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Governments use consumer incentives to promote green technologies (e.g., solar panels and electric vehicles).
Our goal in this paper is to study how policy adjustments over time will interact with production decisions
from the industry. We model the interaction between a government and an industry player in a two-period
game setting under uncertain demand. We show how the timing of decisions affects the risk-sharing between
government and supplier, ultimately affecting the cost of the subsidy program. In particular, we show that
when the government commits to a fixed policy, it encourages the supplier to produce more at the beginning of
the horizon. Consequently, a flexible subsidy policy is on average more expensive, unless there is a significant
negative demand correlation across time periods. However, we show that the variance of the total sales
is lower in the flexible setting, implying that the government’s additional spending reduces adoption level
uncertainty. In addition, we show that for flexible policies, the supplier is better-off in terms of expected
profits whereas the consumers can either benefit or not depending on the price elasticity of demand. Finally,

we test our insights with a numerical example calibrated on data from a solar subsidy program.
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1. Introduction

In order to stimulate the adoption of a new technology, governments have typically introduced
policy interventions to subsidize customers. Examples of such subsidy programs in Europe and in
the US are common in the renewable energy sector, where feed-in-tariffs and rebates have helped
promote solar and wind technologies. In Germany, solar electricity contributed to roughly 4.6% of
total electricity consumption in 2012. Combined with wind power expansion, the country is well
on its way to reach the long term goal of 35% renewable energy by 2020. Dating back to 2001,
the German feed-in-tariff program initially paid solar panel owners 50.62 Euro cents per kWh
of electricity produced, more than 3 times the average retail electricity price. This feed-in-tariff

system kick-started a new solar industry and by the end of 2011 there were more than 24.7 GW
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of installed photovoltaic capacity in Germany, which represents roughly 37% of the total installed
capacity worldwide. Over the years of 2010, 2011, and 2012, Germany has added a consistent 7.4
to 7.6 GW per year of photovoltaic capacity. Achieving this target has not been an easy feat. In
2012, the German feed-in-tariff level has changed 4 times throughout the year!'. The effect that
these policy adjustments have caused on the solar industry is not yet clear and this research aims
to shed a new light into this problem.

The federal tax credit for plug-in electric vehicles is another example of subsidy program. Intro-
duced in 2009, the US government provides a consumer subsidy of $7,500 for the purchase of an
electric vehicle?. Unlike the solar subsidy mentioned before, this subsidy amount has not changed
since it’s inception. We hope to understand what are the benefits and disadvantages of such policy
commitment. Additionally, we hope to understand the implications of the timing of government
decisions for the industry and for consumers.

The value of commitment in public policies has been studied in other contexts. As summarized by
Dixit and Pindyck (1994):“if an objective of public policy is to stimulate investment, the stability
of interest rates may be more important than the level of interest rates”. This insight is derived by
Ingersoll and Ross (1992), who show that the interest rate uncertainty delays investments. On the
other hand, one can find situations where uncertainty is not as harmful to investments. For example,
Kulatilaka and Perotti (1998) show that interest rate volatility actually increases the incentive
for early investment under a competitive environment. In this paper, we explore this question of
policy commitment in the area of subsidy policies. In particular, we measure the trade-off between
commitment and flexibility with respect to the production incentives of the suppliers.

In fact, we show how policy revisions interact with a strategic supplier in this market. The
anticipation of a policy change decreases the supplier’s production target and may increase the
overall cost of the subsidy program. Should the government commit their subsidy levels for a longer
period of time or should the subsidy policy adapt to the realized market demand after each period?

To study these questions, we model the system as a two-period game between the government
and the supplier. The government chooses the subsidy levels for each period and then the supplier
chooses it’s production levels. Demand is uncertain, so the supplier solves a multi-period newsven-
dor problem. We compare two game settings: the government commits to a fixed subsidy policy for
each period in advance; or the government has a flexible policy that adapts after the first period

demand is realized.

! International Energy Agency - Photovoltaic Power Systems Programme - Annual Report, 2012

2 Internal Revenue Service - Notice 2009-89: New Qualified Plug-in Electric Drive Motor Vehicle Credit.
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1.1. Contributions

Under a flexible setting, by holding the option of adjusting the subsidy, the government decreases
the underage risk of the supplier. In effect, this lowers the supplier’s initial production level. Because
of that, the subsidy levels are on average higher without policy commitment. This effect grows
with the magnitude of demand uncertainty, which presents a counter-intuitive insight. Instead of a
hedging effect, the government spending is more exposed to the variance of the demand uncertainty
when using a flexible policy.

As a consequence, when looking at total average spending, we observe that under a flexible
setting the government typically has to pay a higher cost for achieving the same target level. This
difference becomes even larger as demand volatility increases or if profit margins are high in the
second period relative to the first. The average flexible spending only becomes lower when there is
a strong negative correlation between demand in the two periods. On the other hand, the premium
paid for adaptability in the flexible setting provides a lower variance in sales.

Firms will always obtain higher profits with a flexible government policy. Consumers might prefer
the flexible or the committed setting depending on the price sensitivity of demand. In particular, if
price sensitivity in the second period is much higher than in the first period, the benefits of higher
subsidies in the flexible case are outweighed by the probability of undersupplying high-valued

customers.

1.2. Literature review

There is a growing literature in operations management that studies the impact of subsidy pro-
grams. Some develop a prescriptive model for policy optimization, as for example Lobel and Perakis
(2011). Alizamir et al. (2012) show that subsidies should not be designed to keep investor prof-
itability constant. Krass et al. (2013) explore the use of environmental taxes to stimulate adoption
of green technologies and argue that subsidies should be used to complement the taxes and reduce
the welfare loss. Similarly, Terwiesch and Xu (2012) also show that subsidies are often better to
stimulate innovation in green technologies than taxes for the polluting technology. Mamani et al.
(2012) and Chick et al. (2014) study how to coordinate a vaccines market with subsidies and how
to mitigate information asymmetry. It is important to note that the papers above do not explicitly
consider demand uncertainty and the resulting mismatch between demand and supply. Kok et al.
(2014) model the supply uncertainty from different renewable generation technologies and show
how subsidy policies can obtain different outcomes depending on this uncertainty. On the other
hand, demand uncertainty can be a significant issue when promoting a green technology prod-
uct. For example, Sallee (2011) shows that there was a shortage of vehicles manufactured to meet

demand when the Toyota Prius was launched. Ho et al. (2002) also show that because of diffusion
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effects, the firm might want to delay the product launch to build-up inventory and avoid a later
stock-out. This provides further motivation for studying the supplier with a newsvendor model.

Modeling demand uncertainty, Taylor and Xiao (2014b) develop a model for how donors should
fund malaria drugs through private retailers. They show that donor funding should subsidize pur-
chases not sales of drugs. Ovchinnikov and Raz (2013) compare subsidizing the manufacturer cost
and/or consumer purchases in the presence of a single period price-setting newsvendor. They show
that only a joint mechanism can completely coordinate the supply-chain, but using only a consumer
rebate typically has a small welfare loss. Taylor and Xiao (2014a) compares subsidizing commercial
and non-commercial channels. They show the optimal level of subsidy has a non-trivial relationship
with the level of consumer awareness for the product.

Perhaps closer to this paper, Cohen et al. (2013) study the direct impact of demand uncertainty
in a single period game setting between the government and the supplier. They model the supplier
as a price-setting newsvendor and show that risk is shared between the supplier and the government
depending on how profitable the product is. In contrast, this paper explores a two period setting
and the impact of game dynamics in the risk-sharing between the government and supplier.

Kaya and Ozer (2012) provide a good survey of the literature on inventory risk sharing in a
supply chain with a newsvendor retailer. Lutze and Ozer (2008) show how demand information
and inventory risk can be optimally shared in a supply-chain with lead-times. Babich (2010) shows
how a manufacturer can use ordering and subsidy decisions to mitigate the disruption risk from a
risky supplier.

The tradeoff between commitment and flexibility has been studied in other applications within
the operations management literature. In a supply chain context, Erhun et al. (2008) show that
the supplier, buyer and consumers benefit from a multi-stage dynamic procurement, rather than a
single wholesale price contract. Granot and Yin (2007) study how a sequential commitment with
buy-back contracts can increase supplier’s profit, but harm the retailer. When introducing a new
product, Liu and Ozer (2010) show that sharing updated demand information to the upstream
supplier can provide channel benefits, but a quantity flexibility contract is less robust than a buy-
back contract. Kim and Netessine (2013) show that commitment to profit margins can be valuable.
It fosters collaboration between supplier and manufacturer, while simple commitments to price or
quantity do not. Olsen and Parker (2014) show that inventory commitment can be valuable in a
dynamic competition between suppliers.

When considering price flexibility in the presence of strategic consumers, the value of commit-
ment tends to dominate the advantages of flexibility. Aviv and Pazgal (2008) show that the retailer
has an incentive to commit to a fixed pricing strategy over a flexible strategy. While most of

this literature shows that a firm should avoid discounting to prevent strategic customer behavior,



Chemama, Cohen, Lobel and Perakis: Consumer Subsidies with a Strategic Supplier: Commitment vs. Flexibility

Elmaghraby et al. (2008) show that a pre-committed markdown dominates a single fixed price.
Cachon and Feldman (2013) also show that when customers incur search costs, the firm should
commit to frequent discounts. Volume flexibility can also be a useful tool to mitigate adverse con-
sumer behavior (see Cachon and Swinney (2009)). Yin et al. (2009) show that hiding inventory
information from the customers could mitigate some of the customers’ strategic response. Lobel
et al. (2013) show that committing to a set schedule of product launches is better than having the
flexibility to release products over time.

Chod and Rudi (2005) and Chod et al. (2010) argue that flexibility (in pricing or production
capacity) is especially important as an instrument to protect the firm against demand variability
and correlation. Goyal and Netessine (2011) also show that the value of flexible production capacity
depends on the level of demand correlation across different products. In the context of supply chains,
Barnes-Schuster et al. (2002) show how flexible contracts with options can further coordinate the
supply chain. Anand et al. (2008) show that a dynamic contract is preferred over a committed
contract by the supplier, the buyer and consumers. In this case, the flexible contract empowers the
buyer and reduces double marginalization, bringing the system to a higher level of efficiency.

As seen in the literature surveyed above, the value of flexibility is evident from an operational
point of view (e.g. matching supply and demand). On the other hand, commitment can be valuable
when it encourages a certain behavior from another player. In our context, the efficiency gains of
flexibility are typically dominated by the reduced incentives for early production. Under a flexible
subsidy policy, the government can get closer to a desired target sales, but the supplier extracts
more surplus from the system. Therefore, a committed subsidy policy typically has a lower cost

for the government.

1.3. Structure

The remainder of the paper is oulined as follows. In Section 2, we present the models for the
government and the supplier. In Section 3, we solve the optimization problems and analytically
compare the outcomes under the flexible and committed settings. We test these results with several
of computational experiments in Section 4 and provide some concluding remarks in Section 5. All

proofs are relegated to the Appendix.

2. Model

As we previously mentioned, we consider a dynamic Stackelberg game between the government
and the supplier. The government is choosing a subsidy level to offer consumers at each period,
denoted by 7, followed by the supplier, who decides upon production quantities u;. At the end of
each period, the uncertain demand is realized and the remaining inventory (if any) is carried over

to the next period. The two settings mentioned before, committed and flexible, differ only on the
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timing of the government’s decision. Under a committed setting, the government sets subsidy levels
for all periods before the horizon begins and commits to these subsidies. In the flexible setting,
the subsidy levels are decided at the beginning of each period, possibly varying as a function of
previous production quantities and realized demand levels.

In order to keep the analysis tractable and draw insights, we consider a two period horizon,
t € {1,2}. The advantages of policy commitment versus flexibility should be evident even within
this two period model. The intuition built for two periods can be expanded for longer horizons,
as the different periods decouple given the state of the system, namely the left-over inventory and
the realized sales level. For conciseness, we focus only on the two period setting.

Within these two time periods, the government aims to achieve an adoption target level I', in
expectation. More precisely, the government’s goal is to incentivize at least I' consumers to adopt
the technology by the end of the time horizon. This policy target is public information, known to
consumers and the industry. For example, in the 2011 State of the Union address, US President
Barack Obama mentioned the following goal: “With more research and incentives, we can break
our dependence on oil with bio-fuels and become the first country to have a million electric vehicles
on the road by 2015”3. Another example of such adoption target has been set for solar panels in
the California Solar Incentive (CSI) program, which states by 2016 “a goal to install approximately
1,940 MW of new solar generation capacity”*. Hence, in our model, we optimize the subsidy level
to achieve a given adoption target level while minimizing government expenditure.

In order to achieve this target adoption, the government sets consumer subsidy r;, for each
time period t. Any consumer who purchases the product at that time period will be awarded that
subsidy. At each period t € {1, 2}, the supplier chooses production quantities u; as a function of the
current level of inventory z; and the subsidy levels r; announced by the government. The number
of available units to be sold at each period is given by: Supply, = x; + u;.

Demand for the product at time t is realized as a function of the subsidy levels r; and the
nominal uncertain demand ¢;,. The random variable ¢; represents the intrinsic demand for the
product if no subsidy was offered (i.e., r, = 0). This intrinsic demand ¢, is assumed to have a
probability distribution that is known by both the government and the supplier. Assume that for
each additional subsidy dollar in r;, we obtain an additional b; units of demand. This value b; is
the demand sensitivity at time ¢ with respect to the subsidy. Demand can be formally defined as:
Demand, = b, + €.

The sales level s; will be determined by the subsidy level, the production decisions of the supplier

and the uncertainty realization. Given a supply level and a demand realization at time ¢, the number

8 Department of Energy - “One Million Electric Vehicles By 2015” - Status Report - February 2011

4 California Solar Incentive Program - http://www.gosolarcalifornia.ca.gov/about /csi.php
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of units sold s; is the minimum of supply and demand, that is: s, = min(Supply,, Demand,) =
min(x; +us, byry + €;). The inventory left for the next period can be expressed as ;1 =z +u; — 4.

The objective of the government is to minimize total expected spending while still satisfying the
adoption sales target, I', in expectation. More precisely, in our two period model, the government’s
objective is to minimize E[Spending] = E[rys; + ry82] subject to an average sales target constraint:
E[Sales] = E[s1 + so] > T.

The subsidy optimization model with an adoption target described above is not the only pos-
sible model for the government. For example, one may consider other target constraints on the
distribution of sales. Alternatively, the government could maximize sales or social welfare with a
budget constraint (see for example Taylor and Xiao (2014b) and Alizamir et al. (2012)). As we
show later in our model, the government reacts to early low sales by increasing the subsidy level in
later periods. This creates what we call the undersupply incentive. Among our main results in this
paper, we show that flexibility is typically costlier for the government because of this incentive. Any
alternative model for the government problem where the subsidy increases when early sales are low
should still create this undersupply incentive for the firm. For simplicity, we focus this paper on
the expected sales level constraint model, but note that alternative government constraints should
yield qualitatively similar results.

The supplier seeks to maximize the total expected profits by choosing production levels u;. There
is a fixed linear production cost ¢; for each unit produced, u;. The unit selling price p; is assumed to
be exogenous and fixed before the beginning of the time horizon. Units not sold by the end of the
horizon (t = 2) get sold for a salvage value denoted by ps. More formally, the supplier’s objective
can be written as: E[Profit] = E[p1S1 — ciu; + paSa — Cag + p3x3). In summary, the two players are

solving the following optimization problems.

Government Supplier

rr220 ElSpending| max E[Profit]

E[Sales| >T w1tz 20

We focus this paper on a single supplier, which can be seen as an aggregate industry player. If we
assume there are multiple symmetric suppliers and the aggregate demand is split deterministically
across all firms, Lippman and McCardle (1997) show that there is a unique equilibrium to the
competitive single-period newsvendor game. Furthermore, this equilibrium is symmetric and the
aggregate order level is the same as the monopolistic setting. Using that same logic in our dynamic
model, all the results of this paper can be derived for the symmetric competitive setting. Looking

at the single supplier as an aggregate industry player further motivates the exogenous price that
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is not controlled by a given firm. We present the model in this paper using a single supplier to
simplify the exposition.

As mentioned before, the order of decisions is the key difference between the two settings we want
to study: committed and flexible. In the committed setting, the government commits to subsidy
levels r; and 75 for both consecutive periods. The supplier then decides the first production quantity
uy and the first period nominal demand ¢, is realized. Observing the amount of inventory z, left
after the first period, the supplier decides the second production quantity u,. The second demand
€2 is then realized. In the flexible setting, the government chooses only the first subsidy level r;.
The supplier then follows by choosing a production quantity u; and the first period demand e¢;
is realized. At the end of the first period, the government sets the subsidy level for the second
period, 74, followed by the supplier’s decision u, and the demand realization e;. The sequence of
events describing these two settings is displayed in Figure 1. We use the superscripts ¢ and f to
represent the committed and flexible settings respectively. We next present in more details the

dynamic programs for each setting.

Committed i i i i i

T2 Uy €1 Un €2

Flexible i | \ | | ‘
1 U €1 T2 U2 €2

Figure 1 Sequence of events under committed and flexible settings.

2.1. Committed setting

In the committed setting, the government leads the game by choosing both subsidy levels and the
supplier follows by deciding production quantities. The optimal decisions by each party can be
viewed as a dynamic optimization problem. In the first stage, the government chooses a subsidy
policy r; and 75 subject to the optimal production policy set by the supplier. The optimal supplier
policy can be expressed as the solution to a two-stage profit maximization problem, for given values
of r; and r,.

Let h§(xq,72,€1) denote the second period profit-to-go of the supplier under the committed
setting, given the current inventory level x5 and the demand realization ¢;. We do not assume ¢;
and €5 to be independent, therefore the first period demand realization is part of the state-space
in the dynamic optimization.

In the first period, the manufacturer solves the following problem to maximize the expected first

period profit plus the profit-to-go for the second period. Note that the effect of the first production



Chemama, Cohen, Lobel and Perakis: Consumer Subsidies with a Strategic Supplier: Commitment vs. Flexibility

decision u; on the profit-to-go is captured by the inventory x,. This quantity is given by the supply
level in the first period minus the sales: x5 = 21 +u; —min(x; +uq, b7 + €1). The optimal objective
value of this optimization problem is defined as the optimal expected profit of the supplier and
given by:

h{(ry,m2) = max E. [pymin(x; + w1, biry +€1) — crug + hi (22,72, €1)] (1)
ul =2

At the beginning of the second period, the manufacturer solves problem (2) to maximize the
second period expected profit that includes the remaining salvage value. This problem also defines

the profit-to-go function used in the first period optimization in (1):
h$(za, 12, €1) = max E., e, [pomin(zy + us, bors + €3) — cous + py max(xs + us — bory — €2,0)]  (2)
u2 =

The objective function above is composed of the second period expected revenue, minus production
cost, plus the expected salvage value for left-over inventory at the end of the horizon.

We define u§(ry,rs) and ug(xs,r2,€1) to be the optimal production quantities under the commit-
ted setting, which are the optimal solutions of problems (1) and (2) respectively, as a function of
the subsidy levels r; and ry. Given the supplier’s best-response policy, the government’s objective
is to minimize the expected spending, subject to a target adoption constraint. The government

problem under the committed setting is given by:

E[Spending”| = rlnrligo E[rymin(zy + u§(ry,7m2), b1ry + €1) + romin(zg + us (22, 72, €1), bara + €2)]

s.t. Elmin(zy 4+ u$(r1,72),b171 + €1) + min(xs + us (2,72, €1), 0212 + €2)] > T

The optimal solution to problem (3) defines the optimal subsidy levels 7 and 75 and the optimal
expected spending level E[Spending’] under the committed setting. The expected profit of the
supplier is defined as E|[Profit’] = h{(r{,r5). The total sales under the optimal subsidy levels is

c

defined as Sales® = min(x; + u§(r§,r5), birf + €1) + min(zy + us(za, 75, €1), bars + €2).

2.2. Flexible setting
In the flexible setting, the government leads the game by choosing only the first period subsidy
level. The supplier follows by choosing the production quantity for the first period and then the
game is repeated for the second period. The optimal decisions by each party can be viewed as a
multi-tiered optimization problem. In the first stage, the government chooses a subsidy policy 71
anticipating the optimal response of the supplier, u;. That production quantity, u,, is decided by
the supplier while considering the government’s policy for the second period subsidy 7, which is
itself a function of the sales in the first period.

From the supplier’s perspective, the state of the system at the second period is composed of the

leftover inventory, x,, the subsidy level, r, and the demand realization, €¢;. Note that ¢; can have
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some information about the next demand realization €,, as we consider a correlated demand model.
For any given state, define hg (z2,72,€1) as the profit-to-go function of the supplier at period ¢ =2
under the flexible setting.

From the government’s perspective, the state of the system at the second period is composed
of the sales from the first period, s;, the leftover inventory of the supplier, x5, and the demand
realization, €;. The first period sales captures information about how far is the government from
its target level I'. The inventory level affects the possibility of a stock-out and the previous demand
realization may influence future demand. Knowing the strategy of the supplier, the government
can set the second subsidy level ry that minimizes the cost of achieving the remaining target. We
denote by g/ (z2,s1,€1) the second period cost-to-go of the government.

Because of the sequential nature of the dynamic problem for the flexible setting, we first formulate

the optimization problems for the second period:
hg(%, To,€1) = fg@équ [po min (g + g, bora + €2) — oty + p3max(xy +uy — bory — €2,0)]  (4)

Define ug (9,79,€1) as the optimal second period production policy under the flexible setting,
which is the optimal solution to problem (4). The government problem in the second period can
be written as follows:

g/ (29,51,€1) = gl;% E., e, [ro min(zs + ug (2,72,€1),bara + €3)]

(5)

St 81+ Eoye, (min(wy +uf (2,72, €1), borg + €2)] > T

Define rg (22,51,€1) as the optimal second period subsidy under the flexible setting, which is the
optimal solution to problem (5). Knowing the government’s future response in subsidy policy, the

supplier can decide its first period production level by solving the following optimization problem:

hi(r) = max E., [pisi —cu + hl (z14u — 51,73 (21 4 U1 — 51,51, €1), €1)] (6)
where s; = min(z; +uy, b7y +€1)

Note that we use s; as a shorthand notation for first period sales, which should not be confused
as an optimization constraint. The optimal first period order quantity u{ (r1), should maximize
both the immediate expected profit plus the expected second period profit-to-go. Knowing the
contingent production strategy of the supplier, u{ (r1), the government must then find the optimal

first period subsidy / that minimizes both the immediate cost and the second period cost-to-go.

E[Spending'] = gg% Elris1 4 g7 (21 4+ ud (1) — 51,51, €1)] )
where s; = min(z; + u{(rl), biry + €1)

By sequentially solving problems (4) to (7), one can obtain the optimal decision variables for both
the supplier and the government under the flexible setting. The expected government spending
E[Spending'] is defined in (7). From (6), we define the supplier’s expected profit under the optimal

subsidy: E[Profit’ ] = h{(r]).
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3. Impact on Government and Supplier
In this section, we solve the dynamic programming formulations for both the committed and flexible
settings and characterize the optimal decision variables. Then, we compare the outcomes in both

settings for the government, the supplier and the consumers.

3.1. Optimal subsidy and production levels

In order to maintain the analysis tractable when solving problems (1) through (7), we impose a few
assumptions on the model parameters, which we argue are reasonable for markets with developing
technologies. The first assumption relates to demand correlation across time periods. Dynamic
games are often studied with independent shocks, but this would remove one of the key benefits of
flexibility, which is adapting to new demand information. In this paper, we consider a more general
model that allows positive or negative correlation across time periods. In particular, we assume
that a random shock from the first period demand can linearly affect the second period demand.
This model is used in the literature for various applications (see e.g., See and Sim (2010)). The

nominal demand model we consider is summarized in the following assumption.
ASSUMPTION 1. Define the nominal demand €; at time t € {1,2} by:

€1 =1 +w
62:,u2+aw1+w2

e >0 is the average demand at time t. The random shocks wy and ws are independent random
variables with zero mean: E[w;] = E[wy] =0. We denote the cumulative distribution function (CDF')
of wy by the continuous function Fy(-), which is assumed to be common knowledge for both the
government and the supplier. In addition, the random variables w; are assumed to have bounded
supports, w; € [Ay, By] such that the nominal demands are non-negative, i.e., pu; + A; > 0 and

to +min(aA;, aB) + A, > 0.

Note that the CDFs Fi(-) do not need to be identical across time periods. The parameter «
represents the level of correlation between time periods (« can be either positive or negative). More

precisely, the correlation coefficient between €; and €, is given by: Corr(ey,ez) = avy/ ‘JZ:EZB

In early stages of the introduction of new technologies, it is often common to observe decreasing
prices and costs over time. In addition, profit margins are often decreasing over time, as additional
players are entering the market. With this in mind, we restrict our analysis with the following set
of inequalities summarized in Assumption 2. Note that in our model, the supplier is a price-taker,
so that p;, p» and ps are exogenous market prices (ps being the salvage value at the end of the

horizon). The marginal costs of production are denoted by ¢; and c,.

ASSUMPTION 2. We make the following assumptions on prices, costs and profit margins:
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1. Prices and costs are decreasing over time, i.e., p1 > py and ¢y > Ca.
2. Profit margins are positive and decreasing, i.e., py — ¢y > pa — Cp > 0.

3. Salvage value is smaller than production cost: cy > ps.

Decreasing prices and costs are commonly observed in the literature for new product introduc-
tion. Lobel and Perakis (2011), for instance, surveys the literature on the declining costs of solar
photovoltaic technology, mostly attributed to learning effects. Lee et al. (2000) show additional evi-
dence of declining prices in the PC industry within the product life-cycle. Note that cost decreases
are often attributed to learning-by-doing, which could be modeled endogenously as a function of
units sold or produced. As we will see later, the committed setting already has an advantage to
encourage higher supply levels. In this case, endogenous learning might give further advantage to
the committed setting. In order to simplify the problem and to focus solely on the impact of the
game dynamics, we assume the production cost reduces exogenously.

For the same reason, we restrict our model to the case with decreasing profit margins. If profit
margins were to increase, we would provide further incentives for the supplier to delay production.
The production delay would be more accentuated in the flexible setting, making a stronger case
for policy commitment.

We next define in Table 1 a set of quantiles of the cumulative distribution of demand uncertainty,
F,(-). We later show in Lemma 1 that these quantities represent the optimal production quantiles

of the supplier in the different periods and settings.

Table 1 Production quantiles

Committed \ Flexible
c_ -1 (p1—c1 f_ -1 (pr—c1)—(p2—c2)
ki=Fy p1—Cca ki =1 P1—P2 >
c _ p—1( pa—ca f_ p—1( pa—ca
ks =1, P2—P3 ky = 1, P2 —ps)

Note that the production quantiles for the second period are the same in both setting k5 = kg =
ks. In addition, observe that k{ < kf. Before showing the optimality of the production quantiles
from Table 1, we impose an additional assumption. More precisely, we restrict our attention to the
case where the supplier does not stay idle at any of the time periods. This happens when the left-
over inventory is smaller than the desired supply level for the next period. Otherwise, the optimal
ordering policy would have a discontinuity that makes the problem analytically intractable in the
first period. Realistically, green technology products are expensive to manufacture and typically
don’t face a critical oversupply where the left-over inventory from one year covers all demand for
the next year. For this reason, we restrict the magnitude of the demand noise so that the inventory

x5 should be no larger than the desired supply level at period 2 for any realization of w;. We also
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restrict our attention to the case where the adoption target cannot be reached without the presence

of government subsidies. We summarize this discussion in the following assumption.

ASSUMPTION 3. On the magnitude of demand uncertainty and adoption target:

1. Desired supply at t =1 is always larger than initial inventory, i.e,. k‘f + 1 > a1

2. Desired supply at t =2 is always larger than leftover inventory, i.e., ko + o > kS — Ay —
min(aA;,aBy).

3. The adoption target is large enough, i.e., T' > 2(E[min(k{,wi)] + 1) and IT' >
2(E[min(kS, ws)] + pa).

Assumption 3 is not necessary, but sufficient to guarantee that the supplier will not idle. Note
that in the first part, we use k{ , whereas in the second part, we use k{. Since klf < kf, this ensures
that both conditions are satisfied under both settings. The first part, k + 1 > z,, guarantees the
first period production level is non-negative. Indeed, if the initial inventory is too large, the problem
becomes uninteresting. The second part means the target “newsvendor” service level of the second
period is larger than in the first period. In other words, in the absence of a subsidy policy, the
manufacturer would try to serve a larger number of customers in the second period simply from
demand, cost and price conditions. The last part of the assumption ensures that the government
subsidy policy is actually needed to meet the target adoption. In other words, we want to restrict
our model with Assumption 3 to ensure that 7/ >0 and u] > 0 for any period ¢ and setting j.

Under Assumptions 1, 2 and 3, one can obtain the optimal production policies for the supplier

in each setting. The results are derived in closed form and summarized in Lemma 1.

LEMMA 1. Optimal ordering production and subsidy levels for both settings.

o The optimal ordering quantities for the supplier in both settings are given by:

Committed \ Flexible
uf(ml,h) = bl’rl —+ kf +IU/1 — T u{(ml,rl) = b1r1 + ]f{ =+ H1 — 1

Ug(l‘z,'f’g,wl) = b27"2 + ]{72 +,LL2 +OZ7,U1 — X2 Ug(l‘g,rz,wl) = bQTQ +k2 +,u2 +aw1 — T2

o The optimal subsidy levels are given by:

Committed \ Flexible
e L (it p)@bitby)  wvetpe | T (0 +p1)(2b1+b2)  va+ps
Yb by 2b1 (b1 + ba) 2(by + by) by 4 by 2by (by + by) 2(by + b2)
e — r _(U2+M2)(b1+2b2)_ ’Uf—Fqu ’[“f(s . w):F—Sl—/.LQ—Oéwl—UQ
27 b+ by 2bs(by + by) 2(by + by) 237 T by
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Note that the above ordering quantities are functions of the subsidy levels as they are computed as
best responses. Note also that the optimal supply level at time ¢, u; + x;, is expressed as the nominal
demand level, plus the demand boost from the subsidy b;r;, adjusted by the newsvendor quantile
k;. With this optimal production policy, one can solve the government optimization problem and
obtain the optimal subsidy policy. To simplify the notation, we denote by v/ the expected demand
uncertainty truncated by the optimal quantile. That is, v/ = E[min(k],w,)], for setting j € {c, f}
and time period ¢ € {1,2}. Note that vy = v5=v,.

One can see that the optimal subsidy levels for the second period under the committed setting
7’5 (81, 2,w) is a random variable that depends on the realization of w;. For comparison purposes,
it can be useful to compute the corresponding expected value. We first compute the expected sales
at the first period: E[s;] = blr{ + 1+ U{ . Consequently, the expected subsidy level for the second
period in the flexible setting is given by:

r (24 p2) (b1 +2b2) v +

T bitbs 2ba(by+bo) 2(by + by)

E[T2f(5171:2aw1)]

3.2. Comparisons

When comparing the flexible and committed settings, the first thing to notice is the difference in
the optimal quantiles for any given subsidy levels. To provide further intuition for the optimality
of the ordering quantiles described in Table 1, one can look at the cost of underage and overage
in traditional newsvendor models. Note that the key difference between k{ and kI is the cost of

undersupplying the market demand. In the single-period newsvendor model, the cost of underage

Cy
Cu+Co

(C,) and overage (C,) define the optimal ordering quantile as F'~*( ). Since there is no idling in
the second period, an additional unsold unit (overage) will incur a cost that is simply the difference
in production cost over time. For both settings the cost of overage is defined as C, = ¢; — ¢,. For the
committed setting, the underage cost is defined by the opportunity cost, or profit margin forgone,
C¢ =py; —c;. In the flexible case, an unmet unit of demand will be compensated by an equivalent
unit of demand from increased rebates in the second period. Therefore the underage costs is the

difference in profit margins, C{ = (p; — ¢;) — (p2 — ¢2). Note that the quantiles of Table 1 are also

defined by the rule cucfco' The proof of Lemma 1 contains a formal proof for this optimality result.
Nevertheless, this explanation brings a very interesting intuition: government flexibility reduces
the underage risk for the supplier.

This key difference in the ordering levels is further described in Proposition 1. It drives disparities
in production, subsidies and sales in the two settings. Note that sales at a given period t are
defined as s; = min(z; + ug, byry + €;) and is a random variable. With the structure of the optimal
production policy defined in Lemma 1, note that sales for each setting j € {c, f} can be simplified
to s =byr] + py +min(k},wy) and s} = byr) + py + aw, + min(k}, w,). The following proposition

summarizes these comparisons.
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PROPOSITION 1. Comparing production quantiles, expected productions, subsidy levels and sales
between committed and flexible settings:

e In the first period, the supplier’s optimal production quantile is larger in the committed setting
than in the flexible setting, i.e., k§ > k{ In the second period, the quantiles are equal: kS = k:g =ks.

e The expected production is larger at the first period and lower at the second period in the
committed setting. The total expected production is the same in both settings, i.e., uf + Elus] =

e Fxpected subsidy levels at each period are lower in the committed setting.

o The expected sales are higher in the first period with commitment, but lower in the second
period. Also, the total expected sales meets the government target in both settings, i.e., E[s§+ s§] =

Els] +s5]=T.

Production | subsidy | Sales
u§ > uf rg<r] E[s§] > E[s{]

Fi
EBlus) < Eluf] | rs<E@]] | Bl < Blst]

Note that the subsidy levels and the production quantities at the first period are not random
variables. The fact that the total expected sales are equal to the target adoption level is not
surprising, as the government uses this condition to derive the optimal solution. Proposition 1
shows that a larger proportion of the target is satisfied in the first period under commitment. To
show this, one can calculate the difference in sales quantity: E[s¢ — s]] = ﬁ(vf —v]). This
measure quantifies the average amount of sales that is postponed to the second period when the
game dynamics is changed from a committed to a flexible setting.

In order to understand the effect of this postponement on the total government spending, we need
to further analyze the optimal subsidy levels. Using the results from Proposition 1, one can compare
the expected level of spending from the government. Under a committed setting, the spending
will be given by E[Spending®] = E|[s{|r{ + E[sS]rs, as subsidy levels are set in a deterministic way.
Under a flexible setting, the spending is defined as E[Spending’] = E[s]]r] + E[s}r]]. Note that
the subsidy for the second period under the flexible setting is now a random variable and therefore

cannot be taken outside the expectation. We next derive the expected total spending levels for the

government under the two settings.

THEOREM 1. The expected government spending is given by:

E[Spending®] = (bir§ +vf + p1)r§ + (bor§ + v5 + pi2)75

ar(min fw aFE[wi min fw
E[Spending”] = (byr{ +v{ + pua)r{ + (b2 B[rf] +vf + o) B[r]] 4 ~rmntinml) | affn maltl B

bo ba
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The difference in expected spending between the two settings can be written as:

supplier incentive effect

. . 1
E|[Spending’ — Spending] = m [2b1 (vi = v{)(2F — 05 — fi2) 4 ba(vf + p11)? — b2(7}{ + Ml)Q]

Var(min{k{,w,}) aFE[w; min{k{, w,}]
+ b * b
2 2

adaptability effect correlation effect

COROLLARY 1. If a >0, the expected spending is smaller in the committed setting relative to
the flexible setting, i.e., E[Spending®] < E[Spending’].

Note that the difference in spending between committed and flexible is derived by different
effects, which we label: supply incentive; adaptability; correlation. The first term is caused by the
reduced production quantile, k{ < k. Since government flexibility reduces the firm’s potential loss
from undersupply, we label this the supply incentive effect. This effect captures the cost for the
flexible government to compensate for the reduced supply.

The second term, adaptability effect, captures the average premium paid by the government for
the benefit of adjusting the rebates in the second period. Even in the absence of the supply incentive
effect, ki — kS, and the correlation effect, a =0, the adaptability effect on the flexible spending
will remain solely due to volatility in first period demand. This effect occurs because when the
first demand is low, the second period subsidy increases together with sales. When first period
demand is high, the positive upside is curbed by the limited supply level k‘{ . This adaptability will
effectively “buy” the government a lower variance in sales, as shown in Theorem 2 below.

The third term, correlation effect, appears when there is inter-temporal correlation in demand,
a # 0. Note that the two first effects are always positive. When correlation is non-negative, Corollary
1 shows that since the third effect is also positive, the committed spending is on average smaller.
When « is sufficiently negative, the correlation effect can become the dominant effect and make
the expected flexible spending lower than the committed. This instance is demonstrated in the
computational experiments of Section 4.

The following result compares the variance of total sales realized under the flexible and the
committed setting. Note that the expected sales in both cases equal the adoption target. We show

in Theorem 2 below that the total output of sales is more variable under the committed setting.

THEOREM 2. The variance of the sales is larger in the committed setting relative to the flexible

setting, i.e., Var(Sales®) > Var(Sales’).

In other words, the premium paid for adaptability in expected spending provides a lower variance
in sales. The flexible government will typically reach a final adoption level closer to the desired

target. This result holds any level of demand correlation. Note that this is not variance in spending,
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which can be significantly more complicated to compare analytically. We do compare the variance
of spending computationally in Section 4, where we show that there is no clear dominance between
the two settings. In fact, we show how it depends on the market conditions.

In the absence of correlation, the variance in sales and expected spending characterize a risk-
reward tradeoff for the government. Depending on how close they want to be to the adoption
target, the government might consider paying the premium for a flexible policy.

Next, we compare the expected supplier’s profit in both settings.

THEOREM 3. The expected profit of the supplier is smaller in the committed setting relative to
the flexible setting, i.e., E[Profit’] < E[Profit’].

Theorem 3 states that the supplier will always profit more under a flexible government. This result
is caused by lower opportunity cost of undersupply provided by the government in the flexible case.
This lower cost of undersupply will lead to the lower production quantile, k{ , which leads to higher
average subsidy levels.

It should be noted that this is not a direct manipulation of the government policy by the supplier.
In the absence of demand uncertainty or when py —cs << p; —c1, the flexible subsidy level converges
to the committed level and the profit difference goes to zero. The game dynamics of the flexible
setting does not provide an additional profit for the firm by itself. The firm also does not hold any
informational advantage over the government. The additional profit in the flexible setting comes
from the undersupply incentive created by the government policy that boosts demand in the second

period if initial sales are low.

3.3. Consumer Surplus

In a deterministic demand model, consumer surplus is typically defined as D?/2b. The definition
in equation (8) below adjusts for the fact that there is a stock-out probability that affects the
utility of consumers. The underlying assumption is that every consumer has the same probability
of being not served, independent of their individual valuation for the product. For more details,
see for example Cohen et al. (2013) for a definition of consumer surplus under stochastic demand.
We define the consumer surplus for one time-period as:

D(e)min(u+x, D(e))

5 (8)

CS(e)=

Here, u represents the production quantities and x the left over inventory from the previous period.

The total consumer surplus is obtained as the sum of each period’s consumer surplus:

S = 051(61) + CSQ(EQ)
(b1 + €1) min(uy + 21,0171 +€1) n (bara + €2) min(ug + 2, bars + €2)

¢S = 2, 2b,
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Note that the consumer surplus is a random variable that depends on both noises. In order to
compare both settings, we look at the expected value of the consumer surplus. In particular, we
want to know when consumers are better off in the flexible setting and what are the key factors.
We focus on the uncorrelated case for simplicity, i.e., a =0.

We have shown that in the flexible setting, the subsidies are higher in both periods in expectation.
Therefore, the consumers are receiving more money on average per unit sold. In addition, the
expected total productions are the same. Therefore, one might naively think that consumers are
always better off in the flexible policy. However, this is not always the case and the expected total
consumer surplus can be larger in the committed setting under some conditions. The results are

summarized in the following Theorem.

THEOREM 4. The expected consumer surplus satisfies the following.

1. In the second period, the consumers are always better off in the flexible setting, i.e.,
E[CS]] > E[CSS). (9)

2. In the first period, consumers can be better off or worse off in the flexible setting, depending
on the ratio of price sensitivities. In particular, if T' > 2w, there exists a threshold value of by /b,

above (below) which, the consumers are better off in the flexible (committed) setting.

The consumers are mainly affected by the amount of subsidies offered by the government and by
the total sales (availability of product). We note that in the second time period, both the expected
subsidies and sales are larger in the flexible setting. Consequently, it overall benefits consumers
and the result in (9) is intuitive. On the other hand, the impact on consumers in the first period
is more complicated. Indeed, the subsidies in the flexible setting are higher but the expected sales
are lower. As a result, the effect on consumers depends on the tradeoff between these two factors.
In particular, we show that it depends on the price sensitivity parameters ratio b /b,. If this ratio
is large enough, consumers are better off in the flexible setting and if this ratio is small enough,
consumers are worse off. The assumption I' > 2w, is a sufficient condition for the existence of the
by /by threshold. It is a technical conditional that is not very restrictive, as it only ensures the target
adoption level set by the government cannot be attained simply by a large noise realization.

Finally, one can expect the total expected consumer surplus, F[C'S;] + E[CS:], to behave in a
similar way as the the expected consumer surplus in the first period. In particular, there exists a
threshold value of b, /by above which, the consumers are better off in the flexible setting (or worse

below the threshold).
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4. Computational Experiments

In this section we develop a numerical experiment to illustrate the impact of varying profit margins
and demand uncertainty on the government spending and supplier’s profit level. The numbers
used for these simulations are based on the German solar photovoltaic market. Further details
on the calculations used to develop the computational experiments can be found in Appendix
6.7. In summary, the data input for this simulation consists of: the government adoption target
and the basic market parameters such as price, cost, average nominal demand (in the absence
of rebate), demand sensitivity to rebates, and salvage value. Some of these parameters used are
based on historical figures, while others are roughly estimated (such as the demand sensitivity).
To demonstrate the effects of market conditions on committed/flexible policies, the second period
costs and variance of the demand uncertainty are chosen at various levels. The demand uncertainty
is drawn from a uniform distribution. Experiments with other distributions have yielded the same
qualitative results, therefore they will not be displayed. Finally, we vary the degree of demand
correlation across time periods to illustrate its impact on expected spending. It should be made
clear that the data used in this section is used only as a basis for the simulation, which is meant
to develop intuition about our model and is not an empirical investigation.

In the simulations presented in Figures 2 and 3, spending and profits are displayed in these figures
in millions of €. Sales are measured in MW’s of installed solar panels. The adoption target used
to base this simulation was the 7500 MW sold in Germany during the year of 2011. For Figures 2
and 3 we assume there is no inter-temporal correlation in demand, a = 0. Correlation is introduced
later in Figure 4.

In Figure 2, we observe the difference between the flexible and the committed settings in expected
government spending and supplier’s profit. The horizontal axis displays the level of the firm’s second
period profit margin, relative to the first. The vertical axis is the difference expected spending (left
graph) and expected profit (right graph). A few observations are in order.

Observation 1: Between the two settings, the difference in expected spending, as well as supplier
profit, converge to zero when demand uncertainty decreases, ¢ — 0. This is to be expected, since
the three effects displayed in Theorem 1 disappear without demand uncertainty.

Observation 2: When the profit margin of the second period is much smaller than the first
(p2 — ¢2)/(p1 — ¢1) — 0, the difference in profit for the supplier between the two settings also goes
to zero. This occurs because the supply incentive effect disappears This can be largely explained
by the convergence of the ordering quantiles k{ and k‘{ . When the second period sales are not
very profitable, the underage cost of the supplier in the flexible case is not effectively mitigated
by increased demand in the second period. With less incentive to undersupply from the industry

side, the amount of subsidies needed from the government get closer to the committed case. Note
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that the correlation effect is also absent in this example, since o = 0. The remaining difference in

min fw : |
W, This term decreases with

spending converges to the remaining adaptability effect:
the magnitude of the demand uncertainty, or equivalently the standard deviation o.

Observation 3: For the simulation, we assume there is a baseline feed-in-tariff of 0.25€/kWh
(based on residential electricity prices) that would lead to the nominal demand levels. In order
to reach the desired 7500M W of installations, we introduce additional subsidies that cost the
government somewhere between 870 and 915 million € in a committed setting (depending on profit
margins and demand uncertainty). As shown in Figure 2, the expected spending in a flexible setting
can be as high as 235 million € more than the committed spending, when demand uncertainty
is large and the profit margin of the second period is close to the profit of the first period. In
other words, the additional flexbility premium is close to 25% of the cost of the subsidy program
under policy committment. This indicates that committment vs. flexibility should be a significant
concern for policy-makers. It is important to reiterate that the numbers presented here are only
used to show the potential impact of a flexible/committed policy and are not meant to be used to
evaluate past policy decisions.

In Figure 3, we observe the difference in the standard deviation of sales and government spending
between the flexible and the committed settings. As before, the horizontal axis displays the level
of the firm’s second period profit margin, relative to the first. The vertical axis is the difference
in the standard deviation of sales, measured in MW of installed solar panels (left graph), and the
standard deviation of spending measured in millions of € (right graph).

Observation 4: The variance in total sales is indeed smaller, as expected from Theorem 2. The
higher expected spending is indeed lowering the variance in sales in the flexible setting, allowing
the government to be closer to the adoption target. On the other hand, the variance of spending is

not necessarily lower in the flexible setting. In fact, when the profit margin of the second period is
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Figure 3
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high enough, Figure 3 shows that the standard deviation in spending is lower in the flexible case.
This is driven by the low variance in sales in the first period.

When the profit margin of the second period is too low, the standard deviation in spending
is actually higher in the flexible case. Without the undersupply incentive, the sales in the first
period of both flexible and committed converge. Therefore, both settings have variable sales in the
first period. In the second period, the variance of committed spending is mostly determined by
the underlying demand uncertainty. In the flexile setting, the policy readjustment compounds the
variance of the first period sales with the second period. This increases the variance in the spending

distribution.

Figure 4
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In Figure 4, we present the effect of demand correlation on the expected government spending.
For a >0, the relationship of Corollary 1 is verified: E[Spending’ — Spending] > 0. Interestingly,

when demand uncertainty, o, is sufficiently high and the correlation is sufficiently negative, for
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instance a = —2, the relationship can be inverted: E[Spending’ — Spending®] < 0. This means that
the correlation effect becomes dominant in Theorem 1. As seen in Theorem 1, the average spending
for the committed setting does not depend on «. The flexible spending is what changes with «, as
displayed in Figure 4.

Positive o means that low initial demand is followed by a lower average demand later. In the
flexible setting, the government will overcompensate in subsidies to get back close to the adoption
target. At the same time, subsidizing becomes increasingly expensive when arriving in the sec-
ond period with low sales. When there is high early demand, the flexible government can reduce
spending in the second period, but the benefits of high early demand are curbed by the limited
supply.

With negative correlation, low initial demand is compensated by high demand later. High early
demand leads to lower demand later. This effectively works as a natural hedge for the flexible
government and can outweigh the other effects described in Theorem 1.

We next show computationally that the total expected consumer surplus can be larger or smaller
E[CS°]
E[CST]

as a function of the ratio of price sensitivities by /b;. More specifically, in this experiment, we fixed

in the flexible setting depending on the price sensitivity ratio. In Figure 5 is shown the ratio

b, at the original estimated value and varied only bs.

Figure 5
Flcs’- cs9

Observation 5: One can see that the total expected consumer surplus inequality can go either
way depending on the value of by/b;. When by /b; is not very large, the expected consumer surplus
is higher in the flexible setting. However, for large values of by/b;, the situation is reverted. This
region where E[CS/ — (CS¢] <0, represents the regime where the benefit of higher subsidies in the
flexible setting are dominated by the increased risk of early stock-outs. As shown in Theorem 4,

the flexible setting does not always benefit consumers in terms of expected consumers surplus. We
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further note the threshold value of by /b; that changes the consumer surplus preference is decreasing

in the magnitude of the demand uncertainty.

5. Conclusions

Flexibility can be seen as an asset in a lot of operations management applications. When the
government is designing consumer subsidies, policy flexibility can be a liability for the government.
This result comes from the fact that industry is strategically responding to the policy design. Under
a flexible policy, the firm will supply less in the early stage, relative to a committed policy. This
is due to the fact that a low demand in the earlier period can be compensated by the government
in the future, creating an undersupply incentive for the firm. This increases the total cost of the
subsidy program.

As mentioned before, the results developed in this paper are not limited to settings with a
monopolist supplier. We can obtain the same results if we assume symmetric firms compete to
supply the product with a deterministic split of demand across suppliers. This means that the
monopolist is not manipulating the government subsidy, otherwise the supplier competition would
eliminate this manipulation. In fact, it is the government that is undermining the supply incentives
of the firm (or firms) by readjusting policies over time. An interesting direction for future research
would be to understand if a random demand splitting or asymmetric suppliers could alleviate the
undersupply incentive of the flexible setting.

This result carries a potentially significant qualitative insight for policy makers. The constant
readjustment of the subsidy policies can cause serious adverse effects in the production incen-
tives. Governments should be careful about revising their policies and consider this unintended
consequence of policy flexibility.

On the other hand, flexible policies obtain a lower variance in total sales. In other words, the
flexible policy typically gets closer to the desired adoption level than the committed policy. We have
also shown that a significant negative demand correlation across time periods creates an advantage
for the flexible policy. Under negative correlation, the flexible spending might even be smaller
than the committed spending. It is interesting to note that acquiring new demand information is
not universally better for the flexible policy. In fact, only negative demand correlation provides a
benefit to flexible policies in terms of average cost.

Finally, we note firms on average benefit from flexible subsidy policies, because of the reduced cost
of undersupplying. Consumers may be better off or worse off with respect to policy commitment.
Flexibility creates lower initial supply levels, which translates in higher stock-out risk. At the same
time, it increases the average subsidy level. From a consumer’s perspective, the trade-off between
higher subsidy and higher stock-out probability will depend on the relative price elasticity of early

customers and late customers.
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6. Appendix
6.1. Proof of Lemma 1

We first consider the committed setting. We denote by h§(xs) the second period supplier’s profit-
to-go function and HS(xq,uz) as the second period supplier’s objective function. Consider the

supplier’s problem at t =2, given by:

hs(x2) = max Hy (x5, up)
u2-=
= max poE[min(zy 4 ug, bara + fig + aw; + ws)] — coug (10)
u =

+psE[max(zy 4+ ug — bary — pig — aw; — wy, 0)].

Let 4, be the solution of the first order condition of the problem above, which follows:
P2 P (22 4ty < bory + pig + wy +wy) — ¢o + P3P 2y + Uy — bory — 1y — qwy —wy > 0) = 0.
Which is equivalent to:
Pa(1 — Foy (22 + Ug — bars — (p2 + awn)) — o + p3F, (22 + e — bare — (2 + 0wy )) = 0.

The unique solution to the first order condition is given by:

P2 —C2
P2 —P3

liy = byry — 23 + (o + cwy) + F, ( > = byry — x5 + (2 + qwy ) + k5.

In addition, the second derivative of the objective function is non-positive:

dQHS(xg,Ug)

di2 = —Pofe, (X2 + ug — bars) 4+ p3 fe, (T2 + Uz — bar2) < 0.
2

Note here that f.,(-) is the pdf of €, which is always positive. Since p, > ps, the second order
condition is satisfied and 1, is the maximizer of the unconstrained problem.

From Assumption 2, we have that ¢y > ps. If this was not the case, the supplier could produce an
infinite number of units during the second period at a cost below the salvage value, making infinite
profits. Since ¢y > ps, in the limit uy — 0o, the objective function goes to: Hs(xq,us) — —oo. From
continuity of the objective function Hs(x2,us), there is a solution of the maximization problem
above, which must be either at the boundary us, = 0 or satisfying the first order condition, i.e.,
Ug = Us.

Since the objective value is finite at uy = 0 and —oo when u, — 00, the objective function
HS(zg,us2) is non-increasing with respect to uy for any us > 4. Therefore, the optimal second

period ordering level in the committed setting is given by:

Uy (29, 72) = max(byry — o + k5, 0).
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At the first period, the manufacturer is solving the following problem in order to maximize the

expected first period profit plus the profit-to-go of the second period:

max p;E[min(zy +uy, by + €1)] — crug + E[hS(x2 (1, u1,71,€1))]. (11)

u1>0
We define the following first period production quantity: @, =byr; — a1 + kS + 1.
We will next show that this quantity satisfies the first order condition of the problem in (11).
First, note that under this policy and Assumption 3, we obtain the no idling condition. If there is

any left over inventory, it will be given by:
To=T1 + Uy —byiry — pg — w1 = kT —wy < ES + po + awy < bory + kS 4 o + aw;.

The first inequality comes from Assumption 3 and the second from the non-negativity of the
subsidy level. Therefore, the optimal second period ordering policy simplifies to ul(zq,re,w;) =
bary — 9 + kS + 112 + awy, which is non-negative. Under the optimal ordering policy, the profit-to-go
is given by:

h§ () = pa(bare + po + awy + Elmin(kS, ws)] — ca(bary — 29 + pia + awy + k) + ps E[max (k5 — w,, 0)].

We next compute the derivative of the expected profit-to-go function:

= (8) (&) e

Therefore, the first order condition of equation (11) can be expressed as:

P11 = Fyy (@1 +uy —biry —wi)) — e+ o Py (21 +uy —biry — ) =0,

Note that 4, is the unique solution to the expression above. Note also that the second order
derivative is negative, guaranteeing optimality: —p; f, (z1 +u1 — bi7r1)) + e fe, (€1 + 1y — byry) <O0.
This follows from the facts that p; > p, > ¢, and the pdf f (-) is always positive. Therefore, the
optimal solution is either at u; =%, or at the boundary, i.e., u; = 0. From Assumption 3, we know
that @; >0 and as a result: uj(xy,r) =biry —xy + &k + 1.
We next consider the government problem in the committed setting:

Tmigo riE[sy(x,u$™ (21,71),71,€1)] + o E[s2 (22, uS™ (22, 72), 72, €2)]

s.t. E[sl(uvl,uf*(acl,n).7 r1,€1)] + Else(za, us™ (x2,72),72,€2)] > T (12)

where: s;(z¢,us, 7y, €,) = min(z; + ug, by + €;)

Tyy1 = Ty 4 U — 8¢ (T4, U, T, €4)

Using the optimal production quantities, u{*(x,r;) and u§*(xq,72), derived above, we obtain the
following expected sales levels: E[s;(z;,us, s, €)] = byry + iy + Elmin(kf, wy)] = byry + pe +v5. As a
result, the optimization problem reduces to:

min  ry (b7 + py +v5) 4+ 1o (bara + pg + 05)

r1,r2>0 (13)
s.t. (byry + py +0§) + (barg + pg +v5) >T
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The objective function is non-decreasing in both r; and 74, and the expected sales is a continuous
function. Therefore, the optimal solution must occur when the adoption constraint is exactly met.
We can solve this by expressing r; as a function of ry: 7y = (I' — v§ — bary — 5 — g — pi2)/by. The

problem becomes:

['—vf —bory — w5 — py — po
min ! 2
rg>0 bl

(F—bgT’g—'U;—,U/g)‘i‘?ag(bgrg—i-lug—i-U;). (14)

Note that the objective function is convex in r,. By taking the first order condition, we obtain:

o U (W54 pe)(bi+2by)  vitpm
2 b+ by 20, (by + by) 2(by +by)’

The first period subsidy value follows from the target constraint and is given by:

r (v + 1) (261 +b2) V5 +po

Cc*

T b 200(by+by) 2(by +ba)

Similar to the optimal solution of the committed case, we next solve the flexible problem by
starting from the second period. The derivation of the second period production level u, is the

same as in the committed setting. In particular, the problem can be written as:

hg (x9,19) = max poE[min(zy + ug, bare + po + awy +ws)] — coug (15)
u =~
+psE[max(zy 4 ug — barg — 1o — awy — wy, 0)].

The optimal ordering quantity can be expressed as: uj(xq,72) = max(byry — x5 + ,14:5c + pe + awn, 0).
The government optimization problem at the second period is given by:
g(s1,22) = min ro E[sa(xe, ub (2,72, w1), 79, w1 )] (16)

T2

s.it. 81+ Elsg(xa,us™ (22,12, w1 ), 1o, w1 )] > T

By using the optimal ordering quantity, we obtain:
E[s5(22, U3, 72, €)] = bary + pio + E[min(k], wy)] = byry + pa +v].

One can see that both the objective function and the adoption constraint are non-decreasing with
respect to r,. Therefore, the optimal solution can be obtained when the adoption constraint is
exactly met, that is:

£* F—sl—vg—ug—awl
Ty (81,22) = b .
2

We next consider solving the supplier’s problem for the first period. In order to find the optimal

production quantity at the first period, we assume that the supplier knows the government’ s

response. This yields to the following problem:

ngg p1E[si(z1,ur,m1,w1)] — i (17)
uy =
+E[h§(‘r2(m17ul)r17wl)ars(sl(xlau17T17w1)7x2($17u17r17w1))}-
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As in the committed setting, we assume that the manufacturer does not idle in the second period.
Note that we have: hi = py(byry + pis +v4 + qw:) — ca(bory + o + awy — 2o + k3 ) + ps E[max(k] —
ws,0)]. Substituting the second period subsidy level, we obtain: hj = po(I' — 1) — co(I' — s, —
Z3) +p3E[maX(k£ — wy,0)]. Note also that s; = min(xz; + uy,b17 + py + wq) and dE[hg]/dul =
—pa(1 = F,

€1

(x1+uy —byry)) + co. The first order condition on problem (17) yields:
p1(1—Fo (z1+up —byry)) — 1 —po(1 = Fo (z1 +uy — byry)) + 2 =0.

Equivalently: (p; — p2)F, (21 + w1 — bir1)) = p1 — ¢1 — pa + 2. Note that the second derivative is
negative, since p; > ps, which implies that the objective function is concave. One see that the
following first period production quantity uniquely satisfies the first order condition written above:
ﬂ{ =biri—x + k:f + p1. Since from Assumption 3 we have z; < k:f + 1, we know that the optimal
solution is positive and therefore uf = af.

Under this policy, we have s;(zy1, 0y, r,w1) = biry + uy + min(k:{,wl). In addition, zo, = 21 +

Uy — S = k:{ — min(k{ ,wy ). Therefore, the second period subsidy level can be expressed as the first
L' —biry —p — min(k:{, wy) — [l — QW — v:f
bo )

period subsidy as follows: 7{ (s1,22) =
The first period government problem is given by:
min 71 E[s1 (21, ui(r1), 7, wi)] + Elg(s1 (@1, ui(r1), m,wi))]. (18)
1
Note that from the solution of the second period problem, we have:

b . k“f _of
17“1+m;n( 1,€1)) — v [P—(b1r1+min(1€{,€1))]'
2

Ffslfvzf

by

g(s1) = (F—Sl)zri(

The optimal subsidy level for the first period can then be obtained by solving the first order
condition of problem (18). We further note that the second derivative is always positive, indicating

that the function is convex. This solution is given by:

T (0] 4 1) (2by +b2) V] + o
1

T bi4by 2by(by +bo) 2(by + bs) "

O

6.2. Proof of Proposition 1

e From the definitions of the ordering quantiles in Table 1, we have: kf = F ! (1 — ﬁ) and
f_ = c1—c
R =F, (1-222).

We assume w; to be continuously distributed with full support on [A;, B ]. Since the function F !

;1:;22. This can be implied from p; — ¢o > py — pa,

is increasing, we need only to show 1 — ;i:ii >1—

which is true from Assumption 2: p, > cy. Therefore, k§ > k{ . For the second time period, the

relationship is trivially true from the definition k§= k1.
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Additionally, from the definition of the expected sales quantiles, we have: v{ = E[min(k{,w, )] and
v/ = E[min(kJ, w,)]. Note that min(k$, w;) > min(k{,w;) for any value of w;. Since the distribution
is fully supported in [A;, B,] and we know that A; < k< k$ < By, so there will be some measurable
part of the distribution where the inequality is strict: min(k$,w;) > min(k{,w;). Therefore, we
obtain v$ > v{. In addition, recall that we have v§ = v].

e Using the optimal ordering policies and subsidy levels from Lemma 1, the expected sales are

given by:
E[sy] = Elmin{x; + us, by + €, }] = th[rg*] + e+ E[min{k‘f, w ] = th[rf*] + s+ vf,

where j can be either c or f for committed or flexible setting respectively. Note that the correlation
effect is additive with zero mean, therefore not appearing in the expectation of sales. The first and
second period expected sales level will be given by:

_ b, bz(“{"‘ﬂl)_bl(v%—i_uz)
bit+by  2(bi4by)  2(by+by)

E[s])

boI' by (V] + p2) _ ba (V] + 111)

E[s}] =
) = o, T o b)) 200 1)

Note that the average sales maintain the same structure between the two settings j € {c, f}. The
only difference is the first expected sales quantile v{ and v{ . We can now calculate the difference
of expected sales, where the terms without v{ and v{ will cancel each other therefore obtaining the

desired result:

E[Sllz - S{] = Q(blbibz) (’U(f - U{) > 0 (19>
Els§ — s3] = — 55555 (vf —v{) <0

It is also easy to see that E[s]] + E[s}] =T, for both j € {c, f}, which is a good sanity check for
the solution. This is to be expected since the government uses this condition as a tight constraint
in the optimization problem.

e By using Lemma 1, the expressions for u{ and u{ are given by:

ul =bri + ki + 1 — a1

w =bir! + k4 — 2
Therefore, one can compute the difference:

ui—u{zbl(ri—r{)+kf—k{. (20)
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Next, we substitute the expressions for 7¢ and 7! from Lemma 1, given by:

e — r _ (U{+M1)(2b1 +b2) _ U§+M2
1=

by + by 2by (by + by) 2(by + by)
S (of +p1)(2b1+b2) ]+
by 4 by 20, (by + by) 2(by + by)
So the difference is equal to:
2b; +b
c_of (0 _ ¢ 1 2 21
7’1 T (Ul Ul) 2b1 (bl 4 bg) ( )
By replacing equation (21) in equation (20), we obtain:
c c c Qb +b
ul_u{:kl_k{_(vl_vf)m- (22)
2b; +b
Now, since 0 < 20102 <1, it remains to show that k{ — k:f > — v{.
2(by + by)

To show k¢ — ki > v¢ — of, consider the following difference: v¢ — v{ = E[min(k¢,w,) —

min(k{,w;)]. We must look at the each realization of the following random variable: min(k¢,w,) —
min(k{, w,). We divide the analysis into cases depending on the realization of w.
—Case 1: wy > kS. Since k§ > k7, then min(k$, wy) — min(k],wy) = k§ — k <k§— k.
— Case 2: wy < k. Since k¢ > k{, then min(k¢, w;) — min(k!, w,) =w; —w; =0 < k¢ — k7
—Case 3: k{ <w; <k¢. We have: min(k$,w;) — min(k],w,) = wy — k{ <k§—kf
Therefore, in each case: min(k¢,w;) —min(kJ, w,) < k¢ —kJ. By taking the expectation, we obtain:
v¢ —vf = E[min(k$, w;) — min(kf, w,)] < k¢ — kf. Therefore we conclude: u¢ > uf.
We next compare the expected production quantities for the second time period. Using Lemma

1, the expressions for u§ and ug are given by:
ug = bors + k5 + po + ccwy — x5
U :bgrg—i-k‘g—l—ug—i-awl—x{

Note that in the above expressions, the only random variables are: 3, 25, w; (whose mean is zero)
and xg, whereas the remaining terms are deterministic. Therefore, by taking the expectation, we
obtain:
Elus) = burs + k5 + o — Ela]
Blu}) = b E[r] + k] + po — Bla}]
The difference is then given by: Eful] — E[ug] = by (E[rﬂ - rg) + kf — kS + E[z5] — E[z]]. Recall
that kJ = kS, and therefore E[uj] — E[ug] = by (E[rf] - rg) + E[z5] — E[z}]. From Proposition 1, we
know: E[r]] >r$ and therefore, we need to show that E[z5] > E[z}]. We have:
Elas] =21 +uj — Elsf]
Elz3) =21 +u] - Els{]
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So the difference is equal to: E[z§] — E[z]] = u¢ —u! 4+ E[s]] — E[s¢]. By replacing the expression

from (22), we obtain:

2by + b

by
Bwﬁwg_

E[x§] — Elx]] = k§ — k{ — (vf —vf )m~

(vf —vf

By canceling terms, we obtain: E[x§] — E[z]] = k¢ — kI — (v¢ —v]). By using k¢ — kf > v —vf, we
conclude E[z§] > E[z]], and therefore E[ul] > E[us].
Finally, we compare the total expected production quantities. The difference between the

expected total production quantities is given by:

2by + b,

Ui—U{—E[Ug—Ug] :kf—k{—(vf—"){)m

~ba(Blrf] = r5) = (ki —k]) = (o] ).

By canceling terms, we obtain:

b
us —u{—E[ug —ug} = (Uf—vf)m —52<E[7"£] —7”§>-

From Lemma 1:

P 7 f) by _ vf—v{
2(by+by) 2 2(by +by)

uf —ui — Efu} —ug] = (v — v =0.

Therefore, we conclude: u$ + E[u§] = uf + E[ul).
e From the definitions of the optimal subsidy levels in Lemma 1, we obtain the difference between
the first period subsidy in the flexible and committed settings. This difference is given by:

7 2b1+b2

c*x - c__f
it —r 7%1(1)1 b)) [vf —vi] <O0.

We know that v$ > v/ . Therefore, the subsidy level in the committed setting is smaller: 7¢* — 7] " <0.

For the second period subsidy, we calculate the expected difference in subsidies:

c f
g f* _ _ (T Uy )
s [r5 (s1)] 20y + 1) + 301 + ) <0

Which is also negative since v{ >wv. [

6.3. Proof of Theorem 1 and Corollary 1

Under a committed setting, the expected spending levels for each period is easily obtained since
the subsidy levels are deterministic. E[Spending®] = E[s;|r{* + E[s2]rs". The expected sales will
be given by E[s;] = min{x; + u;, b7, + €, }. Under the optimal ordering policy from Lemma 1 and
considering that E[w;] =0, we obtain E[s;] = b,r{" + p, + Elmin{k{, w, }| = byr{* + p, + vy. The first
relationship is proven. Under a flexible setting, we obtain a E[s;]r] “=byr!" 4 +0f in a similar

way for the first time period. For the second period, note that both subsidy and sales are random
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variables. Therefore, using s, = b,w{ T4 e + qwy + min{sz ,wy}, we obtain the expectation of the

product given by:

E[syry) = Blba(ry)* + 1) (nz + awy) +min(kg, ws)r]
I'— s —ps—ow, — v}

= E[b(r])*] + El(nz + awr) b ]

F—sf —puy— — !
+ Elmin(kf, wp) =222
ba
f f f
-85 —aw I'—ps—w I'— o —w
= Blba(r])*) + El(p12 + cnwn) =] 4 Bl(jaa + aoy) 2] of L2
2 2 2
f
. —S] —aw
+E[m1n(k£7w2) - b 1]
2

= E[bg(rg)Q] _ &E[S{] _ %E[(wl)] B E[Ozun(S{ -l-Ozwl)] n o (T — po — Ug)

by by by bs
y o= - 12) By + of L2 12 o "% Bluin(h ) O e
Since Efw;] =0 and w; and w, are independent, we obtain:
Blstrt) = Blba(rt ) — 22 Bl — 2 E )
L +v£><£ —p—vf) E[min(izé‘ Jw2)sf] aE[min(ké‘b,wan[wlL

Using once more the independence assumption: E[min(k],w,)s]] = v] E[s]]. Therefore:

aw (s] +04w1)] n (p2 +v])(C—pa—vf)  viE[s]]
b2 b2 b2

aw, (s + awl)] L (e +0§)(F — p —vf — Bls{])

b2 b2 .

Elsr]] = Elba(rf)?) - 22 Els]] - E[

= E[bs(r3)*] - E[

Recall that:
I~y —v] — E[s]]
by

= E[r}].

awl(sf + awy)

Consequently, E[s)r]] = E[b,(r])?] — EJ ] 4 (p2 + v3)E[r]]. Computing each term

by
separately:
E[awl(s{ + awl)] _ Elaw, (by7] 4 pr +min(k],w)) + (@)?(w)?]
bs by
~ (a)2E[(w)?]  aBwimin(k{,w)]
b bz

The first term is given by:

Var(s] + awy)
by
Var(s!) (a)*Var(w,) = 2Cov(s!,aw,)

+ +
bo b bo

E[ba(r)*] =bo(Var(r]) + (E[r]])?) = boE[r]]* + by

= ng[T’gF +
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2Cov(s!, aw,) B 2aE[wymin(k],w,)]
b2 N b2

. Finally, we have: Var(s!) = Var(byr! + py +

Note that: Var(w,) = E|w}]— E[w,|* = E[w}]. In addition,

20E[min(k{,w))]Ew]  2aE[wimin(k{,w)]
b2 N b2
min(k{,wy)) = Var(min(k{,w,)). Therefore:

Var(min(k{, wy))  (@)?E[(w;)?] 2aE[w1min(k‘{, wy)]
by L Y by
(@)?El(wy)?]  aBlwmin(k]{,w)]

- - + (2 +v3) E[rd)].
by b,

Blstr]] = bEP +

As a result, we obtain:

Var(min(ki,w))  aEwmin(ki,w))]
b * b, ‘
2

Elsjry] = (b2 Blry] +v; + o) Elr] +

Since vg =05, we will replace both of them by simply ve. With some algebraic manipulations,

we obtain:

E[Spending’] = Var(min{k{,w}) + aEfwimin(k{, wi)]

by by
N — (Vg + p12)2b% — ATby (Vg + f12)by — AT (0] + p11)boby + 4by b2
4b1b2(b1 +b2)
+2(U{ + f11)ba (V2 + p12)by — (vf + p11)?b3
4b1by(by + bo)

Similarly, for the committed setting we obtain:

—(’l)2 —l— /12)2()% — 4Fb2 (’l)2 —l— M2)b1 — 4F(’Uf —|— ,Uq)bzbl —|— 4b1b2F2
b,y (b + by)
2(v§ 4 1) ba (V2 4 12) by — (V5 + Ml)ng
b1 bs(by + bs)

E[Spending®| =

_.|_

When calculating the difference in spending, many terms cancel each other, leaving the following

relation:
1 f E . f
E[Spending’|— E[Spending®] = Var’(mu;{k:l , W1}) L@ [wlmzn(kﬁ ,wi))] n
2 2
1
a0y +b) (21 (v§ — o] ) (20 — 5 — 1) + ba (V5 + 1) — ba(v] + )] -

Note that Var(min{k],w;}) > 0. We also know that from Proposition 1: v+ py > v] + py > 0.
Therefore, we get both 2b; (v —v]) >0 and by(v§ + p11)? — by(v] + 1) > 0. The remaining middle
term (2" — v§ — po) is also positive from the assumption that the target is large enough that the
subsidy solution is non-trivial: I' > Eley]|, which is itself larger than the expected sales quantile:

I' > Eley] > E[min(kS, €2)] > E[min(k$, w,)] = v5. Therefore: E[Spending’] > E[Spending®]. O
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6.4. Proof of Theorem 2

The difference of the variance of sales is given by:
Var(s®) — Var(s') = E[(s°)? — (s7)?] — E[s°)* + E[s']%.

We know that the expected sales is the same in both setting and equal to the target level: E[s¢]* =
E[s’]> =T"2. Then, we obtain: Var(s®) — Var(s') = E[(s°)? — (s)?]. We now replace the total sales

s and sf by the sum at each time period: s¢ = s¢ 4 s5 and s/ = s/ + s{, so that we have:
Var(s) = Var(s') = B[(s7)°] + Bl(s5)°] — Bl(s1)*] = E|(s5)°] + 2B[s{s5 — s1s3].
By definition, the sales of period 1 under the committed setting are given by:
s{ =min(x; +uf, b7y + €1) = min(byr§ + kS + p1, 0177 + py +wy) = byr{ + py + min(ky, wy).
Then, the second moment can be written as follows:
BI(55)2) = B05)2 123 + 2075 (s +05) + 24005 + E[min(kf, w, .

Similarly, we have: E[(s])2] = b2(r])? + +u2 + 2by7] (s +v7) + 20,0 + E[min (k! w,)?]. For s5, the

correlation appears.
s5 =min(z5 + us, bors + €) = min(bars + k5 + o + qwy, bors + f10 + 0wy + wo)
= bor§ + o + cw; + min(kS, wo).
Therefore: E[(s5)%] = 02(r5)? + pu2 + 2bor5 (e + v5) + 2205 + E[min(kS, wo)?] + o> E[w?].
However, 7} is a random variable, therefore the expectation E[(s})?] is calculated differently.
f_ ! ; f
sy = bory + pio + aw; + min(k;, we)
= (T — 5] — iy — awy —vl) + po + cw, +min(kf, ws)
=T —s! —of + min(k{,w,)
Then:

(35)2 =(T— vg)2 + (s{)2 + (min(kzg, wy))? — 25{(1‘ — vg) —2s! min(k:g, wy) +2(T — Ug) min(kg, wy).

Considering that s/ and min(kJ ,Ws) are independent, we obtain:

E[(s3)*] =
(T —©3)* + E[(s7)*] + El(min(k3, ws))*] = 2E[s7](T — v3) = 2(bur{ + p +v{ Jvg +2(F = vf)o3.

We next look at the product s{s5. We know that:

sys5 = (blrf + p1 + min(kS, wl)) (bgrg + p2 + aw; + min(kS, wg)).



Chemama, Cohen, Lobel and Perakis: Consumer Subsidies with a Strategic Supplier: Commitment vs. Flexibility

37

By expanding the expression, we obtain:
5785 = 0177 (bars + po + awy+min(kS, ws)) + p1 (bars + po + awq + min(kS, wo))
+ min(k$, wy)(bars + po + awy + min(kS, we)).

Since w; and wy are assumed to be independent, and E[w;] =0 we have:

E[s{s5] =
bybarSrs + by e + birSvs 4 pybars + iy pra + a5 4 barsv§ + pov§ + aE fwymin(k$, wy)] + vivs.

Similarly, we have: s{ sg = s{ (bgrg + o + awy + min(kg ,wg)). By replacing the expression for rg ,
we obtain:
slsh =sI (T —s] — py — awy —vf + ps + cwy + min(kJ, wg))

=5/ (F s —l—min(k‘g,wQ))
= —(s1)° + 5] (I = v3) + s{ min(kg, ws)

By again using the independence assumption: E[min(k],w;) min(kJ,w,)] = v{ v}, we obtain:

Elsis3] == B[(s1)*] + (L = o) (bsr] + s + o) + bar{vf o] +olv].

By simplifying the above expression: E[s{s]] =T(byr] + 1 +vf) — E[(s])2]. We now substitute all
the previous expressions in the difference of the variances:

Var(s¢) —Var(s') =
b1(r)* i + Elmin(k, w1)?] + 20175 (pn +v5) + 21 0] + b3(r5)*
+2bor5 (12 + v5) + 13 + B[min(kg, w)*] + o* B[wi] - E[(s1)’]
- ((F —03)” + E[(s7)*) + El(min(k3, w2)*] = 2E[s1](T — v3) = 2(bar{ + 1 + 01 Jv3
+2(I' - vg)v§> +2 (blbgrﬁfrg + b1r{ g + b1r{vs + prbars + g p2 + (10§ + barSus + pavf
aBwmin(ks, wn)] +vivg) = 2(T(bur! +pa +v]) = Bl(s])?])
By merging terms:
Var(s¢) =Var(s') =
(brr§ + b2rg)? +2(p1 + 0F + pra 4 05) (b11] + bors) + 2(vf + pa) (05 + i) + (p2 + v5)?
—I? + 2 4 20§ + E[min(k§, w)?] + o? E[w?] 4+ 2aE[wymin(k§, w,)]
Note that: (bir{ + p1 +v5) + (bors + po +v5) = E[s7] + E[s5] =T'. Therefore, we obtain:
Var(s®) — Var(s') =T? — (v$)> = T? + Var(aw,) + E[min(k$, w;)?] + 2aE[wymin (kS w,)]
= Var(aw,) + (Emin(k{, w,)?] — (v§)?) + 2Cov(aw,, min(k§,w,))
=Var(oaw;)+ Var(min(k{, w;)) + 2Cov(aw;, min(k;, w1))

=Var(aw; +min(k{,w;)) >0

Therefore, Var(s®) > Var(s’) for any value of . O
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6.5. Proof of Theorem 3
The expected total profits in both settings are given by:

E[n®] =p1E[s\] + p2 E[s5] — erui — e2 E[us)

E[r'] =piE[s{] + p2 E[s]] — cxu] — c2E[u]]
By taking the difference, we obtain:
Bl — 1] = py Els] — 5] + po Els] — 58] — 1 (uf — uf) — 2 Bluf — ).

By replacing the expressions for the sales and the production quantities, we obtain:

by
)2(51 +by) *

c

c 2b,+0
B[ — 7] = (p = p2) (0] =] .

(c1 —c2) [kf - k’{ — (v — U{)m
However, we know from the assumption on the profit margins that: 0 <c¢; — ¢ < p; — p2 and
therefore:

2b; + by ]

Elnl — 7> (c1 — ¢3) [(Ulf - vf)2 < 2(b1 +b2)

m‘i‘kf—k{*F(’U{—'Uf)

By simplifying the above expression, we have: E[rf — 7] > (¢; — ¢o)(v] —v$ + kS — k). From Lemma

1, we know that: v/ —v¢ 4+ k¢ — k/ >0 and we also have by assumption: (¢; — ¢) > 0, so that one

can conclude: E[r/] > E[r¢]. O

6.6. Proof of Theorem 4
1. We have the following expressions for CS% :

f (bgrg +€2) min(ug + :1:5, bgrg +€)
CS) = 5 .
2

We know that u} + zf = byr] + kJ + p1o + aw, and therefore:

f (bgrg + 62)(b27"§ + min(kjg + p2 + qwy, €3))
CS, = 5% .
2

Similarly, we obtain:

bQTg + 62)(()27‘5 + m1n(k§ + K2 + O[U)l,ﬁg))

csg = %,

By taking the expectation and computing the difference:

B[V(rf)? — B3(r5)? + b min(ks + p + @y, €2)(r = 75) + baea (] — 75)|
2b,
bo(BIr4)) = (05)°) B[ (rf —15)(e2+min(ks + 2 + awr, €2))]

- 2 T 2

E[CS;] - E[CS5] =
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Here, we used the fact that kJ = kS = k,. By using the facts that e, > min(k; + 2 4 aws, ;) and
E[(Tg)z] = Va?"('r%) + E[(Tg)]Q, we obtain:

b (E \12 _ (,.c)\2 bV f
pios]] - plosy) > AU BV | gif gy minky + o + oy c2))
b (E F\12 _ (hec)\2 b,V f
= A B(rs )i rs)) + =2 a2r(7"2) + E[r min(ky + pg + aws, €3)] — 75 (05 + pa)
q—S{—OéUh—Ug—Mz
We know that r] = 5 and therefore:
2
E[CS{] - E[CSS] > bz(E[(T‘g); —(r5)?) n b2Va27“(7"§c) n El(q—v] - Mz)mizl(kz + p2 + awy, )]
2
E|(s] in(k
_ E[(s1 +aw) mmé; + p2 +awy, €)] P (0 + 112).

By using the facts v] = v§ =v, and s] = b7 + puy + min(kf, w,), we obtain:

E[CS]] - E[CSS) >
bo(E[(r3)]* = (r5)*) | baVar(ry) | (va+ p2)(g— s — pto — bor§)
7 tey by
E[byr min(ky + pis + owy, €3) + cw; min(ky + p1g + qawy, €3) + 1y min(ky + p1p + awy, ;)]
by

n Emin(k!,w,) min(ky + pis + aw,, €;)]
by '

But: g — vy — g — bor§ = g — E[s5] = E[s] and therefore:

< (B[ = (r5)?) | baVar(r]) | (va+p2)Elss]  (bir] +vf + ) (va+ p2)
E[CS]] - E[CSS) > > +———+ b, - b,
a? E[w?] B aE[wlmin(kl,wl)].

) bs

Now, since byr{ + 1 +v{ = E[s]], we obtain:

E(CS]] - E[CSS] > bo(E[(r])]? — (r5)?) N byVar(rd) L (w2t i) (Blsi] — E[s]])

2 2 bo
_ a’Ewi]  aBlwimin(ki,w)]
ba by
We have:
s{ + aw,
Var(r]) = Var(bi)
2
Var(rl) = VCLTQ(S{) oz2Va;“(w1) 2a00v(25{,w1)
B2 B2 b2

Var(r]) = Var(min(ki ,w))) o?E[w?  2aCov(s!,w)

b3 b3 b3
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We note that: Cov(s!,w,) = E[wymin(ky,w,)]. Therefore:

boVar(ry)  Var(min(kl,w))  o2Ew?  aEwmin(ky,w)]
— + + .
2 2by 2by bo

Thus:

by(E[(r))]? = (r5)?) | Var(min(k{,w)) = (v2+ p2)(E[s5] — E[s{])
2 + %, + by
o’ E[w?]
2,

E[CS]] - E[CSS] >

2. We have the following expression for CS{ :

f (blr{ —i—el)min(u{ —i—xl,blr{ +e€)
CS = 5 .
1

We know that u{ +x = blr{ + k{ + 1 and €; = p1 + w;. Therefore:

blr{ + 1+ wl)(blr{ + 1+ min(k:{, wy))

s =\ %,

Similarly, for the committed setting we obtain:

e _ (b1 + pa 4 wi) (barf 4 p + min(kf, wy )
CS5e— . .
1

By taking the expectation and computing the difference:

bird + g+ w) (01 () + pa) = (Barf + g+ w1) (bar§ + )]

2b,
n E[(byr] 4 py 4+ wy) min(kf ,wy) — (17§ + py + wy) min(kS, wy )]

2b,
_ B[] +p)* = (0i () + 1)+ wi (byr] = bar§) + (byr] + ) min(k], w,)]
2b;

~ E[(bir§ + p1) min(kf, wi) + wy (min(kf, wy) — min(k$, w,))]
2b,

E[CS]] - E[CSS] = El

Since E[w,] =0, we obtain:

(byr] + 1) — (b5 + 1) + (bird 4 pu)of — (bar§ + pa)v§
2b;

N E[w, (min(k{, w,) — min(k§, w;))]

2b; '

E[CS]] - E[CS] =

Note that one can write:

c f
f_ e (261 + b) (v — vy)
T T it by
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Therefore, we obtain:

E[CS]] - E[CS¢] =
2b1+b v 2b1+b v
 Ourtrunr PO 2 b+ SR o
= 261
Elwi (min(k] ,wy)—min(k§,w))]

+ 2bq

(2b +b9)(v6 —v]) (2b1 +bo) (S —v)
 Grrfpn)? = (b ) (g ey ) 2 (b )
= 20,
2b1 +b ) e
(b1r§+un) (o] —v§)+o] %w[wl(mm(k{ qwp)—min(k§ w))]
20,
(2b1 +bg) (v v Do (201 +bo) (v —v h f(2b14b2) .\, f
_ am ey ) i) e H (i —v) 52 (v —vf) . Pl tmine] o) —mingk )
2bq 2bq
2by +b 2b1 +b ,
_ (;(bh_b;;)Q(Uf*v{)2+(Uf*U{)((b1T1+M)b1+b2+ vy g(bi_'_bi;) E[wl(min(k{,wl)fmin(kf,wl))]

+

2by 2by

We next re-write the above expression as a function of the ratio of the price sensitivities § = b—Q

E[CS]] - E[CS¢] =

c f 2 B f : c
_ vi—v c i\ (2+0) b17$(0)+u f 246 Elwi (min(ky ,w1)—min(k{,w1))]
= 121711}(7}1 *”1)(2(1%))2 + = 11+9 e 2(1+9)] + 1f 20, :
v§—v w1 (min(k! ,wy)—min(k§,w
= oo (v — o ) B + byr§(0) + oy + v 23] o Zminti ) ominG )
c_f i P
v{—v 1+6/2 Elwi (min(ky ,w1)—min(k{,w1))]
= 21,11(14,_19) [%(Uf_’”{)+bl"”f(9)+ﬂl +v1 (1+§)]+ : ! 2}1,1 S

We next show that the term E[w, (min(k{,w;) —min(k$,w,))] is always non-positive. Since kJ < k¢,

we have:

wy (min(kf, wy) — min(k¢,w,)) =0, when w; < kJ
wy (min(kf, wy) — min(k$, wy)) = wy (k] — k%) <0, when w; > k¢

wy (min (k] w) — min(kS, w,)) < wy (k] —wy) <0, when &/ <w, <kS

Therefore, E[w; (min(k],w;) — min(k¢,w,))] < 0.
We next study the limits of E[CS/] — E[CS¢] when 6 goes to zero and when 6 goes to infinity.
Without loss of generality, we assume that b, is a given constant and that by is varying. Note that:

T— (v242r#2) _ (Uf—i-/h)(l‘i‘ %)
1+6 '

ble(Q) =
By taking the limit, we obtain:

. ey (Vi)
i bri) =~

As a result:

<0.

i BCST) By 0=+ o)+ 4B (min] ) — i, )]
6—+o0 ! 8b1
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We next study the limit when 6 — 0:

Vg + [42

lim E[CS]] - E[CS¢] = — E[(min(k¢,w;) — min (k] ,w;))(T — —wy)].

2b1
We know that I' > 2w;. In addition, from Assumption 3.3, I' > 2(vy + po). Therefore, we obtain:
I'— ”J’Tm —w; > 0 and therefore:

lim E[CS]] — E[CS¢] >0

6—0

Consequently, we have shown that when the ratio of price sensitivities is approaching zero, the
consumers are better off in the flexible setting whereas when this ratio is approaching infinity,
the consumers are better off in the committed setting, in terms of expected consumer surplus.
In order to conclude the proof, we next show that the difference in expected consumer surplus,
E[CS]] — E[CS¢] is non-increasing with respect to 6, i.e.,

O(E[CS]] - E[CSY))
00

<0.

Recall that we have:

Li-v) 1 (ropap
20, 1+60° 1+90
E[w, (min (k] ,w,) — min(k¢, w;))]

+ % .
1

E[CS]] - E[CS;) =

0
(vf —of) + b7 (0) + pu +of (1 + 5)

Note that the second term does not depend on . The derivative is given by:

O(EICS])— BICSY]) _ v —of ((L+0)(F + (o — oD g ih + 05

00 2b, (1+6)2
5o %E o] (14 )+M1+b1rf(9)}
(1+0)2 ’

By rearranging and simplifying, we obtain:

dECS{]-ECS]) _ wvi—v] . .80+ (145 ore
o0 B 2b1(1+0)2[(vl_vl)[2(1+9) 15 T A —biri(0) —
140 2+46
27
ul(— 2 )]
Note that we have:
_M_ 'UC+ 1+€
by (0) = 2 1:_19 1) ( 3)
blan -+ U2-‘t2-lt2 _|_vf-*2'u1

0 (1+0)?
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Therefore:
aelcs]1-ElCoss) o] T o] IR 2Tt (uatu) (0§ ) CEY)
189 == 2b11(1+§)2 | — M1 0_ 71 - ( i‘ - vl) 1+Z + 1+9 L :|
_ _vi-v (2 —(146)) 1 —1-9 | —204(votun)
B 21711(1+(19)2 ,u1 Tl+9 +v1(7 + 2(140) )+v 146 Z+ 1+§ -
) —pd r e
= 72,]11(13)3 it Ly U (=20 + (v +u2))]
c_f of c
vy —v 0 “+v
= _71—%+(—21“+(v2+u2)+—”12 b

Note that we have the following inequalities:

v —vl >0; b >0; vf <0; Ouy>0; T>2ws+po); T >2(08 + py).

a(E[Ccs]|-E[CSS))

g <0. O

Therefore, we obtain:

6.7. Description of Data in Computational Experiments

The price of an installation was based on the average installation price of Q1 and Q2 of 2011,
p1 = 2.546€ /W and p, = 2.42€ /W respectively.” We used a cost of installation roughly at 80%
of the final price®, ¢; = 2.03€/W. We vary the second period cost to display the inter-temporal
difference in profit margins. In particular, we use values of ¢, ranging between 1.906 and 2.03€ /.

This range of values explore the non-trivial regime we discuss in this paper. The lower bound is
imposed by p; — ¢; > py — co, otherwise the supplier would delay all its production to the second
period when facing a flexible government. The upper bound is due to the condition that ¢; > ¢,
otherwise most of the second period supply would be produced within the first period. Salvage
value at the end of the horizon is set at p3 = 1.8€ /W, which does not affect the qualitative aspect of
the simulation. Note that we must use a salvage value lower than the cost in period 2, ¢o, otherwise
the problem becomes trivial with a direct incentive to oversupply.

Given the total number of installations in 2009 equal to 3806 MW and in 2010 at 7400M W, we
use the price and rebate level to estimate a simple linear sensitivity to rebate levels. Prices of solar
panels at the time were 3.9€ /W and 2.8€ /W respectively for 2009 and 2010. The feed-in-tariff
level was 0.43€/kWh in 2009 and between 0.33 and 0.39€/kWh in 2010. These tariffs reflect
the sale price of electricity generated from the solar panel, which are fixed for 20 years from the
installation of the solar panel. Considering the average annual output of solar panels in Germany
(876kW h/kW') and the resulting 20-year stream of cash-flows discounted at 5% minus the upfront
cost, we obtain a net present value of an installation at 0.79€/W and 1.13€/W in 2009 and 2010
respectively. Evaluating the rate of increased demand based on the increased economic benefit of a

solar panel, we obtain b= (7400 — 3806)/(1.13 —0.79) = 10,571. In other words, for every €/W of

® International Energy Agency - Photovoltaic Power Systems Programme - Annual Report, 2012
6 Seel et al. (2014)
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subsidy we expect to obtain an additional 10,571 MW of installations. In this section, we assume
this sensitivity b to be the same over time. Using as a base the electricity price of 0.25€/kWh
instead of the feed-in-tariff, we estimate the nominal demand for solar panels in the first and second
half of 2011 at p; = 1839MW and p, = 3150M W . Considering a target adoption of I' = 7500 M W,
we use our model to find the optimal subsidy (feed-in-tariff) and the industry’s supply level. For
comparison purposes, the historical value of the feed-in-tariff in 2011 was 0.2874€ /kW h. We use
0.25€ /kW h to be a baseline feed-in-tariff, which would lead to the nominal levels of demand p; and
1. The optimal feed-in-tariff recommended by our model, depending on the demand uncertainty
and costs, are in the range [0.281,0.287]€ /kW h for the committed setting and [0.281,0.292]€/kWh
for the flexible setting.

In the first set of simulations, Figures 2 and 3, we vary both the second period cost of production,
¢y € [1.906,2.03]€ /W, and the magnitude of the demand uncertainty w; and wy. We draw both w;
and w, independently from a uniform distribution, ranging from —A to A. Starting at a low value
of A=10MW and increasing it to A =920M W, we emulate various levels of standard deviation of
demand uncertainty, o. We restrict our simulation to values of A smaller than the average nominal

demand p, therefore preventing negative demands.



