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A B S T R A C T

This work presents an empirically tested method to initiate community solar development by enabling cooperative behavior among groups of stakeholders. Shared
solar represents only a fraction of distributed photovoltaic generation despite advantages over other distributed solar models. A framework that addresses the
inherent characteristics of community solar would increase development. In this work, a non-cooperative game modeled stakeholders’ codependent decision between
models of solar development, and it served as the control experiment with unfacilitated communication. An experimental “catalyst” for onboarding community solar
tested the influence of facilitated cooperation on project development. In the experiment, stakeholders were engaged through demonstrated practices that lead to
cooperative behavior. Interviews conducted with project leads from subsequent community-led solar projects qualitatively assessed the catalyst, and a cooperative
game model measured the influence of the catalyst quantitatively. The control game revealed a rational agent preferred a low-utility independent-solar strategy to a
higher-utility cooperative-solar strategy in the locale (20% difference in welfare). This result emphasized the need for an intra-active force (i.e., the proposed
catalyst) to reach the most economically efficient outcomes. Efforts to facilitate cooperative behavior catalyzed two community-led solar projects in a locale
previously void of community solar. The experimental catalyst was the dominant player for onboarding community solar, responsible for 53% of the effective
onboarding in the region. Additionally, the catalyzed solar projects experienced an increase in onboarding effectiveness by a factor of two-to-three. The community
solar catalyst can be applied in other locales to overcome barriers inhibiting shared solar development.

1. Introduction

Community solar represents a small fraction of existing photovoltaic
(PV) distributed generation despite distinct advantages over other dis-
tributed solar models [1,2]. The relative shortage of community solar
projects is due to an inadequate understanding of systems and economic
burdens caused by policy constraints (e.g., lack of virtual net-metering)
[1,3,4]. New perspectives and methods of project development are
necessary to surmount inhibiting factors and increase the capacity of
community solar. This work presents a framework to describe the co-
dependent mechanism of stakeholders deciding between models of
solar development, and it offers an evidence-based approach to effec-
tively onboard (i.e., initiate development) community-led solar pro-
jects. The conclusions of this research demonstrate that visualizing
community solar as a common pool resource and facilitating co-
operative behavior (i.e., collective action) through finite repeated
games can catalyze project development.

Community solar is a socially inclusive project model that has a
centralized array, and where the benefits are distributed across multiple
stakeholders. Although literature has yet to converge on a definition of
community or community energy, we use two definitions that were

constructed based on review of relevant literature. Mah (2019) pre-
sented a definition of ‘community energy’ as community-based initiative
for the reorganization of local energy systems to foster the deployment of
distributed energy resources and of energy saving and efficiency practices
[5]. We also subscribe to Gui & McGill's (2018) definition of a ‘clean
energy community’ as social and organizational structures formed to
achieve specific goals of its members primarily in the cleaner energy pro-
duction, consumption, supply, and distribution, although this may extend to
water, waste, transportation, and other local resources [6]. In this paper,
we discuss Community-led solar which we define as the various solar
community energy models that involve a single system purchased by multiple,
regionally-residing stakeholders, and the benefits (i.e. the emergent solar
goods/services from the installed system) remain locally distributed among
the community that unifies the stakeholders. As noted by literature study,
the emergent benefits of community energy are accessible to the entire
community, including members uninvolved in the origination of the
shared asset and members opposed to the investment in the shared asset
[7]. Community-led solar may include municipal projects, community-
distributed systems, and shared solar systems with virtual net-metering.

Community-led solar projects have the potential to significantly
increase solar installations by providing solar electricity to a more
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diverse and inclusive portfolio of stakeholders and by addressing
shortcomings of residential PV models [1,8,9]. It was estimated that
about 20% of rooftop area in the United States is unsuitable for PV [10],
and nearly 50% of households, after excluding renters, multi-unit
households, and areas shaded in urban environments, are unable to
support PV [1]. The centralized nature of community solar allows
participation from stakeholders barred from rooftop solar due to living
in a high-rise or rented buildings, and it mitigates issues of micro-
climate (e.g., shading over a house) [1,8,9]. Due to significant econo-
mies of scale, community solar projects are more affordable than re-
sidential models, and the projects can include low to middle-income
families [1,8,9]. In 2017, it was estimated that a shared solar array
costs 39–59% less than a rooftop solar array per unit of electricity
produced on an unsubsidized basis [11]. Despite these advantages over
rooftop solar, community solar only equates to 1.2% of total solar PV in
the United States as of 2018 [2,12].

Each model of solar development has a unique stakeholder, design,
and value proposition. Community-led solar is a fundamentally dif-
ferent product than the single owner or third party owned residential,
commercial, or utility (i.e., grid-scale photovoltaic farms) solar models.
Residential and community solar systems allow individual consumers
direct involvement in their personal energy profile and the ability to
yield financial returns. In contrast, commercial and utility systems
primarily correspond to businesses and corporations, and such systems
may only indirectly impact consumers (i.e. lower retail electricity rate)
or not impact the consumer at all if savings are not passed through to
the end-customer. Residential solar consumers have full autonomy over
location, size, and other investment decisions; conversely, community
solar consumers are dependent on a collective action of the community
stakeholders since the entire group will share a single system. Potential
consumers not only compare solar PV against other forms of electricity
generation when seeking electricity alternatives; they must choose be-
tween the different options of solar energy (e.g., residential, community,
utility/grid). There is a lack of field-based research analyzing the co-
dependent circumstances that lead a consumer to choose one solar
model over another in a given locale (i.e., a confluence of the solar
resource, economy, markets, policy, and culture in a geographic area
[13]). Further, the differences in the products necessitate a distinct
development process for each model of solar development. The relative
paucity of community solar implies that current methods of community
solar development are insufficient. Literature investigations find that
consumers’ willingness-to-accept solar alternatives is transient, and a
social, consumer focused onboarding process would increase solar de-
velopment [7].

This work investigates a living laboratory case study to answer the
following research questions:

• Without explicit gathering and communication, what solar energy
products (e.g. residential, utility/grid, etc.) systematically emerged
from aggregated stakeholder interactions in the locale?

• Can Ostrom's Repeated Games framework for the successful provi-
sioning of Common Pool Resources enable the implementation of
(i.e. catalyze) community-led solar in the locale?

• If Repeated Games were able to catalyze community-led solar, what
was the extent and impact radius?

Game theory models were used to bridge the research gap of how
solar develops without repeated meetings and communication between
stakeholders within the community. The models emphasized shared
versus independent solar options. Additionally, a proposed develop-
ment method that specifically addresses unique characteristics of
community solar array (e.g., multi-agent stakeholders, common pool
resource, cultural heuristics of solar) was tested. This community solar
“catalyst” can increase the total installed solar capacity by providing an
appropriate method for inclusive project models, such as community-
led solar, to develop.

2. Background: common pool resource management

Nobel laureate Elinor Ostrom established the classic framework of a
common pool resource as a good which is non-excludable yet rivalrous
(i.e., subtractable) in nature (Fig. 1) [14]. In a non-excludable system, a
barrier to entry does not exist, and any agent can freely consume the
resource. A rivalrous system implies that the resource is subtractable;
for each unit of the resource consumed, there is one less unit for another
agent to consume. Examples of common pools include fisheries and
irrigation systems. Prior analysis has demonstrated that community
solar projects can be viewed as common pool resources; community
solar projects have few barriers for participation (non-excludable), but
benefits are limited by the array's installed capacity (rivalrous) [15].
Participation barriers are low for community-led solar because any
potential stakeholder is already integrated into the shared community
resource. For example, the benefits of a solar PV system powering a
water treatment facility cannot be barred from any community member
receiving water services, and purchasable segments of a virtual net-
metered solar array are accessible to any consumer within the locale of
the service provider regardless of that consumer's contribution to the
provisioning of the system. Yet the community-led system is rivalrous
because extractable benefits from the system are finite; the system has a
limit to how much power can be generated. “Free riders” or consumers
that do not support the provisioning and/or maintenance of the shared
system but still withdraw the limited benefits risk the common pool being
designed with insufficient capacity or the shared system receiving in-
sufficient collective action to warrant the initial investment. The key
assumption that community energy can be modeled by Ostrom's defi-
nition of a common pool resource was utilized in several analyses of
energy systems [15–18]. Ostrom demonstrated that non-cooperative
game solutions are a detrimentally inefficient means to manage
common pool resources [19–21]. Common pools often resemble the
“prisoner's dilemma,” a game where rational agents settle on a low-
utility outcome instead of working together to achieve a high-utility
outcome; in Game Theory terms, a dominant strategy Nash equilibrium
with low global utility [19,20,22].

Issues with managing a common pool include appropriation pro-
blems (i.e., extracting from the resource) and/or provisioning problems
(i.e., establishing the shared resource) [19]. The relative absence of
community solar is evidence of a provisioning problem in the system;
stakeholders are unable to generate sufficient collective action to in-
itiate the development of a shared resource. Collective action is when a
group of individuals work together to achieve a mutually beneficial
goal. Collective action is inherent to provisioning a successful shared
solar array because community-led solar requires that independent
agents must contribute (e.g., funding, organization) to a singular pro-
ject. Unfortunately, collective action is not straightforward in practice.
The most recognized literature suggests a mutually beneficial goal is
often insufficient to generate collective action [19,23]. Struggles to
reach efficient outcomes in common pool resources derive from the
difficulties of achieving collective action; individuals’ inability to work
together to achieve a mutually beneficial outcome leads to low-utility

Fig. 1. Ostrom's classification of goods as a function of rivalry and exclud-
ability. Consumption from a common pool is rivalrous, and it is difficult to
exclude members from consuming the resource [14].
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payoffs. Sustained collective action is a common characteristic across
all types of community-led solar, and the difficulty in reaching this
point is a primary inhibitor to development. An auxiliary force is
needed to generate collective action and escape the prisoner's dilemma
[19].

Ostrom's work included a less publicized bivariate criteria for dis-
tinguishing cooperative and non-cooperative behavior: an increased
capacity for sanctioning participant/stakeholders, and the availability
of repeated communications among stakeholders [20]. In Fig. 2, these
independent criteria for collective action are presented to demonstrate
a larger field of management for collective action strategies. The trivial
case of non-cooperative behavior can resolve into a multi-stakeholder
version of the Prisoner's Dilemma. With the increased frequency of
communication and/or sanctioning capacity, three collective action
“critters” emerge to manage a common pool or public good. Co-
operative behavior is founded on actions of reciprocity and trust among
stakeholders. Ostrom's detailed lab and field tests have correlated co-
operative behavior among individuals with both open access to re-
peated communications (i.e., “cheap talk”) and sanctioning capacity
from a third-party facilitator, assessor, or arbitrator [20]. Exploring the
collective action “critters” that may exist beyond the cooperative/non-
cooperative includes scenarios of high access to repeated communica-
tions but with low sanctioning capacity, such as peer-to-peer social
network platforms of the present-day digital landscape. There may also
exist scenarios of high sanctioning capacity, but low capability to enact
repeated communications, such as engineering accreditation boards,
and assessment/sanctioning of programmatic success/failures in
sporting leagues.

Building on the idea of community-led solar as a common pool re-
source, this paper approached community-led solar development with
strategies known to successfully manage commons and avoid inefficient
outcomes. Through extensive empirical work, Ostrom outlined a system
for efficiently managing and designing common pool resources: re-
peated games with facilitated communication and graduated sanctioning
(Fig. 3) [20,21,24]. The repeated games framework enables coopera-
tion by facilitating communication, and it has been demonstrated on a
diverse variety of common pool resources [19,20,21]. Central to the
idea of finite repeated games are the concepts of communication and
sanctioning [20,21,24]. Communication is the process in which
agreements are made, and sanctioning (i.e., disapprobation for de-
viating from the agreement / praise for abiding) provides the incentive
to follow through with the established agreement. Sanctioning (up or
down) is graduated so that deviating agents are not discouraged from
participating in future games. In Ostrom's research, a third-party “fa-
cilitator” was a consistent feature of successfully managed commons
[19,20,24]. The “games” (i.e., meetings) provide a non-naturally oc-
curring environment for stakeholders of a shared resource to commu-
nicate and discuss how to distribute the pool, and repeated meetings
allow for trial and flexibility with resource allocation. The external
facilitator monitors the pool between games and sanctions players that
deviated from the agreements. After a variably finite number of games,

welfare optimizing cooperative strategies are established that effi-
ciently manage the common pool.

Research has shown that the solutions to the formation and man-
agement of a common pool resource frames the first-order problem,
while there also exists a second-order problem entangled with the first:
establishing the management solution within the system. Stakeholders
must simultaneously resolve the exchange of information, purpose, and
shared principles of place and a shared identity as a public good so that
communication can be established and the non-cooperative outcomes
of the prisoner's dilemma can be avoided [20]. Repeated games (here,
facilitated workshops) enable trust and reciprocity to grow among
stakeholder groups, leading to effective development and management
of a common pool resource (the first-order problem) when solved. Ex-
tensive theoretical and empirical work with common pool resources
demonstrated that with the described methodology, players were most
likely to adopt cooperative strategies and optimize the group's payoff
from the common pool resource [20,21,24].

Repeated, facilitated workshops (games) were proposed to enable
collective action (here called “onboarding”) and generate high-utility
cooperative strategies for the effective development of community-led
solar, aligning stakeholders around their common sense of place and a
shared identity with a common goal. The methodology of facilitated,
open workshops strives to solve the second-order problem by enabling
increased communication as cheap talk in open workshops (and break
intervals between workshops) and enabling increased sanctioning
through third-party stakeholder facilitation. In this paper, using this
method of repeated, finite cooperative games (Fig. 3) via stakeholder
facilitated workshops is referred to as “catalyzing” community-led
solar.

Fig. 4 presents an integrated framework that conceptually links the
background theory on common pool resource management to the non-
cooperative game control experiment and the Community-led Solar
Catalyst. Community solar projects are assumed to behave as common
pool resources due to the ease of participation (i.e. low excludability)
and the consumable product (i.e. high subtractability). The im-
plementation of repeated communications and sanctioning into the
common pool can produce a variety of outcomes. Low communication
and sanctioning correspond to non-cooperative behavior. Conversely,
high communication and sanctioning correspond to cooperative beha-
vior. A non-cooperative game (bottom left of Fig. 4) can model the non-

Fig. 2. Management Critters: A matrix of potential group outcomes resulting
from varying use of (i) repeated communications and (ii) sanctioning.

Fig. 3. Ostrom's framework of repeated games with facilitated communication
and graduated sanctioning. This process has been empirically demonstrated to
yield cooperative strategies [19–21].
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cooperative behavior extreme because, by definition, there is no com-
munication between players and the game is non-repeated. The ex-
ecution of community-led solar can be facilitated by enabling co-
operative behavior via repeated communications and sanctioning, but a
cooperative games framework has not been developed to execute the
complex, inherent factors of community solar effectively. Ostrom's
Common Pool Management Theories (bottom right of Fig. 4) establish a
practical framework where a facilitator enables communication be-
tween stakeholders and sanctions players for deviation from the group-
communicated strategy. This facilitated interaction between stake-
holders can be repeated until convergence on the provisioning of a
sustainable commons. In practice, this outcome creates a cycle because
stakeholders in the provisioned commons must continue to commu-
nicate and be appropriately sanctioned to sustain the cooperative be-
havior. In this work, using Ostrom's repeated games framework as a
catalyst to provision community-led solar was tested in a living la-
boratory environment and analyzed with Cooperative Game Theory.

3. Methods

The impact of facilitated cooperation on community-led solar de-
velopment was evaluated using both non-cooperative and cooperative
game theory. The setup of the non-cooperative game is described in
Section 3.1; the non-cooperative game is the control experiment with
unfacilitated communication (corresponding to the first research
question). In Section 3.2 (corresponding to the second research ques-
tion), the experimental community solar catalyst that facilitated com-
munication in the test locale is described. Data collection methods to
analyze the effectiveness of the catalyst were also outlined in this sec-
tion. In Section 3.3 (corresponding to the third research question), a
cooperative game was established that quantitatively described the
effectiveness of the experimental catalyst and the benefits observed by
catalyzed community-led solar projects. The cooperative game was
constructed using both the qualitative and quantitative results from the

data collection. Qualitative data dictated assumptions for setting up the
cooperative game model, and the quantitative data served as the model
inputs.

3.1. Non-cooperative game as the uncatalyzed control

A non-cooperative game represented the uncatalyzed interaction
between the agents in the test locale. It served as the control experiment
to analyze how cooperation influences models of solar project devel-
opment. This framework is representative of the uncatalyzed control
case because it is the default scenario observed: there is not a third-
party facilitating communication, and it is non-repeated. A two-player
nonzero sum game modeled the option of cooperation between two
groups of agents in a locale, reflecting models of the inefficient out-
comes expected from common pool resources [19,20]. Additionally, the
non-cooperative game exemplified how codependent decisions between
agents can result in the development of different solar project models.

The control game required defined players, decisions, and payoffs.
Each component of the game was designed to resemble the test locale.
The two players were the major groups’ agents pursuing solar options in
the test locale prior to the catalyst: a general authority (owners/op-
erators of shared public infrastructure) and the civil society (collective
of private citizens). Assumptions are: (1) that both group agents have
already decided to pursue solar PV, and they have not chosen a model
of solar development and (2) that non-financial benefits (e.g., offsetting
carbon dioxide emissions) were constant between each payoff because
the total amount of solar installed remains the same (i.e., one 2 MWp

array in lieu of four-hundred 5 kWp systems). The objective of the game
was to optimize the payoff from a decision to pursue solar through a
cooperative strategy or independently.

The payoffs were models of project development that correspond to
both players’ decisions. The civil society opting to pursue solar in-
dependently was interpreted as a residential model with net-metering
(5 kWp). The general authority pursuing solar independently did not

Fig. 4. Integrated framework: Conceptual linkage from background theory on common pool resource management to the Community-led Solar Catalyst experiment.
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correspond to a model of solar development based on an assumption of
the player, which only own assets that distribute benefits throughout
the locale, and any solar installation would be shared among the
community. Therefore, the general authority choosing to develop solar
independently was modeled as remaining exclusively on grid-supplied
electricity (0 kWp). A kW-scale MUSH (Municipalities, Universities,
Schools, Hospitals) solar system was the payoff for a general authority
choosing to cooperate when the civil society chose independent solar
models (5 kWp). It was assumed that without the cooperation of the
civil society, the general authority would install a PV system net-me-
tered to a small asset (e.g., an office building) as opposed to a large
shared asset. The alternative that the civil society opted for cooperative
solar when the general authority chose independent solar was modeled
as a distributed generation (DG) MW-scale solar array (2.6 MWp). The
civil society was represented as a shared investor in this model, and
they sell the generated electricity to an off-taker in an agreed Power
Purchase Agreement (PPA). A traditional “shared solar” array was not a
viable option for this payoff because the game takes place in a locale
that does not allow virtual net-metering. The final alternative was when
both players decide to cooperate. It was modeled as a community-led
system net-metered to a large load (MW-scale) owned by the general
authority and distributed benefits the civil society (e.g., wastewater
treatment plant) (2.6 MWp). The game is summarized graphically by
the bimatrix in Fig. 5.

The value attached to each payoff is the sum of the net present value
(NPV) and the applicable externality cost for the project model. Projects
were simulated in the System Advisor Model (SAM) based on market
conditions in the test locale at the time of the catalyst experiment
(2016) (Appendix). A Monte Carlo simulation controlled for uncertainty
in retail electricity rates from the transmission or other cost increases.
The Monte Carlo analysis was fed a distribution generated using EIA
historical data of the test locale's (i.e., Pennsylvania) average annual
residential electricity rate (1990–2017). The project NPVs were calcu-
lated using after-tax costs and system performance data from the SAM
simulations and the electricity price scenarios generated from the
Monte Carlo analysis.

Eq. (1) presents the equation used to value the solar PV projects:
savings for distributed generation are equated to the value of the grid
electricity offset by the PV system. Externalities were the cost of retail
electricity rate increases (Eq. (2)) and subsequent utility rate increases
from the general authority (Eq. (3)). Retail rate externality costs were
applied to the portion of load not offset by solar PV for each payoff.
Utility rate externality costs were proportional to the electricity rate
increase, and they were applied to civil society payoffs for scenarios

that the general authority did not have solar PV powering a major
shared asset. The payoff for the solar decision strategy is the sum of the
PV system value, the externality of the electricity meter, and the ex-
ternality of the utilities (Eq. (4)). A net-present value is taken for this
sum; (i) is the discount rate (i= 0.0814) and (n) is the year considered
out of the total years in the analysis (n = 25).

Using the sum of the resulting project model's NPV and subsequent
externality costs as the payoff for each decision combination, the Nash
equilibriums and dominant strategy for solar development were solved
for both modeled players in the locale.

= ×NPV r E C( )n n PV n PV n (1)

Eq. (1). The value of the solar PV system in year (n). NPV was a
function of the retail electricity rate (r), the solar electricity generated
(EPV), and the after-tax cost of the system (CPV).

= ×D E r( )electricityn electricity PV n n 0 (2)

Eq. (2). Externality cost of metered electricity in year (n). δelectricity
was a function of electricity demanded (Delectricity), the solar electricity
generated (EPV), and the change of the retail electricity rate between
year (n) and year 0 (Δrn-0).

= ×P r
r

Putilityn utility
n

utility
0 (3)

Eq. (3). Externality cost from the utilities cost associated with the
general authority. δutility was a function of the price of utilities charged
by the general authority (Putility), the retail electricity rate (r) in year (n)
and in year 0.

= × + +
=

=

Payoff P F NPV( / ( ))
n

n

i n n electricityn utilityn
0

25

,
(4)

Eq. (4). The total payoff associated with a solar decision strategy.
The Payoff is a function of the value of the solar PV system (NPV), the
externality cost of metered electricity (δelectricity), and the externality
cost from utilities associated with the general authority (δutility). P/F is
the present value factor for discounting, (i) is the discount rate, and (n)
is the year being considered.

3.2. Modeling the community solar catalyst and data collection

The community solar catalyst was modeled by the experimental
series of workshops called Community Solar on State (CSOS). The CSOS
workshops were created as a set of repeated games (Fig. 3) that used
techniques of integrative design to align stakeholders around their shared
identity and narrative of solar ecology (“study of the paired systems of
society-environment and technology” [13]) [25,26]. The objective of the
CSOS was having various community stakeholders collectively design
and provision the most fitting community-led solar project for the lo-
cale. The effort was theorized to reconcile opposing views and result in
the successful implementation of a project.

Four events took place in centre County, Pennsylvania between
August 2014 and March 2015 [25]. This locale did not have policy
enabling shared solar infrastructure (i.e., virtual net-metering), and
prior to the catalyst, it did not have MW-scale solar electricity systems
[4]. The workshops were open to the public, and the hosts specifically
invited a diverse group of stakeholders (e.g., school board members,
business leaders). The process deliberately included iterative stake-
holder-engaging activities. A third-party facilitator hosted the work-
shops, opened communication between participants, and possessed
limited sanctioning power [25].

The general practice of CSOS followed themes evident in successful
efforts of asset-based community development found in literature:
Methods that rely on community participation, exercising outside
support (e.g., third-party facilitator or aid) with caution, and focus on
assets to generate sustained collective action in the form of community

Fig. 5. Non-cooperative game bimatrix used as the control experiment. Two
players (locale general authority and the civil society in the locale) decide to
pursue solar development cooperatively or independently.
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infrastructure [21,24,27,28].
CSOS was used a case study in compliance with methodological

guidelines for behavioral studies outlined by renowned empirical
economists: the case study was used to “examine the internal logic
posited by theorists” and “to understand the interactions between the
different components of the system” [29]. The analysis refrained from
identifying specific causal factors that may not represent the broader
picture, and the study avoided testing a theory reliant on variation in
social behavior [29]. Conforming to the standards of agent-based
modeling supports the validity of this study on empirical behavior.
CSOS was appropriately applied as a case study to meaningfully analyze
the relationship between repeated games and shared solar in the locale.

The CSOS outcomes investigated the impact of the community solar
catalyst. The goal of the investigation was to locate all community solar
projects in the locale, and then determine if and how these projects
were influenced by the experimental catalyst. Project leads of the sys-
tems’ energy offtakers were interviewed. The project leads were given
an identical set of questions prior to the interview, and the interviews
were recorded live so that the responses could be reviewed.

Interview questions centered around the following details: when did
the group/community become interested in solar as an electricity al-
ternative, what were the motives for solar, and to what extent, if at all,
was the group/community affiliated with CSOS. The first portion of the
interview investigated the reach of the catalyst impact network and the
penetration of the catalyst for each project. Additional questions were
asked regarding the technical specifications, financial setup, and impact
on stakeholders (i.e., short and long-term). These additional questions
served as data for the relative onboarding efficiency of the community
solar projects.

The interview data was used to analyze the influence of the catalyst:
qualitative data set assumptions for the economic models, and quanti-
tative data was used as inputs into these models. The qualitative data
included the relationship between the stakeholder and the catalyst, and
the stakeholders’ ability to develop community solar independently of
the catalyst. The observed quantitative data was the installation capa-
city and the amount of time dedicated to the project development
phase.

3.3. Quantifying the value of the catalyst with cooperative game theory

Cooperative game theory modeled the CSOS case study to quanti-
tatively demonstrate the impact of the catalyst (i.e., enabled co-
operative behavior by facilitated communication at repeated games).
The objective was to find the relative contribution of the experimental
catalyst to community-led solar developed in the locale. The co-
operative game was solved using the Shapley equation (Eq. (5)): an
agent's marginal contribution to a coalition's product [30,31]. The
value is a measure of how essential an agent was to a group's outcome.
The model requires a game (i.e., an objective), players, and a metric to
value the product of the coalitions.

=v s n s
n

v S v S i( ) ( 1) ! ( )!
!

[ ( ) ( )]i
S N (5)

Eq. (5). The Mathematical definition of the Shapley value: a mea-
surement of a player's marginal contribution to a coalition [30,31].

The Shapley value (∅i) represents the marginal contribution of a
player (i) to the value of the game (v). The marginal contribution of a
player (i) to a coalition (S) of players in the game (N) is the value
achieved by that coalition of players (v(S)) with the value of that
coalition excluding player i subtracted (v(S-i)). This partial marginal
contribution is repeated for all possible orderings of players into coa-
litions (n!), and the Shapley value (∅i) is the average of player's mar-
ginal contribution to each possible coalition ordering in the game. The
Shapley equation (Eq. (5)) is the formulaic materialization of four ax-
ioms that assure mathematical fairness: symmetry, efficiency, dummy

player, and additivity [31]. Symmetry requires that players receive the
same value if they impact the game's product identically. The efficiency
axiom sets the sum of the players’ Shapley values to the value achieved
by all players working cooperatively (i.e., the final coalition). Players
that do not contribute to any coalitions (i.e., “dummy players”) must
receive a value of zero. Additivity provides that the sum of two co-
operative games played separately must be equal to a game comprising
of both games, simultaneously.

The “game” was defined as an effective onboarding of community-
led solar in the centre region within three and a half years of the cat-
alyst. The game boundaries were defined as the impact radius of the
catalyst and the gestation period of any catalyzed projects to complete
onboarding (i.e., reach the development phase). Players were the
groups associated with utility-scale community-led solar developed in
this region. Each player was subject to the same solar locale: solar re-
source, alternative electricity prices, local culture, policy, etc. These
constants were necessary for playing a “fair” game, and they provided a
unique opportunity to host this cooperative analysis.

The model required a metric to measure the performance of each
coalition. Measurable parameters vital to the game (i.e., “effective on-
boarding”) formed the model's metric: (1) installed capacity of the solar
array and (2) duration of the development process. An effective com-
munity solar onboarding event translates to a larger installed capacity
because the community stakeholders were willing to increase the
magnitude of the investment. In photovoltaic design, larger does not
necessarily mean better. However, in a shared system, the shared load
can be many times larger than the shared, installed capacity. In these
cases, there is little concern of oversizing the system, and larger in-
stalled capacity can be interpreted as greater interest among stake-
holders. A shorter development process reflects successful community
solar onboarding because less time (and opportunity cost) was required
for the group agents to agree on a mutually-desired project. Players’ in
the game were assessed by their ability to onboard community-led solar
according to Eq. (6): onboarding effectiveness was defined as the ratio
of installed capacity (kWp) to development time (tdev) in units of kW per
month, and a greater onboarding effectiveness was advantageous in the
game.

=v S
kW

t
( ) p

development (6)

Eq. (6). Onboarding effectiveness: an efficiency measurement of the
development process where kWp is the installed capacity of the system
in (kW), and tdev is the time from project conception to a signed
agreement in (months).

A characteristic equation for the game must be derived to compute
the Shapley value. The characteristic equation is a breakdown of the
value each combination of players produces acting in coalitions. For
example, a three-player game would have seven coalitions in the
characteristic equation: three coalitions as individuals, three coalitions
as pairs, and one coalition as an entire group. Single player coalition
and paired coalition values in the characteristic equation corresponded
to the observed onboarding effectiveness of the community-led solar
array developed synergistically by the specific players in the coalition.
If an overlap or synergy between all the players in a coalition did not
result in the development of a community-led solar system, then the
onboarding effectiveness of the coalition had no value (0.0 kWp /
month) because 0 kW were developed over an indefinite amount of
time.

The final coalition was intentionally selected to represent the entire
region for two reasons. First, a regional game considered the effect of
the catalyst with respect to the total amount of community-led solar
installed in the locale. This revealed the diffusion of the catalyst with
respect to its potential impact radius. Second, it normalized the Shapley
values of players to the locale. The normalization was especially valu-
able because it facilitated a relative comparison between players as
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opposed to a direct reliance on the numerical result. Relative compar-
isons were preferred because the significance of the numerical result
will vary with locale: an impressive value in one locale may be dis-
appointing in another. Also, focusing on the numerical result was less
useful since the onboarding effectiveness value was original and lit-
erature comparisons did not exist.

Data derived from Section 3.2 (i.e., analysis of community-led solar
in the locale) was used for the Shapley analysis. Qualitative data formed
assumptions for the relationships between players forming coalitions
and initial conditions for coalitions not directly observable. The quan-
titative data (i.e., installation capacity and development time) were the
model inputs for each coalition representing an existing project.

4. Results and discussions

Section 4.1 describes the results from the non-cooperative game that
modeled the low-welfare outcome in the locale prior to the catalyst
(addressing the first research question). In Section 4.2, the connection
between the catalyst and local community solar projects is shown
(addressing the second research question). Section 4.3 presents the ef-
fectiveness of the community solar catalyst with cooperative game
theory (addressing the third research question).

4.1. Uncatalyzed solar development: non-cooperative game results

The modeled solar options for the general authority and the civil
society (on a per member basis) are presented in Table 1. Payoff values
are the total present value and externality costs of each solar option.
Due to the differing scale of the general authority and the civil society
on a per member basis, the payoffs (i.e., the total change in costs
through the project lifetime) were normalized to a control baseline cost
where solar PV was not purchased in any form by either party. The total
change in each payoff was negative: this was because electricity and
utility rate increase over the 25-year analysis forced costs upward. The
solar projects shielded consumers from the inevitable net-increase in
costs of electricity and/or utilities. The “distributed-generation in-
vestor” option resulted in the lowest mitigation of costs for the civil
society member. In this payoff, the civil society member bore the entire
rate increase from both electricity and utilities while recovering modest
gains from the distributed-generation investment (2.8% decrease in
expenses when normalized to controlled baseline conditions with no
solar). The cooperative “community-led” option shielded the civil so-
ciety from utility rate increases, and the independent “residential” op-
tion shielded the civil society from metered-electricity rate increases.
The SAM-Monte Carlo simulation model revealed that the total change
in expenses was similar for these options. The “residential” payoff
(30.3% cost decrease) slightly out-performed the cooperative “com-
munity-led” payoff (26.4% cost decrease) for the civil society.

The cooperative “community-led” system returned a profit to the
general authority (NPV = $43k) in addition to shielding from elec-
tricity rate increases. This cooperative payoff mitigated the most cost to
the general authority (23.6% cost decrease). The “no solar” and
“MUSH” (Municipalities, Universities, Schools, Hospitals) options were
approximately the same value for the general authority (0.0% and−0.2
cost decrease respectively) because the MUSH system represented a
negligible component of the total load (0.04%), but the “no solar” op-
tion presented more value since the MUSH system had a negative NPV.
Welfare gain was the sum the players’ normalized expected values for
each payoff. The dual-cooperative “community-led” option created the
most welfare for the society in this locale (50%); this option is the
Pareto optimal solution. The independent and mixed cooperative-in-
dependent strategies resulted in less welfare (30%, 3%, and 30%).

Results will vary with locale because solar investments are depen-
dent on the available solar resource and market conditions (i.e. cost of
PV, retail electricity rate, local utilities rate, etc.). Notable variance may
manifest if the experiment were repeated in a locale which permitted
virtual net-metering and a traditional shared solar/solar garden model
could replace the DG investor option. Nevertheless, the results in this
locale demonstrated that a PV-system powering a shared community
resource could yield benefits to a consumer comparable to a residential
system that exclusively serviced the same consumer.

The non-cooperative game of the simulated payoffs for the control
experiment are presented in Fig. 6. The game had one Nash equili-
brium: independent-independent (no solar / residential). The Nash
equilibrium was the solution to the game: it represents the strategy
combination that rational agents would play to optimize their in-
dividual expected value in a non-cooperative format. The Pareto op-
timum strategy (i.e., welfare maximized) was cooperate-cooperate
(shared community-led system). In this game, rational agents selected a
payoff which did not optimize the shared welfare of the co-dependent
stakeholders; the Nash equilibrium had 20% lower normalized welfare
than the Pareto optimum (i.e., dual-cooperative strategy). Conse-
quently, rational players produced a sub-efficient economic result. This
paradox is characteristic to the “prisoner's dilemma” which plagues
common pool resources [19,20].

The uncatalyzed control experiment demonstrated that community-
led solar was the highest utility model (i.e., Pareto optimum) for the
stakeholders in this locale. This result corroborates previous sugges-
tions that community-led solar systems present financial benefits over
individual systems in many locales [1,8,9]. However, community-led
solar was not the project outcome based on the Nash equilibrium. Ra-
tional agents were most likely to develop exclusively residential sys-
tems with lower global-utility in this non-cooperative framework. The
Nash equilibrium preference for independent residential solar instead
of community solar projects offers a decision-based mechanism that
partially explains the observed absence of community solar compared

Table 1
Value and welfare for each modeled solar option: net present value (NPV) of the PV installation, externality costs, and the total change in utilities.

No solar baseline Civil Society General Authority
cost increase ($) −7,624 −4,296,900

Residential DG Investor Community-led No Solar MUSH Community-led

System Capacity (kWp) 5 2,600 2,600 0 5 2,600
Load Covered by Solar PV 49% n/a 0.0% 0.0% 0.0% 24%
Solar Installation NPV ($) −260 210 0 0 −6,981 43,096
Externality Cost ($) −5,055 −7,624 −5,610 −4,296,900 −4,296,400 −3,326,400
Total Change in Cost ($) −5,315 −7,414 −5,610 −4,296,900 −4,303,381 −3,283,304
Total Change (normalized to baseline cost) 30.3% 2.8% 26.4% 0.0% −0.2% 23.6%

Normalized welfare increases of each modeled payoff

Community-led Solar MUSH / Residential No Solar / DG Investor No Solar / Residential
50% 30% 3% 30%
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to residential models [2,12]. Based on this experiment, solar develop-
ment behaved as an unmanaged common pool resource. The non-co-
operative game results confirmed the need for a design process that
facilitates communication and enables cooperative behavior. From a
catalyzed cooperative process, agents may be able to escape low-effi-
ciency outcomes similar to the prisoner's dilemma and develop high-
utility, cooperative solar projects.

4.2. Community-led solar projects derivative of the catalyst

Over fifty individuals attended the first event of CSOS; participants
included township board members, university students, local busi-
nesses, public school officials, and other local entities (left side of
Fig. 7) [25]. Each workshop built on the output of the previous events
and the participants evolved a “purpose statement” through an iden-
tical process at each workshop. The produced purpose statement re-
presented an implicit agreement to cooperatively pursue community-
led solar and the functional provisioning of such a project (right side of
Fig. 7). Participation and contribution to CSOS's mission were mild
public commitments to community-led solar by the attendants. These
low-stake commitments offered a means of disapprobation for deviation
from the agreement without severe consequences. The events shown in
Fig. 7 demonstrate the fundamental distinction between the non-

cooperative game control (i.e. no communication; non-repeated) and
the catalyst (i.e. facilitated commutation; repeated).

It is important to note that CSOS did not independently develop a
community solar project. Instead, a diffuse impact network from the
workshops permeated through the region via participants in the
workshops. The short-term impact of CSOS is evident in local com-
munity-led solar infrastructure affiliated with the workshops. This re-
lationship suggests the strength of the workshops was not acting as an
organized multi-agent client for solar development. The workshops
fostered strong communication between stakeholders through repeated
games: a practice more likely to lead to utility-maximizing cooperative
strategies. In other words, the CSOS campaign was most effective acting
as a catalyst for effective management of the solar common pool re-
source.

The investigation of local community-led solar derivative of the
catalyst resulted in two projects: one installed by the University Area
Joint Authority (UAJA) and another installed by Penn State's Office of
the Physical Plant (OPP). The project lead and director at the UAJA was
interviewed for 22-minutes, and two project leads (including the di-
rector of energy systems) at the OPP were interviewed in a joint session
lasting 40-minutes.

The University Area Joint Authority (UAJA) is a general-purpose
authority for the centre region in centre county, Pennsylvania. The
primary responsibility of the UAJA is the operation and maintenance of
the centre region's waste water treatment facility. The UAJA purchased
a 2.6 MWp solar array with battery storage in February 2017; the
generated electricity offsets over a quarter of the load required for the
region's water treatment [32]. This solar plant is shared by the centre
region community: the solar array is funded through rate payments to
the UAJA, and it provides a solar good (i.e., waste water treatment) to
all rate payers. OPP maintains and manages the infrastructure for the
entire Pennsylvania State University (including all branch campuses).
OPP purchased a 2.0 MWp solar array in January 2018. The PV system
is shared by the Penn State community: all students utilize power
generated by the system and benefit from the educational opportunities
provided, and the array is paid for through student tuition (via OPP's
budget). Table 2 summarizes the UAJA and OPP as community-led solar
hosts.

Interview results from the project leads of the UAJA and OPP are
summarized in Table 3. Both organizations participated in the catalyst
and expressed that value was gained from the experience. The UAJA
felt a direct impact of reinforced confidence in solar energy, and they
felt encouraged to further investigate the connection between energy
and water systems. OPP built relationships with solar developers which

Fig. 6. The solved control experiment. The peach shade signifies the Pareto
optimum (highest overall welfare), and the dark purple shade signifies the
dominant strategy Nash Equilibrium for the matrix (rational solution strategy).

Fig. 7. Discussion activities between stakeholders at Community Solar on State: an experimental workshop series to onboard community-led solar in a locale (left).
The resultant project purpose statement derived by stakeholders (right) [25].
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continued through the construction of their 2.0 MWp system; enabling
the trust in these relationships was noted as a crucial component to the
success of the final array. Also, the catalyst prompted additional con-
siderations (e.g., site assessments of available lands) from OPP that
were necessary prior to advanced stages of development.

Notably, both organizations were interested in solar years prior to
CSOS. Using alternative energy sources were specific goals of the or-
ganizations, but neither party was able to successfully develop a com-
munity solar project [35,36]. In previous efforts, the UAJA lacked a
financial mechanism to demonstrate long-term benefit to stakeholders.
OPP were held up by similar circumstances: finalizing a financial
structure that accommodated the project goals. However, the first at-
tempts into solar after the conclusion of the workshop series (i.e., the
catalyst) resulted in the community solar projects currently in opera-
tion. This contributes to the conclusion that CSOS was not as effective
as a project development agent, but as a catalyst that facilitated co-
operative strategies.

It is important to note that community solar projects did not exist in
this locale prior to the catalyst, and all community-led solar projects that
have since developed have had a strong affiliation to the catalyst.
However, the workshops were not the originator of community-led solar
concepts to the stakeholders. The parties were already interested in solar
by the time the workshops occurred, but they were able to find value and
benefit from participation in the repeated games process (i.e., catalyst).
The gained value enabled the stakeholders to overcome the collective
action barrier and onboard solar projects. The catalyzed projects were the
first community-led solar systems (and first MW-scale solar systems) to
penetrate the locale. This assessment furthers the conclusion that the
catalyst was successful as a cooperative platform that diffusely facilitated
community-led solar development across the locale.

4.3. Contribution of the catalyst to local community-led solar

The cooperative game was constructed using the data from the de-
rivative projects of the experimental catalyst. In the centre region lo-
cale, there were three groups simultaneously pursuing community-led
solar: CSOS, UAJA, and OPP. The catalyst was represented by CSOS. For
this three-player game, the characteristic equation included seven dis-
tinct components: CSOS, UAJA, OPP, CSOS-UAJA, CSOS-OPP, UAJA-
OPP, and CSOS-UAJA-OPP.

A value was assigned to each coalition in the game and is sum-
marized in Table 4. First coalition: CSOS did not onboard solar entirely
independent from the other players. In this case, it is known that the
CSOS event dissolved prior to the development of an original solar
project. Therefore, without another players’ intervention, CSOS
achieved 0.0 [kWp/month] of solar development in the centre region.
The investigation discovered that all attempts into solar by the UAJA
prior to intervention from CSOS were unsuccessful. Thus, the UAJA
acting alone produced 0.0 [kWp/month]. As an individual agent, OPP
resulted in 0 [kWp/month] because the group agent was unable to
produce any solar capacity in the timeframe of the game independent of
the catalyst, and there were no major community solar investments
prior to the experiment.

The CSOS and UAJA coalition was responsible for onboarding the
solar project derivative of the catalyst and purchased by the UAJA.
After the UAJA participated in CSOS, an overlap existed between the
two players. The overlapping CSOS-UAJA coalition was connected
through the implicit cooperative agreement established at the experi-
mental catalyst. The 2.6 [MWp] array was developed over the 31
months after the start of CSOS (August 2014 – February 2017); the
CSOS and UAJA coalition earned 84 [kWp/months]. The OPP project
derivative of the catalyst was an overlapped effort which corresponded
to the CSOS and OPP grouping. The 2.0 [MWp] array developed over 42
[months] after the CSOS event (August 2014 – January 2018); the
coalition developed 48 [kWp/months]. The UAJA and OPP were not

Table 2
Summary of OPP and the UAJA as community solar hosts.

Penn State's Office of the Physical Plant (OPP) University Area Joint Authority (UAJA)

Installed capacity 2.0 MWp 2.6 MWp (and battery)
Community stakeholder penn state students centre region constituents
Affiliation to Community Solar on State (i.e., the catalyst) Co-created and participated in workshop series Participated in workshop series
Size of Serviced Community 99,000a [33] 93,000b [34]

a Total number of Penn State students; this includes undergraduate, graduate, branch campus, and online students. Regardless of location, all Penn State students
are served by OPP.

b Sum of the populations serviced by the UAJA: Harris Township, Patton Township, College Township, Ferguson Township, and the State College Borough. Note
that the UAJA does not serve the entire portion of the State College Borough.

Table 3
Highlights of the University Area Joint Authority's and Office of the Physical Plant's community-led solar project and the relationship to the Community Solar on State
workshops.

Question Response (UAJA) Response (OPP)

Attendance at Community Solar on State Yes (via UAJA representative) Yes (via senior OPP officials); OPP co-created workshops
Direct impact of Solar on State on the UAJA Reinforced confidence in solar; need to look

deeper into energy-water connection
Useful solar relationships were established with developers; need to become more
organized in development efforts; community partnerships are complicated.

Conception of interest in solar Years prior to CSOS Years prior to CSOS
Hesitations on previous solar project attempts Lacking mechanism to demonstrate long-term

financial benefit
Difficulty to find a financial structure that satisfied objectives; unable to holistically
value solar benefits; organization was absent in efforts

Table 4
The characteristic function for the cooperative game. Onboarding data for each
partnership reflects how each coalition contributed to onboarding community
solar in the centre region.

Coalition Installed
Capacity [kWp]

Onboarding
Duration [months]

Onboarding Value
[kWp / month]

CSOS 0 n/a 0
UAJA 0 n/a 0
OPP 0 n/a 0
CSOS-UAJA 2,600 31 84
CSOS-OPP 2,000 42 48
UAJA-OPP 0 n/a 0
CSOS-UAJA-OPP 4,600 42 110
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collectively involved in a solar project throughout this time period; nor
was any portion of the existing solar infrastructure associated with this
partnership. The UAJA and OPP coalition were responsible for 0.0
[kWp/months] of solar onboarding in the locale.

The final coalition (CSOS, UAJA, and OPP) accounted for all of the
community-led solar capacity installed in the centre region throughout
the entire time period of the game. Each player contributed to com-
munity solar in the locale. Therefore, the final coalition was the ag-
gregate capacity of the existing community-led solar projects (4.6 MWp)
over the entire timeframe (42 months). As expected in a cooperative
analysis, the comprehensive coalition resulted in the greatest score: 110
[kWp/month]. This coalition was particularly important because it re-
presented the total onboarding observed in the region, and results of the
game were fractions of this total value. The product values may be
evaluated by relative comparison because the regional boundary of the
final coalition normalized the Shapley analysis to the locale. A relative
comparison was more valuable because the significance of the results
would vary with locale (i.e., one value may be impressive in a certain
locale but disappointing in another).

Using the Shapley value equation in Eq. (5) and the characteristic
equation (Table 4), the matrix of marginal player contributions was
derived (Table 5). The Shapley values are interpreted as the marginal
contributions for the effective onboarding of solar into the region. Each
player's onboarding contribution observed in the centre region (CSOS:
59 kW/month, UAJA: 35 kW/month, OPP: 17 kW/month) was greater
than their respective individual ability to onboard community solar
(0 kW/month). The contributions to the aggregate of community solar
onboarding into the region is presented below the Shapley values in
Table 5; these percentages demonstrate the influence of each player to
the total community-led solar onboarded across the locale.

Several significant relationships were quantified by the cooperative
game. The catalyst was the dominant onboarding player in the coali-
tion: CSOS contributed 53% to the total community-led solar on-
boarded in the centre region through the analysis period; 1.7 times
more than the UAJA and 3.5 times more than OPP. As the third-party
communication facilitator, CSOS did not onboard independently from
the other group agents, but the catalyst (CSOS) was the dominant
player in the locale because it was involved in both existing solar
projects. The other two players (UAJA and OPP) were only involved in
their respective projects and were unable to install community solar
without some degree of cooperation. Despite being unable to onboard
community solar prior to the CSOS-catalyst, the UAJA and OPP had
significant shares of onboarding in the region due to their involvement
as the only major purchasers of community-led solar in the centre re-
gion.

The gap between CSOS and the other players’ onboarding con-
tributions does not take away from their value to community-led solar
in the locale. The Shapley values generated represent each group's
contribution to the entirety of community-led solar onboarding across
the region. All other non-profits, general authorities, businesses, etc.,

are effectively considered as “dummy players” in this cooperative game
(0% marginal contribution to onboarding). From this perspective, each
player in the cooperative game yielded a substantial benefit to on-
boarding in the locale.

The catalyzed solar projects were developed to completion without
a reconvening of the CSOS facilitator; this signifies that the project
offtakers (UAJA and OPP) were able to reach a stable agreement with
their respective communities to provision the shared resource. The
catalyst supported the offtakers in domains where they previously ex-
perienced setbacks: onboarding (i.e., reaching the development phase).
Using Ostrom's repeated games with facilitated communication strategy to
onboard community-led solar is aptly labeled as a “catalyst:” it did not
alter the fundamental reactants (e.g., identity of stakeholders, interest
in solar PV), nor did it become integrated with the final product (i.e., a
co-owner or developer), but it allowed a stalled “reaction” to proceed
(i.e., onboarding).

The observed onboarding values of the respective UAJA and OPP
coalitions involving CSOS were significantly greater than the resultant
onboarding values for the UAJA and OPP as individuals. The catalyzed
UAJA project was 2.4 times larger than the marginal contribution (i.e.,
Shapley value) of the UAJA, and the catalyzed OPP project was 2.8
times larger than the marginal contribution of OPP. This difference,
represented in Fig. 8, implies that both the UAJA and OPP benefited
significantly from cooperation. The analysis concluded that without the
catalyst, the UAJA and OPP projects would have been smaller in ca-
pacity and/or taken longer to develop. The cooperative game results
indicated the extent to which the community solar catalyst was essen-
tial to onboarding the existing community-led solar in centre County.

5. Conclusions

A collective action catalyst was analyzed to determine the influence
of facilitated cooperative behavior on community-led solar develop-
ment, and a non-cooperative game that modeled group agents in the
locale choosing between models of solar development (e.g., residential,
community) served as the “uncatalyzed” control experiment (Fig. 5).
The non-cooperative game between group agents pursuing solar in the
same locale demonstrated that solar projects exhibit a phenomenon
similar to a prisoner's dilemma. In the test locale, a rational society
preferred residential models with low-utility to a cooperative model
with higher utility. The dominant strategy Nash equilibrium resulted in
20% less normalized welfare than the dual-cooperative strategy. The
non-cooperative game was one of the first demonstrations of stake-
holders’ codependent decision between different models of solar devel-
opment and the influence of interaction from other stakeholders. This

Table 5
Mathematical work and solution to the cooperative game of the Community
Solar on State case study. CSOS, representing the catalyst, was the primary
driver for community-led solar installed capacity in the centre region.

Orderings (S) CSOS [kWp/month] UAJA [kWp/month] OPP [kWp/month]

CSOS, UAJA, OPP 0 84 26
CSOS, OPP, UAJA 0 62 48
UAJA, CSOS, OPP 84 0 26
UAJA, OPP, CSOS 110 0 0
OPP, CSOS, UAJA 48 62 0
OPP, UAJA, CSOS 110 0 0
Shapley (ϕi) 59 35 17
Contribution (%) 53% 32% 15% Fig. 8. Comparing the benefit the University Area Joint Authority and the

Office of the Physical Plant received from the catalyst.
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analysis was also the first quantitative corroboration of a qualitative
literature assertation that community solar should behave as a common
pool resource [15]. The Nash equilibrium from the game provided a
decision-based explanation of the observed absence of shared solar
relative to residential models [2,12]. The non-cooperative control game
confirmed that (in the tested locale) among the different models of solar
development, a community-led project offered the greatest utility to the
society, and the facilitation of cooperation was needed to reach the
high-utility option.

A community solar “catalyst” was created to increase the develop-
ment of community-led solar by enabling cooperative behavior via
means shown in Fig. 4. The catalyst relied on methods demonstrated to
efficiently manage common pool resources (i.e., repeated games with
facilitated communication) (Fig. 3). The catalyst was modeled by a
series of workshops called Community Solar on State (CSOS), and the
experiment successfully catalyzed the development of the first two
community-led solar infrastructures in the locale. A cooperative game
model revealed that the community solar “catalyst” was the primary
driver for onboarding installed community-led solar capacity in the
region, and it contributed 53% of the total onboarding effectiveness of
community-led solar in the locale. The Shapley values from the co-
operative game showed that the two catalyzed community-led projects
experienced an onboarding process that was two to three times more
effective (i.e., installed additional capacity in less time) than the un-
catalyzed potential of the energy offtakers acting independently.

Solar design is exceptionally dependent on locale, and results from
one locale do not necessarily apply to others. Given the broad absence
of community-led solar, the insights and proposed techniques from this
study are generally applicable. A prediction from this study is that
several themes will exist in future catalysts and related community-led
solar. The community solar catalyst will be more effective at integrating
solar capacity into a community than organizations working non-co-
operatively. Derivative projects that align more closely with the sta-
keholders present will experience notably more success. Most im-
portantly, incorporating a catalyst into pre-project development will
enhance the onboarding process. This enhancement may materialize as

installing more capacity, a quicker development period, or both.
Enabling cooperative behavior to onboard community-led solar was

aptly labeled as a “catalyst” because it allowed a stalled reaction
(community solar onboarding) to proceed without altering the funda-
mental reactants (e.g., the identity of stakeholders) or products (i.e., the
catalyst did not become a co-owner). For future community solar cat-
alysts, the second-order public good problem would still need to be
initially resolved. The second-order problem is the introduction of a
trusted third-party facilitator that has appropriate resources to host the
repeated games with an objective of integrating community solar into
the locale (e.g., the CSOS workshops). The facilitator could be a local
government, community non-profit group, or university.

For the stakeholders in the tested locale, community-led solar de-
velopment behaved as a mismanaged common pool resource, and an
intra-active force was necessary to reach high-welfare outcomes. The
experimental community solar catalyst incorporated stakeholders and
repeated games into the initial stages of shared solar development (i.e.,
onboarding), and the process resulted in larger installations and re-
quired less time to complete. The community solar catalyst can be at-
tempted in other locales to facilitate the development of shared solar
infrastructure.
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Appendix

System Advisor Model (SAM) PV Design Inputs (Control Experiment)

Design parameters and assumptions put into the System Advisor Model (SAM) to model the electricity production and after-tax costs of each solar
photovoltaic option used as the payoffs in the non-cooperative game control experiment.

Community-led MUSH DG Investor Residential

Resource Penn State – Surfrad (TMY3) Penn State – Surfrad (TMY3) Penn State – Surfrad (TMY3) Penn State – Surfrad (TMY3)
Load (kWh/yr) 13,650,240 13,650,240 n/a 9,157
Installed Capacity (kWp) 2,600 5 2,600 5
Battery Yes No No No
Inverter DC/AC Ratio 1.2 1.2 1.2 1.2
Land Purchase No No Yes No
Cost ($/Wp)[37] 1.55 2.93 1.39 2.93
Tax Credit Yes No Yes Yes
Retail Electricity Rate on Load in Year 0* or

PPA⁎⁎ ($/kWh)
0.065* 0.065* 0.150⁎⁎[38] 0.1136*
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