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Abstract

This paper studies a new renewable energy invest-
ment model through crowdfunding, which is moti-
vated by emerging community solar farms. In this
paper we develop a sequential game theory model
to capture the interactions among crowdfunders,
the solar farm owner, and an electricity company
who purchases renewable energy generated by the
solar farm in a multi-period framework. By char-
acterizing a unique subgame-perfect equilibrium,
and comparing it with a benchmark model without
crowdfunding, we find that under crowdfunding
although the farm owner reduces its investment
level, the overall green energy investment level is
increased due to the contribution of crowdfunders.
We also find that crowdfunding can increase the
penetration of green energy in consumption and
thus reduce the energy procurement cost of the
electricity company. Finally, the numerical results
based on real data indicates crowdfunding is a
simple but effective way to boost green generation.

1 Introduction

One of the most prevalent ways to boost investment in
renewable energy generation is to motivate individuals to
participate into green energy investment and generation.
However, not all individuals are willing or able to install
on-site renewable energy generation at their homes. There-
fore, a special crowdfunding green energy investment has
been recently introduced in the form of community shared
renewable energy projects. A typical example can be found
in three community shared solar projects launched by Clean
Energy Collective (CEC) in Colorado[Coughlin et al., 20121,
and other examples include Westmill Solar in UK and Som
Energia in Spain[Global Justice Now, 2014]. By joining in
such a community shared solar project, individual investors
can acquire the ownership of solar panels which may be in-
stalled on a solar farm remotely located from the individual’s
home. Due to the distance, the solar energy generated by
the solar panels are not directly consumed by the owners
of the panels; instead, the generated energy are sold by the
owner of the solar farm (e.g., the CEC), as an agent for all
the individual investors, to an electricity company through a
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long-term power purchase agreement (PPA). Then, the solar
farm owner allocates the payoff to the individual investors
depending on the amount of the electricity generated by the
panels they invested.

The newly emerging investment pattern in green energy—
crowdfunding, can benefit all stakeholders (e.g., individual
investors, the solar farm owner who represents traditional
investors, electricity company). From the perspective of
individual investors who are unable to install green generation
system at home due to geometry/physical/time restrictions,
the new crowdfunding pattern provides a bridge for them to
access the renewable energy investment.! For the solar farm
owner, crowdfunding helps expand investment participation
and hence pools investment risk. Moreover, the electricity
company also benefits from the increased green energy in-
vestment level in that the potential increment in green energy
penetration can lower its energy procurement cost.

Despite the various merits, to our knowledge few re-
searchers have studied this new business model and thus
its impact on green energy investment is unclear. Most
papers on renewable energy investment focus on evaluating
the effectiveness and efficiency of these renewable energy
policies such as feed-in tariffs, tax credits, and certificate
systems[Wiistenhagen and Menichetti, 2012]. They often
conduct the examination through case study[Wiser et al.,
1998], literature review[Couture and Gagnon, 2010] or nu-
merical simulation[Palmer and Burtraw, 2005]. [Zhou et
al., 2011] is the only paper that aims to design an incentive
policy by taking into account of the investors’ response
but not in the framework of crowdfunding. [Reuter et al.,
2012] and [Fleten er al., 2007] are among a few exceptions
which quantitatively estimate the risk and return associated
with renewable energy investment from the perspective of
investors, but not crowdfunders. Our paper aims to fill the
gap through answering the following questions: First, we are
interested in the crowdfunding mechanism; i.e., how should a
farm owner allocate the cost and returns among crowdfunders
to maximize its own utility? Second, how will the presence of
crowdfunding affects the green energy investment of the farm
owner? Thirdly, from the perspective of electricity company,

'[Gerber and Hui, 2013] study the incentive of participants of
crowdfunding platforms based on interviews, and find the primary
motivation of project creators is raising fund and sharing risk, while
that of fund providers is collecting reward.



how should the electricity company adjust its procurement
strategy as a response to the new investment pattern? Most
importantly, how would the emergence of crowdfunding
affect the overall green energy investment level and also the
penetration of green energy in the total energy consumption?

To answer these questions, inspired by practice examples
of community shared solar projects (e.g., CEC in Colorado),
we develop a sequential game model to represent the strategic
interaction between three players: a group of individual
crowdfunders, the owner of a solar farm who initiates the
crowdfunding, and an electricity company who purchases
green energy generated by the farm through a wholesale con-
tract. The electricity company chooses the wholesale price,
based on which the solar farm chooses its own solar panel
investment level and designs the crowdfunding mechanism
to raise funds from the investor group. Accordingly, each
crowdfunder makes their individual investment decision. The
decision process is characterized by a three-player sequen-
tial game, in contrast to current crowdfunding models only
involving two parties: crowdfunders and fund raisers (e.g.,
[Belleflamme et al., 2014], [Hu et al., 2014]) or current
mechanism design models on green energy (e.g., [Vinyals
et al., 2014], [Robu et al., 2012]). We prove that the game
has a unique subgame perfect equilibrium. Our model is
applicable to any investment structure that involves 3 players
whose investment decisions are inter-dependent.

To further study the impact of the crowdfunding model,
we also consider a benchmark model without crowdfunding.
By comparing the results of the two game we have the
following findings: (i) under crowdfunding, the farm owner
gains more utility by taking advantage of crowdfunding
to shift the investment risk. In particular, under crowd-
funding the farm owner gains the same sales revenue at a
lower investment cost; (ii) though crowdfunding reduces the
farm owner’s investment level, it does increase the overall
green energy investment level as well as the penetration
of green energy in consumption due to the contribution of
crowdfunder; (iii) due to increased green energy penetration,
crowdfunding reduces the procurement cost of the electricity
company, which also increases the total welfare of energy
consumers. The analytical results are proved by solving
first order conditions for each corresponding optimization
problem. The detailed algebras are omitted due to space
limitation. At last, we numerically estimate the practical
impact of crowdfunding through simulations based on real
data and find that crowdfunding is a simple but effective way
to increase green generation.

2 Problem Formulation

We consider a solar farm that needs long-term investment on
renewable energy. There are multiple players in the model:
the owner of the farm, a group of crowdfunders and the
electricity company. Based on the behavior of investors while
exposed to uncertainty to attempt to reduce that uncertainty,
we assume that both the farm owner and the crowdfunders are
risk-averse. As the electricity company is an organization, we
assume the electricity company is risk-neutral following most
economic literature on industry organization[Tirole, 1988].
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In practice, the electricity company often has a much stronger
bargaining power which allows him to make a whole sale
price offer to the green farm. The owner of the farm then
decides its own investment and can also attract funding from
crowdfunders by offering a crowdfunding contract. Given the
contract, the crowdfunders decide how much to invest in the
solar farm. As can be seen, the optimal decisions of those
players depend on each other’s decision. Similar sequence of
events is also true for other crowdfunding settings[Hu et al.,
2014]. Therefore, we model this problem as an sequential
game with continuous decision space.

We consider a time horizon of T periods. In each period
t =1,2,---,T, the electricity company needs to provide
energy to a group of consumers with aggregate demand D,
with mean D;. In order to fulfill the demand in each period ¢,
the electricity company buys electricity from the green farm
at a wholesale price w; and from the electricity market at
a market price ¢; with mean ¢;. In practice the electricity
company may receive energy from various sources such as
conventional energy generations. Here we use the electricity
market to represent all energy sources other than the renew-
able ones. The wholesale price w = (wy,wa, - ,wr) €
R” is determined in a contract offered by the electricity
company, which also states that the electricity company will
buy all electricity generated by the green farm. Therefore,
the electricity company only purchases electricity from the
market to satisfy the demand that cannot be satisfied by green

generation. Let G, denote the supply of the green farm
in period ¢, then the electricity company’s expected total
procurement cost is:

EC] =E[Y_ (wGe+a@ (Di=Gi))l. ()

t=1

The electricity company’s action is choosing the wholesale
price of the green generation, w € R”', and its objective is to
minimize its expected energy procurement cost.

The total green energy supply G; depends on the total
investment level of the green farm. The investment level is
represented by the total number of solar panels installed on
the farm, N. Let f (V) denote the total cost of investing
N units of solar panels (including purchasing, installation
and maintenance during the period, as well as tax credits
reduction). For tractability, we assume that the cost is linear
in N, ie., f (N) = BN where B represents the cost of one
unit of solar panel and b = % is the allocated cost per period.
Each unit of solar panel generates an uncertain amount of
green energy supply in each period, which is denoted by
¢, which satisfies normal distribution? with mean of ftg and
standard deviation of o,. The total green energy supply is

C:'t = Ng; in period ¢t. To make the problem nontrivial, we
assume that over the whole horizon the average investment

>The annual output of one unit panel is uncertain, due to
variations in sunshine, manufacturing, installation and maintenance
among solar panels. This deviation cannot be ignored given risk
aversion of the players. Because the deviation is small, there is no
heavy tail for the distribution, so normal distribution is the best a
priori assumption in absence of large data samples to fit.



cost for per unit green energy generation b/, is lower than

T

the overall average market price ¢ = #, ie,q>b/ug.

The green farm owner not only invests in the solar panels
by itself, but also attracts funding from other investors.
Specifically, we consider that the owner offers a crowdfund-
ing contract to risk averse crowdfunders. The investment
contract designed by the farm is as follows: crowdfunders
pay the farm c for per unit solar panel in the beginning of
period 1, and receives r; for per unit of electricity generation
from the invested solar panels in period ¢. Let Ny denote the
number of solar panels invested by the green farm itself. Let
N¢ denote the total number of solar panels invested by the
crowdfunders. The total green energy investment is the sum
of investment by both the farm owner and the crowdfunders,
ie, N = No + N¢. Therefore, the total profit of the farm is:

(C - Zﬁ%) Nc¢, 2

(c— Ethl rtﬁt) N¢ represents the payoff from

T = ZwtgtN f(N

t=1

where

crowdfunding. We assume the utility function of risk-averse
farm owner follows Constant Absolute Risk Aversion
(CARA) utility. Correspondingly, the utility of the risk-
averse farm owner is:
uo (1) = —€ %, 3)

where p > 0 is the degree of risk tolerance of the farm owner.
The farm owner’s action is choosing its own investment Ny €
R+ and setting the crowdfunding contract (c,r) € R1*7, and
its objective is to maximize its expected utility E[ug (7g)]-

Given the crowdfunding contract offered by the farm owner
(¢,r), each crowdfunder chooses his/her investment level.
The population of crowdfunders is large, while the investment
level of an individual crowdfunder is often insignificant com-
pared with that of the farm owner. Therefore, we follow the
modeling methodology in the economic literature ([Hellwig,
1980] when small individual investors cannot significantly
affect the aggregate investment, and use continuous index in
[0,1] with the Lebesgue measure for crowdfunders. In other
words, the crowdfunders are indexed by i € I = [0, 1] with
the Lebesgue measure. A crowdfunder ¢’s payoff 7; under
investment level n; given the crowdfunding contract offered
by the farm owner (¢, r) is:

T
™= (Z rigi — c) n;. )
t=1

We also assume the utility function of risk-averse crowd-
funders follows Constant Absolute Risk Aversion (CARA)
utility. Specifically, each crowd-funder ¢ is uniquely char-
acterized by its degree of risk-tolerance [3;. Therefore, the
utility of crowd-funder ¢ is:

T

u; (m;) = —e Fi.

&)

Crowd-funder i’s action is choosing investment level® n; €
R*, and its objective is to maximize its expected utility

3For flexibility, we allow the crowdfunders to invest a fraction of
a solar panel.
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E[u; (;)]. By the definition of the aggregate investment level
of crowdfunders, N¢, we have No = > il n;.

The sequence of events is as below: 1) The electricity
company offers the wholesale price of the green generation,
w = (wy,wy, - ,wy) € RT; 2) The firm offers a
contract to the crowdfunders, which specifies the unit panel
investment cost ¢ and the return r = (71,72, ,77) for per
unit green energy generation, and also determines its own
investment level Ny € RT; 3) Based on the contract, the
crowdfunders determines their investment levels n; € R*; 4)
In each period, the green generation is realized, the electricity
company purchases from the market to satisfy the demand
that cannot be satisfied by green generation.

3 Equilibrium Analysis

In this section we first consider a benchmark model without
crowdfunding, then solve the equilibrium in the crowdfund-
ing model, finally compare the two models to show the
effects of the adoption of crowdfunding on the green energy
investment and the welfare of the stakeholders. In both
models, we solve the sub-game perfect equilibrium through
backward induction.

3.1 Benchmark: No Crowdfunding

In the benchmark model without crowdfunding, the elec-
tricity company determines the wholesale price and then
the green farm owner chooses the investment level. Using
backward induction, we first characterize the farm’s optimal
investment decision Ng(w) for a given wholesale price w,
then derive the optimal wholesale price w set by the elec-
tricity company anticipating the optimal investment strategy
of the firm owner, Ng (w).

Green farm owner: investment decision

Without crowdfunding, No = 0, the total investment level
is equivalent to the direct investment by the farm owner,
ie., N = Ngy. The risk-averse green farm owner chooses
its investment level Ny to maximize its utility. Substituting
Ne = 0and N = Ny into (2), the total profit of the

farm owner is: 7wy = (Zthl Wi Gy — B) Ny. So the farm’s
expected utility is:

w0 Elmg] , Varimg]
Efu(m)] = -E[e"#| =750 @)

Thus, the farm owner’s optimal investment problem can be
characterized as maximizing the certainty equivalent:

T T 2a72 2

_ wiNGo

:<ug§ wt—B)NO—Zt—lzpt 0”9
t=1

By solving %}W

max CFEy(No,w)
No

= 0, we derive the optimal
investment strategy of the farm owner Ng (w) in Lemma 1.

Lemma 1. Without crowdfunding, the optimal investment
strategy of the farm owner given the whole sale price offered
by the electricity company w is:

T
Néi (W) _ p,uq Etzl wy — B (7)

T 2 92
Zt:l wiog



Electricity company: wholesale price decision

Anticipating the farm owner’s optimal investment strategy

Ng (w) in equation (7), the electricity company chooses the
wholesale price to minimize the total expected procurement
cost defined in equation (1), which is:

E[Co(w)] = Z @Di + Z (we — q1) ugNg (w). (8

Then the optimal wholesale price w is determined by:

w? = arg minE[Cy(w)]. )

Solving the equation system V. E[Cy(w)] = 0 to derive the
optimal wholesale price w and substituting w* to the farm
owner’s optimal investment strategy Nou (w), we achieve
the sub-game perfect equilibrium in the benchmark model
without crowdfunding in Proposition 1.

Proposition 1. In the traditional business model without
crowdfunding, there is a unique sub-game perfect equilib-
rium, in which the total investment by the green farm is:

2
H b
NP [Be 2 10

the wholesale price of electricity offered by the electricity
company is:

2
ﬁ7t:172>“'7T7 (11)

b/ g q

#
t

w :wﬁ

the expected procurement cost is:

T
Ct =3 qD, - T4Zf;;2 (apg — b)*. (12)
t=1 g

Proposition 1 has several implications. First, the whole sale
price, which is between the average unit cost of renewable
energy generated by solar panels b/ 1, and the average market
price ¢, remains the same over the whole horizon. The
rationale is that it is optimal for the electricity company not
shifting risk to the farm owner as the electricity company is
risk neutral while the farm owner is risk averse. Second,
from (11) we observe that the equilibrium wholesale price
increases in (a) the average market price ¢ and (b) the average
unit cost of renewable energy generated by solar panels b/ .
The rationale is as follows: on one hand, the higher the
average market price ¢ is, the higher the wholesale price
the electricity company is willing to pay; on the other hand,
the higher the average unit cost of renewable energy, the
higher the wholesale price the electricity company has to
pay in order to encourage the farm owner to invest in solar
panels. Thirdly, Proposition 1 indicates the equilibrium solar
investment increases in the degree of risk tolerance p and
the average market price ¢, but decreases in the generation
variance and the average unit cost of renewable energy b/j14.

3.2 Crowdfunding Model

In the crowdfunding model, in addition to the direct in-
vestment by the farm owner, the farm also raises funding
from crowdfunders. Using backward induction, we first
solve the investment decision of individual small investors
n}(c,r) given the contract offered by the farm owner, (¢, r),
then derive the farm owner’s optimal crowdfunding contract
(¢*(w),r*(w)) and investment decision Nj(w) given the
wholesale price offered by the electricity company, w, finally
we analyze the electricity company’s optimal decision on
wholesale price, i.e., w*.

Crowdfunders: investment decision

Given the contract offered by the green farm, (¢, r), which
claims that crowdfunders pay the farm c for per unit solar
panel in the beginning of period 1, and receives r; for per
unit of electricity generation from the invested solar panels
in period ¢, each investor’s payoff under investment decision
ng, 181 m; = (ZtT:l TGy — c) n;. Therefore, the optimal
investment problem for crowd-funder 4 is equivalent to:

T T
1 2,2 2
max g TeN; — CNy — —— TN o, (13)
Therefore, the optimal investment level n} is determined by

T
Bi (Mg D1 Tt C)
T .
D=1 rio 3
The aggregate investment by crowdfunders is No = fol n;di,
as we assume crowdfunders are indexed by i € I = [0, 1]

with the Lebesgue measure. From (14), the optimal aggregate
investment level by crowdfunders given contract (¢, r) is:

1, .
(g Sy 7e — ) Jo Bidi g S r—c
T - T

2= Ty 21 TE0y

where § = fol Bidi denotes the mean of the risk-tolerance
degree of crowdfunders.

(14)

n;(c,r) =

Ni(e,r) = il

The green farm: contract design and investment decision
Anticipating the optimal aggregate investment level by the
crowdfunders N/ (c,r), the green farm owner decides his
own optimal investment and crowdfunding by maximizing
the following certainty equivalent:

T
max CE, (Ng,c,r) = (Z Wellg — B) Ny

No,C,I‘ =1

T
+ <c ~B+ Y (w - n)ug> Né(e,r)

Y (elNo + (wy = 1) NE (e, 1)) 0

2p
Lemma 2. Given the wholesale price w, in the optimal
contract offered by the green farm, we have:

2Bwt

B+ ZtT:1 wtﬂg’
c*(w) =B (17)

15)



under which the optimal number of solar panel invested by
the green farm is:

T T
fg D4y Wr — B 1— Blig 24—y we — B)
i wi} 4Bp

Lemma 2 states the optimal decision of the farm owner
given wholesale prices w offered by the electricity company.
The optimal values, Nj(w),c*(w),r*(w), are derived by

solving the following equation system: %fw

0, W = 0,V.CE. (Ny,c,r) = 0. These optimal
values indicate that for crowd-funders, the unit reward for per
unit generation of invested solar panels r; increases in the
wholesale price w; offered by the electricity company, and the
unit investment charge c* is the same as the purchasing and
maintenance cost paid by the farm B, irrespective of other
parameters. Under the optimal values, the overall number of
Ky Z?:1 wy—B (1 + B ) .

=P 23:1 wfo’?, 2p

Ng(w) = p

solar panel is: N*(w)

The electricity company: wholesale price

Anticipating the total solar panels investment by the farm
and the crowdfunders, the electricity company chooses the
wholesale price to minimize its total procurement cost:

T
E[Ce(w)] = Z [q: Dt + (wi — q¢) pgN*(W)] . (18)
t=1
Solving the equation system VyE[C.(w)] = 0 to derive
the optimal wholesale price w* and substituting w* to the
farm owner’s optimal strategy NJ(w),c*(w),r*(w), we
achieve the sub-game perfect equilibrium in the model with
crowdfunding in Proposition 2.
Proposition 2. There is a unique subgame perfect equilib-
rium, which satisfies:

(a) The wholesale price of electricity offered by the electric-

ity company is wi = w* = ﬁ,tz L2, .1
b/ng q

(b) The contract offered by the green farm in equilibrium is:

* * _
gy S p——— T J

T (19)

¢ =B (20)

(c¢) The number of solar panels invested by crowdfunder i is
w _ Pilapng—b)(b+3qug)
i 16bg?o?

invested by green farm is:
ne = Plge® =) < _ Blapg —b) >
0 4bq?o? 4p(qpg + b))
The overall number of solar panel is:
2,2 _ p2
e = Pt — V) (1 . ﬂ) .
4bgoy 2p
(d) In the equilibrium, the total expected procurement is:

o B\ piig (arg — b)°
Cr = D, —T (142 ) FFRe e — 77
;Qt t ( + 2/3) 4bqa§

n and the number of solar panels
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Proposition 2(a) shows that the optimal wholesale price
determined by the electricity company with crowdfunding,
is the same as the optimal wholesale price without crowd-
funding. Proposition 2(b) shows how the farm designs the
crowdfunding contract. First, ¢* = B, meaning that for
per unit solar panel the farm charges the crowdfunders the
same as the purchasing and maintenance cost paid by the
farm, irrespective of other parameters. In other words, all
the investment costs are fairly allocated among investors and
there is no extra charge for each investor. Second, under the
assumption ¢ > b/, comparing the crowdfunding return r*
with the wholesale price w* in each period in equilibrium, we
find that r* < w™, which indicates that the farm owner only
returns a portion of investment return to the crowdfunders.
The crowdfunding return r* increases in the average market
price ¢ and the average cost of green energy generation b/ .

3.3 Comparison

Now we look at the impact of the crowdfunding through com-
paring the sub-game perfect equilibrium with crowdfunding
with the sub-game perfect equilibrium without crowdfunding.

Proposition 3. After introducing crowdfunding, we have

(a) the farm owner’s sales revenue from green energy gener-

ation stays the same, but the investment cost is reduced
by ﬁ(Qﬂg_b) .
4p(qug+b)’

(b) the overall investment in solar panel increases by 2%
e NT B.
(l'e~) Ng ]-+ 2p)!
(c) the procurement cost saving from green energy procure-
ment increases by 2%.

Proposition 3(a) suggests that by setting the return of
crowdfunding lower than the wholesale price, the farm owner
achieves the same revenue while reducing his own investment
cost in solar panels. Proposition 3(b) shows that the overall
investment in solar panels is always larger than that under the
traditional investment setting without crowdfunding. This in-
dicates that crowdfunding does help ramp up the green energy
generation. The increase in the overall solar panel investment
is mainly contributed by the crowdfunders. Since the ratio
increases in the average risk tolerance of crowdfunders [
and decreases in the risk tolerance of the farm owner p, it is
implied that the farm owner uses crowdfunding as a leverage
to shift the investment risk. Proposition 3(c) indicates that
the electricity company also benefits from crowdfunding,
which is driven by the penetration of green energy increased
by crowdfunding. Since the average cost of green energy
generation is lower than the average market price, the whole-
sale price is lower than the market price. Therefore, more
green energy supply implies more procurement cost saving
for the electricity company, which also increases the welfare
of energy consumers.

4 Simulation

In the previous section we have analytically proved that
crowdfunding can help increase renewable energy invest-
ment. In this section we aim to show the practical impact



Table 1: Net capacity factor (%) of a solar photovoltaic (PV)
farm during 2008-2012

Year 2008 | 2009 | 2010 | 2011 | 2012
Capacity | 31 30.5 | 29.6 | 30.7 | 309

through simulations with real data. We aim to compare the
effect of government policies and technology improvement
in solar panels without crowdfunding with the benefit of
crowdfunding in increasing green energy generations.

We use real data to determine the parameters in our model.
For the average market price g, we use the daily average price
in Southern California of 2013 based on the data provided
by U.S. Energy Information Administration (EIA)*, which is
$48.45 per MWh. According to the report by solar energy
industry association, in 2013 the installation cost for solar
photovoltaic (PV) with capacity of 1 Watt is $2.59[Associ-
ation, 2013]. Since the majority of manufacturers offer the
25-year standard solar panel warranty, we assume that the
lifespan of a solar panel is 25 years, so the annual investment
cost for solar photovoltaic (PV) with capacity of 1 Wattis b =
$0.1036 per Year. As for the generation parameter of solar
farms, we calculate the statistics of solar generation based on
a 5-year solar farm’s annual average capacity factor. Capacity
factor is the ratio of the system’s actual energy output during
a fixed period to the potential output if the system ran at
full capacity for the entire period[U.S. Department of Energy,
2011]. Capacity factor of solar photovoltaic (PV) is primarily
determined by solar insolation, so it varies with locations,
weather and time of day, etc. during 2008-2012 (Table
1), which suggest that the mean and variance of energy
generation of solar panel with capacity of 1 Watt is u, =
0.0027 MWh per year and o, = 4.9 x 10~° MWh per year.

There are no standard and well accepted values for the
risk tolerance degree of the farm owner p and the average
risk tolerance degree of the crowdfunders 5. According to
the values of absolute risk aversion of managers used in
[Haubrich, 1994], we choose the risk tolerance of the farm
owner p to be 5. Similarly, we let the average risk tolerance
of the crowdfunders 3 to be 20 following [Choi et al., 2007].

We compare the impact of crowdfunding with that of
government policies and technology improvement aiming to
boost green generation. For government policies, we consider
government subsidy and carbon tax. Subsidy is characterized
by 6, meaning that for $1 collected by the green farm, $6 is
from government subsidy, and $(1 — ) is from the electricity
company. In other words, under the government subsidy
of 6, if the wholesale price is w for per unit green energy
the green farm still receive w per unit but the electricity
company only needs to pay (1 — 6)w per unit. The carbon
tax results in an increase in the average market price q.
Specifically, a carbon tax 7 results in the average market price
increasing by 7. For technology improvement, we consider
both increasing capacity factor and reducing installation cost.
Figure 1 plots the green generations in five scenarios: (1) no
crowdfunding with subsidy, (2) no crowdfunding with carbon

*See http://www.eia.gov/electricity/wholesale/
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Figure 1: Comparison of Green Energy Generation under Subsidy,
Carbon Tax, Increased Capacity Factor, Reduced Installation Cost,
and Crowdfunding as a Baseline

tax, (3) no crowdfunding with increased capacity factor, (4)
no crowdfunding with reduced installation coast, and (5)
crowdfunding only. Figure 1 shows that crowdfunding can
achieve the same green generation as that under 34% of
government subsidy, i.e., = 34%, or under 51% of carbon
tax, i.e., 7 = 51% or with 13% increased in capacity factor, or
with 19% decreased in installation cost. The result indicates
that crowdfunding is a simple but effective way to boost
green generation compared with government policies and
technology improvement.

5 Conclusion and Future Work

In this paper, we studied an emerging investment pattern in
green energy—crowdfunding, which is motivated by emerg-
ing community shared renewable energy projects represented
by community solar farms. The pattern of crowdfund-
ing investment for renewable energy has various merits but
calls little attentions from (quantitative) researchers. Our
paper filled the gap and made the following contributions.
First, we developed a sequential game model to capture
the strategic interactions during crowdfunding and derived
a unique subgame-perfect equilibrium to the three-player
sequential game. Second, from the equilibrium we obtained
the optimal cost and reward allocation rule in crowdfunding.
Thirdly, by comparing with a benchmark model without
crowdfunding we analytically showed how crowdfunding
benefits the stakeholders and increases the overall renewable
energy investment level and hence the green energy pene-
tration in consumption. Finally, we numerically estimate
the potential impact of crowdfunding in practice through
simulations based on real data and find that crowdfunding is a
simple but effective way to boost green generation compared
with government policies and technology improvement.
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