variable
defined as

νt,T = min(νt, T − t).

The value functions of this model are analogous
to the ones of the robustness model presented in
Proposition 6 replacing ν by νt,T . We denote the
investment boundary by t̂∗1,T (p) for this case.

Figure 5 illustrates the corresponding waiting
and investment regions for this case. It shows
that the investment curve t̂∗1,T (p) tends as expected
towards the upper boundary T . Otherwise, the
waiting and continuation regions are similar to the
benchmark case.

Wait

 (1)

Wait

 (2)

Invest

  (3)

Invest

  (4)

p0
*c1,T

*
p

T

t

t 1,T
*

(p)

Figure 5: Investment and continuation regions when subsidy is
provided a maximum of T years.

Figure 6 illustrates how the investment bound-
ary is affected when the time limit of the subsidy
period increases from 5, to 10 and 20 years. The
longer the announced time period for the subsidy
scheme, the closer the investment curve lays to
the boundary without a time limit (i.e.. t̂∗1(p)), for
small values of p. For relatively large values of
p the curve bends towards the time limit T . The
investment region decreases when regulators an-
nounce a shorter time period during which subsidy
is provided. As the subsidy is expected to be pro-
vided for a shorter period of time, the firm requires

a higher FIT to justify investment. From this we can
conclude, that if a policy maker’s main objective is
to accelerate investment, it should not announce a
time limit for the subsidy scheme.

25 30 35 40 45
p

10

20

30

40

t

t1
* (p)

t1,T=5
* (p)

t1,T=10
* (p)

t1,T=20
* (p)

Figure 6: Effect of increasing time limit T on the investment
boundary. [T ∈ 5, 10, 20]

6.2. Price Limit
We now assume that the extraction of the subsidy
will happen latest after a certain electricity market
price level has been hit. This means that we ex-
tend the model presented in Section 5 by a new
boundary condition that depends on the electricity
market price rather than on time passed (as in the
previous section).

From a regulators point of view, it makes sense
to retract the subsidy when the electricity market
price reaches a “high enough” level. If the elec-
tricity price is relatively high, the market conditions
should be profitable enough for firms to undertake
investments without any support. Therefore, we
study now how such a price limit affects investment
behavior.

Let p̃ denote the fixed price threshold at which
the subsidy will be T̃ = min{s : Ps = p̃}.

Then, the random variable that represents the
time at which the change of regime takes place can
be defined as

ν p̃t = min(νt, T̃ ).

The value functions of this model are analogous
to the ones of the robustness model replacing ν by
ν p̃t . We denote the investment boundary by t̂∗1,p̃(p)
for this case.

Wait

 (1)

Wait

 (2)

Invest

  (3)

Invest

  (4)

p0
*c1,p

_* p
p

t

Figure 7: Investment and continuation regions when subsidy
retraction is triggered by a certain market price level p̄.

Figure 8 shows that the investment boundary
first increases for relatively small (but larger than
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c∗1,p̄) values of p and then decreases towards the
retraction level p̄ for larger values of p. In this case
the investment region is bounded by the price limit
p̄. Note that as p denotes the starting value for the
electricity market price, the probability of subsidy
retraction increases the closer p is to p̄. If p is close
to p̄ the firm expects the subsidy to be retracted
soon and therewith, to receive the subsidy over a
too short time period to justify immediate invest-
ment. Figure 8 shows that the smaller the price
threshold p̄ is set the smaller the range of FITs for
which it is optimal for the firm to undergo invest-
ment immediately. For t = 0 the investment re-
gion is limited from above by p̄ and from below by
c1,p̄(p). The lower boundary c1,p̄(p) increases in p̄,
therefore, decreasing the investment region. Note
that the investment strategy for the case when sub-
sidy has been retracted, is not affected by p̄. We
can conclude that setting a price limit for the sup-
port period may drastically discourage investment.

Figure 8: Effect of increasing price threshold p̄ on the invest-
ment boundary. [p̄ ∈ {37, 43}]

7. Conclusions
In this paper we study the effect of policy risk in the
form of a potential future retroactive retraction of a
subsidy on green investment when subsidy retrac-
tion risk is considered time-dependent. We con-
sider a profit maximising investor who has the op-
tion to invest in a RE project. Subsidy is currently
provided in the form of a fixed FIT. However, the
longer the current support scheme is implemented
the likelier the investor considers it to be retracted
soon. After retraction of the subsidy investors must
operate in the free electricity market, receiving the
electricity market price for each unit produced.

We find that it is optimal for the firm to either in-
vest immediately for a certain range of FIT prices
when it considers the investment decision for the
first time. This FIT price range decreases the
longer ago the subsidy support has been provided.
Otherwise, it is optimal for the firm to wait until
the subsidy is retracted and the free market con-
ditions are profitable enough. We provide a sen-
sitivity analysis of the optimal investment strategy
with respect to key parameters. Comparing our re-
sults to the investment strategy if retraction risk is
considered constant over time, we conclude that it
is not clear per se whether the investment incentive

is higher for one or the other case. It depends on
how much time has passed since the subsidy has
been introduced.

The investment analysis in our paper may not
only provide insight for investors, but not less im-
portantly, also for policy makers who aim to design
efficient policy measures. We confirm earlier re-
search in that policy risk is harmful to investors‘
willingness to invest and therefore, diminishes the
effect of subsidies. Furthermore, we find that sub-
sidy schemes that are announced for an unlimited
time period are most effective in accelerating in-
vestment.

In this paper we consider that the probabil-
ity of subsidy retraction increases linearly in time
passed since the support scheme has been intro-
duced. One can however, apply the suggested
model framework straightforwardly to consider dif-
ferent functional dependencies. A more challeng-
ing question would be to consider the intensity pa-
rameter itself as a random variable. In that case,
the time dependency would also mean that as time
goes by, the firm gets some information, which may
then be taken into account in the distribution of
the intensity parameter. This would in fact present
a Bayesian setting. We leave this to future re-
search. Our framework is also flexible enough to
consider different support schemes, e.g. feed-in
premiums or green certificates, or compare the ef-
fect of retroactive versus non-retroactive subsidy
retraction.
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