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Abstract: A complex systems model is necessary to holistically address the end-of-life (EoL) solar
panel waste problem. However, there is a significant challenge in communicating such a model to
stakeholders. Serious games can overcome this challenge by simplifying a complex model via a
user-friendly interface. It enables stakeholders to experiment with different decisions and understand
their long-term impacts in a safe environment. In this paper, a serious game called R3SOLVE
was designed from a previously developed system dynamics (SD) model. The goal of the game
is to achieve certain collection and recovery outcomes through a mix of decisions ranging from
product stewardship strategies, landfill regulation, technological investment, promotional effort,
reuse strategy, and infrastructure improvement. The game has a single player mode, where a player
can access all decisions, and a multiplayer (turn-based) mode, where two players with different roles
work collaboratively to achieve the desired outcome. Rewards and penalties also exist in the game to
promote players’ extrinsic motivation to use critical thinking. Both game modes have been tested
in separate workshops to identify bugs and issues regarding goal clarity and in-game information.
Future directions to conduct stakeholder workshops and the evaluation approach are also suggested
at the end of this paper.

Keywords: solar panel; photovoltaic; product stewardship; circular economy; serious game; stake-
holder engagement

1. Introduction

Enabling a product stewardship scheme and landfill regulations to manage end-
of-life (EoL) solar photovoltaic (PV) panel waste is critical to prevent negative impacts
on the environment and human health [1–3]. Product stewardship is an approach to
preventing the potential impacts of a product from the product design to disposal stage by
placing physical or financial responsibility on producers, distributors, importers, and/or
consumers. This approach aligns strongly with the extended producer responsibility (EPR)
principle employed in European countries and the United States to manage different types
of waste. A PV product stewardship scheme is currently undergoing an assessment process
by the federal government [4]. To mitigate this issue, a system dynamics (SD) model is
imperative to holistically analyse different transition pathways and their impacts on the
collection and recovery outcomes [1].

Stakeholder engagement (e.g., from government, recycling industries, and PV indus-
tries) is an important process in evidence-based research to facilitate knowledge transfer
and exchange. However, communicating a complex systems model to stakeholders present
political and capability challenges to researchers [5]. A systems model can be highly
politicised by stakeholders, where entrenched opposing opinions can lead to a rejection
of the ideas and logic presented in the model [6]. Stakeholders often do not possess the

Sustainability 2021, 13, 12418. https://doi.org/10.3390/su132212418 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-5388-2460
https://orcid.org/0000-0002-6013-3505
https://orcid.org/0000-0002-1914-5379
https://doi.org/10.3390/su132212418
https://doi.org/10.3390/su132212418
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su132212418
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su132212418?type=check_update&version=1


Sustainability 2021, 13, 12418 2 of 20

necessary skills to comprehend and initiate a discussion when presented with a complex
mathematical model.

Collaborative tools such as serious games have been increasingly used to make a
complex model more accessible to stakeholders [7–9]. Serious games attempt to create
an experiential learning environment by simplifying complex models into an immersive
and user-friendly interface. It offers stakeholders a safe environment to experiment with
different types of decisions and reflect on the outcomes [8,9]. Rodela et al. [10] categorises
serious games as learning-based interventions where stakeholders can initiate dialogue and
activities to contribute to social learning. In this category, serious games are described as a
participatory tool for engaging with certain groups of people for practical or behavioural
changes. A well-designed intervention-based serious game can bridge between science
and practical decision-making activities as well as conveying real-world system complexi-
ties [8]. It allows stakeholders to explore and integrate new ideas and solutions through
collaborative exploration of ‘what-if’ scenarios [11,12]. van Hardeveld, et al. [8] argued that
serious games can support collaborative management strategies, improve understanding,
and enhance cooperation among stakeholders.

Developing a serious game for managing EoL PV panels is imperative to assist its
ongoing PV product stewardship assessment process [1] by increasing scientific under-
standing of the decision-makers involved, thus informing and assisting their scheme design
and funding model. It also helps stakeholders with conflict management [13] as the systems
studied have conflicting economic, environmental and social objectives [14]. In this paper,
a serious game called R3SOLVE (Resource Recovery for Residential Solar-Virtual Environment)
was developed based on an SD model for the purpose of future stakeholder engagement.
As pointed out by Flood et al. [15], capturing complexity and long-term uncertainties are
two of the main challenges in designing a serious game. Incorporating the SD model helps
the game to capture the interactions between different system elements and long-term
dynamic behaviour [16]. The game was designed as a card game and incorporated both
single player and multiplayer (turn-based) modes.

This paper is limited to describing the overall process of serious game development,
which involves developing a knowledge elicitation engine (KEE), user interface, and the
description of learning objectives, game architecture, design elements, and game mechanics.
The analysis and conceptualisation were conducted prior to designing the serious game
to ensure that the learning objectives are relevant and that the game design elements and
mechanics are engaging and immersive. Two beta testing workshops were performed
after the game had been completed to identify bugs and gain some feedbacks. Future
directions to evaluate the effectiveness of the serious game in improving stakeholders’
decision-making ability were also discussed.

2. Related Works

There is a relatively broad application of serious games to support stakeholder learning
on sustainability decision-making [17,18]. Table 1 reviews selected literature focused on
developing a computer-based serious game (excluding virtual reality and augmented
reality games) for sustainability to support stakeholder engagement and learning. These
types of serious games primarily focused on water management and planning, with a few
games addressing trans-disciplinary environmental problems.

None of the existing literature has developed a computer-based game to support
the design of a product stewardship scheme and other strategies for managing PV panel
waste. Waste management-related serious games were also mainly targeted at educational
purposes rather than stakeholder learning [19–22]. As suggested by Rodela et al. [10],
a serious game must be able to convey the pedagogical principles through its interface.
An SD model-based serious game for the purpose of stakeholder engagement should
use a simple and intuitive user interface to retain the pedagogy related to system com-
plexity and dynamics as opposed to a complex 3D environment which focus largely on
edutainment [23].
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Table 1. Selected serious games for stakeholder learning on sustainability.

Author Game Title Game Description

Bassi et al. [23] WATERSTORY ILE Require players to simulate the impacts of different policy
interventions on water demand and supply.

Richards et al. [24] SESAMME

The game aims to assist researchers to elicit collective
knowledge regarding specific socio-ecological problems in

coral reefs and related ecosystem services from
community members.

Savic et al. [13] SeGWADE Requires players to analyse, design, and evaluate a least-cost
water distribution system.

Khoury et al. [25] -

Focuses on flood mitigation that allows players to change the
level of investment in drainage infrastructures and the type of

farming system and to see the resulting flood impacts and
management costs.

Craven et al. [26] SimBasin
Players must select projects that affect the future of the river
basin, such as hydropower, ecological restorations, or flood

protection dikes.

Sušnik et al. [7] SIM4NEXUS

Players will implement policy interventions across
water–food–land–energy–climate nexus and reflect on the
implications and synergies for 12 multi-scale case studies

ranging from regional to global.

van Hardeveld et al. [8] RE:PEAT

The game aims to promote collaborative management of
peatlands, including the accurate assessment of site-specific
impacts and facilitate negotiation processes on goals, means,

and implementation pathways.

den Haan et al. [9] Virtual River Game
Players collaboratively experiment with river management
options and understand the implications and trade-offs on

physical system.

Neset et al. [27] Climate Adaptation Game

Players will play the role of the chairman of the city council
and be challenged with several urban planning and

development missions whilst promoting climate change
adaptation strategies.

Neset et al. [28] Maladaptation Game
Players will go through four challenges in which they have to

implement different adaptation measures and explore the
potential maladaptive outcomes.

Teague et al. [29] Multi-Hazard Tournament
Players will evaluate different adaptation options and

mitigate various water-related hazards such as flood, drought,
and water pollution.

Although most of these computer games have successfully captured the dynamic
behaviour of the system under study, they are lacking consideration of a multiplayer mode
that allows player to take different roles to collaboratively take actions and achieve the
goals. A multiplayer game is imperative in the context of engaging with stakeholders
in PV waste management to enable social learning due to the multi-actor nature of the
system [30]. This game mode can facilitate communication, negotiation, and discussions,
which often take place during the policy assessment and design process.

3. Material and Methods

This study followed the serious game development process by van Daalen et al. [31]
and Sušnik et al. [7] in converting the SD model into a serious game, including (1) creating
the KEE and (2) developing the serious game. The SD model, coupled with a game database
system, formed a KEE as a decision support system for the serious game. In developing
the serious game, this study extended the aforementioned approach with the integrated
process framework proposed by Braad et al. [32]. This framework is useful in identifying
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game elements that are practical and engaging for stakeholders. The framework consists of
formative evaluation and summative evaluation, which is cyclical, iterative, and phasic in
nature. The focus of this study is on the formative evaluation as it describes the serious
game design process, whereas summative evaluation deals with the learning evaluation of
the game, which is discussed in the future directions of this research.

3.1. Knowledge Elicitation Engine

The SD model was used as part of the KEE to process, simulate, and generate player
data [7]. KEE also provides feedbacks to players explaining the multi-faceted consequences
of the decisions they have made. The complex structure of the model is encapsulated
and simplified into a user interface (UI), so players will learn about this complexity in an
implicit manner [31,33]. A game database also forms as part of the KEE which refers to
the in-game database that is used to store and retrieve data for the purpose of simulation
and visualisations.

3.1.1. System Dynamics Model

The SD model was developed following the approach by Sterman [16], starting from
(1) problem scoping, (2) model conceptualisation, (3) system dynamics model development,
and (4) model use and recommendations (Figure 1).
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Figure 1. Overview of the system dynamics model development process.

1. Problem scoping: This process served to determine the model boundary, which was
conducted through a systematic literature review, expert interviews, and stakeholder
surveys. The problem conceptualised in the model is the need to enable a product
stewardship scheme, landfill regulations, incentives, and infrastructure development
to promote collection and recovery outcomes of PV panel waste [14,34]. The model
focused on residential-scale PV panel waste as it accounts for the largest solar energy
generation [35]. Commercial-scale and utility-scale solar would have different ma-
terial flows at the end of lifecycle, especially in the collection and reverse logistics
processes [34]. Detailed methodology and results for the problem scoping stage can
be viewed in Salim et al. [14].

2. Model conceptualisation: A conceptual model can be developed based on the model
boundary and system variables identified from the previous stage. A causal loop
diagram (CLD) was used to explain the interrelationship between different subsys-
tems in Salim et al. [1]. The final CLD was composed of seven subsystems, including
adoption and waste generation, waste flow, landfill regulation, installers’ participa-
tion, industry compliance, and government strategies. Detailed methodology and
results during the model conceptualisation stage can be viewed in Salim et al. [34] and
Salim et al. [1].

3. System dynamics model development: The CLD was translated into a quantitative SD
model to explore the dynamic impacts of different product stewardship transition
pathways on the collection and recovery outcomes as well as the economic impacts of
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the waste management cost on rooftop PV uptake. Detailed methodology and results
of the SD model development can be seen in Salim et al. [1].

3.1. Stock and flow diagram: The stock and flow diagram (SFD) was created using
Vensim® DSS to further visualise the system structure that assists with the
mathematical equations formulation. The SFD consisted of three subsystems,
namely market, collection and recovery, and policies and regulation. The mar-
ket subsystem captured the dynamics between the rooftop PV uptake, financial
motivations, and the internalisation of the waste management cost into the PV
cost. The waste flow subsystem depicts two plausible flows of EoL rooftop PV
panels, which can either be recycled or reused. The policies and regulations
subsystem explored the dynamics between product stewardship scheme and
landfill regulations and their impacts on the collection and recovery activities.

3.2. Quantification and parametrisation: The model equations and parameters were
manually written using RStudio with the ordinary differential equation (ODE)
solver in the deSolve package. Besides the capability limitation of commer-
cially available SD software in employing the Weibull probability function
to estimate the waste generated in the market over time [1,2], An R script
format also allowed an easier conversion of the model into C# scripts for the
purpose of game development [7]. The SD model runs from 2001 to 2050 with
a one-year time step.

3.3. Validation and verification: The model was structurally and behaviourally val-
idated through various techniques outlined by Forrester and Senge [36] to
ensure that the model was useful and realistic to stakeholders. A continuous
stakeholder engagement approach employed throughout the model develop-
ment process had helped to increase the model’s confidence.

4. Model use and recommendations: The model was then used to explore four transition
pathways, namely market-driven growth, conservative development, shared responsibility,
and disruptive change against business-as-usual. Policy and practice recommendations
can be drawn based on this scenario analysis process. Detailed methodology and
results of the scenario analysis can be seen in Salim et al. [1]. The context of the
model use also involved the conversion of the SD model into a serious game, which
is addressed in this paper.

3.1.2. Game Database

The game database was created using the built-in classes in Unity3D such as lists,
arrays, dictionaries, etc. The data stored in this repository includes the list of decisions
taken by the players, the current game status, and the detailed simulation results. All
variables from the SD model and its data and configurations (e.g., time step, minimum and
maximum simulation time) were declared in Unity3D’s C# scripts. These player data were
used by the KEE to generate further player recommendations and knowledge in a game
session [7].

3.2. Serious Game Development

This section describes the methods used in the serious game development process.
The formative evaluation involves the analysis, concept, design, and quality assurance to
identify, confirm, and implement learning objectives and goals, whereas the summative
evaluation refers to prototyping, playtesting, and evaluating the game in practice to ensure
that the game is fun and insightful [31]. Both single player and multiplayer game modes
were developed using the Unity3D game engine using a WebGL build platform. The
multiplayer mode also utilised the Photon Unity Networking (PUN) package [37] to enable
communication of game objects between players through a server. The advantage of
using PUN is its flexibility for developers to adapt its APIs based on different needs and
requirements [38].
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3.2.1. Analysis and Concept

Preliminary research on instructional goals and game concept is an important pre-
requisite of the design phase to deliver an informative and engaging serious game [32].
The analysis stage involves determining the platform for game delivery, target audience,
learning the context of the game, the required resources, and the important stakeholders
involved in the PV product stewardship scheme development and operationalisation.
This was carried out by reviewing pertinent literature on serious game development
on environmental management, as outlined in Section 2, with a consideration into the
model boundary, purpose, and objectives of the developed SD model in the previous
research stage.

The conceptualisation stage extended the analysis stage by identifying learning goals
and the high-level concept of the gameplay. To determine both aspects, the authors
considered the following factors: (1) the purpose of the game, (2) instructional theory, and
(3) game elements (e.g., rewards and penalties, player roles and responsibilities, goals of
the game, etc.) that support the learning objectives [32]. The concept of this game was
largely inspired by the SIM4NEXUS game [7], but also extending some of its elements from
SimBasin [26] and the Climate Adaptation Game [27] to better capture the behavioural
dynamics over time.

3.2.2. Design

According to Mariais et al. [39], the design phase should consist of three elements,
including syntax, semantics, and pragmatics. Syntax involves the organisation of game
elements or structure, such as sprites, background, charts, structured objects, etc. Designing
UI for a serious game is a pragmatic and artistic process, although it needs to consider user
inputs to establish an engaging and immersive UI [32], which is discussed in the quality
assurance (QA) phase. Semantics element deals with the meaning and interpretation of
the game elements. This includes the use of narratives, rewards and penalties, scenario
characteristics, decision variables, feedback processes, and complexity progression [40].
Pragmatics refer to the components related to the operationalisation of the game. This in-
volves designing game mechanisms such as mechanisms of cooperation in the multiplayer
mode, decisions available for different player roles, C# scripts to enable communication
between the KEE and UI [7,12]. The design aspect must also take into account the duration
that players have to spend in a game session [9]. Particularly when the game utilises an SD
model with a lengthy simulation duration, the game design should be able to summarise
the time step to produce a reasonable game duration.

The SD model was converted into several packages for the game development purpose,
such as the model script, simulation configuration script, model parameters script, and
JSON data file (Table 2). The transition pathways explored using the SD model in Salim
et al. [1] were not integrated into the game as scenarios will be developed by players during
the game session.

Table 2. Packages converted from the SD model for game development.

Package Description

Model script
To declare variables for storing and retrieving player
and simulation data and to declare the mathematical

equations used in the SD model

Simulation configuration script To declare variables for controlling the time step and
conditions of the simulation

Model parameters script To declare variables for storing and changing the
model parameters

JSON data file
Contains time-series data and lookup tables related to

solar installations, unit cost of PV panels, average
capacity of PV panels, and rebates and subsidies
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3.2.3. Quality Assurance

There were two processes conducted in the QA process, namely output validation
and workshops [10,26]. To validate the results presented in the SD simulation, the
authors implemented the model parameters in each transition pathway described in
Salimm et al. [1] into the game. The simulation results in the game were then compared
against the results obtained from the SD model simulation [41]. The SD simulation and
game simulation results should produce the same values. Rewards and penalties were
also checked to see if they produced realistic scores by running multiple scenarios in
the game.

Two internal workshops were conducted to identify bugs and obtain feedback to
improve the user experience. Participants consist of academics and PhD students who
were working in a field related to systems thinking or multi-disciplinary sustainability
research. The first workshop was aimed at identifying bugs for the single player mode.
There were three academic staff and four PhD students attending this workshop. Only
two of the academic staff had prior experience with product stewardship research. The
second workshop was conducted to identify bugs present in the multiplayer mode. There
were three academic staff, one PhD student, and one undergraduate student who attended
the workshops. Participants were asked to form a pair of two and select a role, either
as a government or product stewardship organisation (PSO). Similarly, only two of the
academic staff had prior experience in product stewardship research. Participants from
both workshops mainly identified bugs related to UI elements that did not work properly
and scoring problems due to the high penalties.

Subsequent online workshops were also conducted with 12 experts (e.g., in the
field of waste management and environmental policy) and non-experts (e.g., students
and industries) to evaluate the overall impressions of the game and the preliminary
cognitive and relational learning outcomes from the multiplayer game sessions. These
workshops were also useful to further identify bugs and to consider their feedback.
The indicators to measure their overall impressions and cognitive and relational learn-
ing outcomes were adapted from den Haan et al. [9] using a five-point Likert scale
(between –2 to indicate strong disagreement and 2 to indicate strong agreement to
each statement).

4. Results for the Game Development Process

R3SOLVE is a card-based serious game that can be played as a single player or
multiplayer. The gameplay overview of both game modes is depicted in Figure 2. The
game can be accessed via web browser publicly via https://www.circularinterplay.com/r3
solve_web/index.html (accessed on 9 July 2021) and is thus compatible across different
desktop operating systems (e.g., Windows, MacOS, Linux). Each game session consists of
six rounds from 2020 to 2050 with five-year time steps each, which is a further simplification
from the SD model simulation time.

4.1. Learning Objectives

The learning objectives in model-based serious games would normally align with the
problems and solutions being observed in their model(s) [7,23]. Thus, this game aims to
promote stakeholder (i.e., government at all levels, recycling industries and solar industries)
learning on the concept of PV panel product stewardship scheme development and other
supporting decisions such as landfill regulation, funding model, reuse strategy, promotions,
and other industry responses to the scheme. The impacts observed in the game includes
collection and recovery outcomes, landfill waste generation, and consequences of the
internalisation of the waste management cost into the product price (i.e., payback period
and adoption).

https://www.circularinterplay.com/r3solve_web/index.html
https://www.circularinterplay.com/r3solve_web/index.html


Sustainability 2021, 13, 12418 8 of 20Sustainability 2021, 13, x FOR PEER REVIEW 8 of 20 
 

 
Figure 2. Gameplay flowchart. Figure 2. Gameplay flowchart.



Sustainability 2021, 13, 12418 9 of 20

The game consists of a single player and multiplayer mode. The learning objective
of the single player mode is to enable a player to understand the interconnectivity and
trade-offs between different stakeholder objectives because they are presented with all
decisions available for all actors in the PV panel supply chain. The multiplayer feature
in this game attempt to fill the existing gap in promoting social learning through serious
games. It centres on the idea to enable stakeholders, especially government and PSO, to
experiment with collaborative strategies to deal with this waste stream. Thus, stakeholders
can understand what decisions, goals, and expectations apply to different roles in the
supply chain as well as to learn about the long-term impacts of their decisions.

4.2. Game Architecture

The game architecture for R3SOLVE was made up of two components, namely the
KEE and the game engine (Figure 3). The design framework by Mariais et al. [39] helped
to organise the game objects and visualisations as well to link all the game components
together. Detailed descriptions of KEE’s components are discussed in the methodology
section. KEE communicates with the game through a communication controller, which is a
script that allows the model and UI (i.e., game objects and visualisations) to exchange data
information. In the multiplayer mode, this communication controller is also supported by
PUN to allow information sharing across all clients in a game room.
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An events controller was also created as a way of sending events to game objects
based on user inputs (e.g., mouse click, drag and drop, and keyboard input) [42]. This
controller is also linked with the simulation and decision controller, which is created to
enable configuration of simulation and decisions based on user inputs. The simulation
and its parameters can be configured by the players through the communication controller.
Player data modified and generated from the game will be stored in the game database
system in the KEE.
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4.3. Design Elements
4.3.1. Tokens and Social Status

The game features a token system that indicates the remaining budget to be spent
on playing the cards or representation of the economic conditions of each player. A token
system is the most used serious game feature to create a better understanding of the limited
nature of financial resources in decision-making activities [7,26,27]. Any unallocated token
will be used for the subsequent round. Tokens will be added and deducted based on
the rewards and penalties discussed in the later sections. This game also features social
status value which reflects the public perception of the government and PSO’s activities.
Social status will keep accumulating by playing different cards until the end of the game.
Penalties do not apply to the social status value.

4.3.2. Decision Cards

The game does not use predefined scenarios to enable decision experimentation and
to offer flexibility to players to choose the stringency and robustness of their strategies
so they can reflect on the impacts of regulations and/or strategies at different stringency
levels. These decisions were represented by cards that have different properties such as
cost, social acceptance, waiting time until the decision is implemented, and the duration of
the card. Depending on the game mode selected (i.e., single player or multiplayer), players
will have full or partial access to the following decision cards:

1. Product stewardship: Players can select different product stewardship approach (i.e.,
voluntary, co-regulatory, or mandatory), increasing scheme target, or introducing tax
at point of sales.

2. Landfill levy/ban: Landfill levy can be increased at a certain rate or a landfill ban can
be implemented.

3. Waste collection improvement: Players can increase their promotional effort to make the
scheme more visible to the public, expand the geographical scope of the collection
points, and shorten the distance between collection points.

4. Recovery strategies: Players can introduce reuse strategies (i.e., repurposing EoL PV
panels with high level efficiency for other applications) and improve material recovery
rate (i.e., the amount of materials that can be recovered from a PV panel).

The cost of some decisions is dynamic, depending on the current game status. For
example, when players keep expanding the geographical scope of the collection points,
the cost of this card will get more expensive over time. This is because investing in waste
collection infrastructures in remote areas will be far more expensive than in metropoli-
tan areas.

To play the decision cards, players drag and drop the cards into the decision timeline
section. The decision timeline section acts as a temporal summary of the decisions that
have been made by the player(s) (i.e., when the decisions will start and end). Players will
be presented a detailed description of each decision that they have chosen and the impacts
of the decision on the game parameters. Players can also remove the decision cards from
the decision timeline for the current round, but they cannot remove the decisions if the
cards were placed in the previous rounds.

4.3.3. Performance Graphs

This serious game was designed based on a cyclical design, which means players
make decisions, take actions, receive the results, draw feedbacks, and proceed to take
further actions based on the outcomes [7,43]. After each round has been completed,
players are encouraged to review and reflect on the current game summary and simulation
results (Figure 4) closely and take the subsequent actions needed to improve their game
performance. Besides the pie chart to summarise the current reuse, recycling, and landfill
rates, the game summary consists of the model parameters that can be modified through
the chosen decisions, such as product stewardship, landfill levy, the geographical scope of
collection points, material recovery rate, etc.



Sustainability 2021, 13, 12418 11 of 20

This game uses a performance graph to describe players’ performance, which is a
gamification technique to provide information regarding a player’s performance over-time.
The simulation results present six indicators used for the scenario analysis in Salim et al. [1]
(i.e., collection fraction, collection rate, total recovered materials, landfill disposal, payback
period, and dwellings with PV) and an additional two indicators (i.e., reuse rate and
recycling rate) for greater clarity on the breakdown of recovery activities.
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4.4. Game Mechanics
4.4.1. Single Player Mode

Interface: After selecting the single player mode, the main page of the game will be
displayed (Figure 5). Players will be able to reset the game and display the help section to
guide them during the gameplay.

Roles and specific goals: The objective is to achieve the best collection and recovery
outcomes, minimise landfill disposal, and minimise impacts on the PV uptake. The player
will be given 30,000 tokens at the start to be spent on initial decisions. Players must
accumulate as many tokens and social status as possible.

Decision-making and simulation: In the single player mode, players can access all the
decision cards available within the government and PSO’s domains. After completing
decisions in each round, players will be warned whether the current collection rate meets
the specified scheme target under the “Your Task” box. In this mode, a simple KEE is
responsible for simulating the model and storing player data.

Rewards and penalties: Tokens will be added or deducted depending on how the
outcomes will trigger the rewards and penalties. Rewards are derived from the amount
of PV panels that are recovered (i.e., recycling and reuse), which is calculated using
Equation (1). Reuse will result in higher token earning because due to less processing being
required to repurpose PV panels. Penalties are triggered because of landfill disposal and as
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a consequence of not meeting the scheme target, which is calculated using Equation (2). If
the penalties caused the tokens to enter a negative value, then the system will automatically
reset the token to 2000, so the players can still progress with the game.
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token earning = recycling rate × 50
time − 20/5

+reuse rate × 75
time − 20/5

. (1)

token penalty = landfill disposal rate × 0.1
time − 15/10

+
collection target − collection rate

80
(2)

4.4.2. Multiplayer Mode

Interface: After selecting the multiplayer mode, each player will enter a lobby and
decide whether they want to join an existing room or create a new room. Each room has a
unique randomly assigned room code for clients to join in the room created by the host.
Upon entering the room, players can decide which role (i.e., government or PSO) they
want to play (Figure 6). In this mode, the interface used is similar to the single player mode
(Figure 7), although only decisions applicable to each player role will be visible.

Roles and specific goals: One player will play as a government with a specific goal to
achieve at least 300,000 tonnes of waste recovery and a social status value of 120 at the end
of 2050. Another player will play as a PSO and their goal is to meet the scheme target and
collect tokens of at least 200,000 by the end of 2050. Each player will be given 15,000 tokens
at the start to pick their first set of cards.
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Decision-making: The government can set the product stewardship approach, landfill
levy or ban, and funding model. An additional decision in this mode is the ability of
the government player to provide PSO with industry grants to support their investment.
The PSO can improve waste collection improvement through promotions, improve the
accessibility of collection points, reuse strategy, and material recovery rate improvement.
The scheme target is determined by the PSO if the agreed scheme is an industry-led or
voluntary approach. Otherwise, the government will define the scheme target.

Turn-based system: In this mode, the KEE was extended to include a module where
two players with different properties can interact with each other. The decision timeline,
game summary, and detailed simulation results’ interfaces will be shared across all clients
to enable all players to view each other’s decisions and results. The game was designed
where the government player is responsible to make the first turn. The PSO player will
have to wait for the government player to complete their turn and act in response to their
actions. Actions from each player will be sent to the PUN’s server and distributed across
the database in all clients in the same game room.

Rewards and penalties: Rewards were calculated differently for each player in this mode.
PSO token earning for each round is calculated using Equation (3), which is 70% of the
tokens generated from the recovered materials. Government token earning is calculated
using Equation (4), which accounts for 30% as a fraction of tax from tokens from recovered
materials. Penalties were calculated similarly to the single player mode (Equation (2))
where non-compliance to the scheme target and landfill disposal were used as its indicators.
However, penalties only directly apply to PSO players.

PSO token earning = token earning − (0.3 × token earning) (3)

government token earning = token earning − PSO token earning (4)

4.5. Preliminary Game Evaluation

The preliminary game evaluation indicates how well the game is perceived by experts
and non-experts. This is not a conclusive outcome as this preliminary evaluation provided
the authors with some insights on how well the game is received by players before de-
ploying it to the stakeholders. Firstly, an evaluation was performed to measure how well
players perceived the game. The result presented in Figure 8 indicates a positive reception
from players, mostly because the goal, rules, and complexity of the game were effectively
conveyed in the game. During the sessions, participants also mentioned that the game was
a fun activity.
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The second evaluation concerns the cognitive and relational learning outcomes of the
game (Figure 9). The measurement indicates how well the game can assist participants in
understanding the complex problem and help to improve their decision-making ability
in enabling circular economy strategies for solar panel waste. The game has favourable
cognitive learning outcomes, particularly insights related to PV product stewardship, roles
of and conflicts between stakeholders, and how the game can be used in a decision-making
situation. Participants slightly disagreed that their relational learning outcomes have
improved. This aspect is mainly related to how the game can convey the communication
between the two players within the virtual environment.
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5. Discussion

The learning objectives of R3SOLVE align strongly with the current Australian govern-
ment priorities in enabling the product stewardship scheme for PV panels and building its
domestic recycling capability and capacity to deal with this waste stream [4]. The concept
of product stewardship is not new; however, different products have distinct supply chain
characteristics which necessitate different scheme designs. A few state governments have
also been pushing this agenda by enabling a landfill levy or ban [1,44] and/or industry
grants to promote research and development (R&D) [34]. Although an assessment process
has been conducted by Sustainability Victoria on behalf of the federal government, the
government has not been able to derive a scheme design that is sustainable due to the
lack of modelling efforts. The game can potentially facilitate this process to create an
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understanding of the systemic impacts and derive an appropriate scheme design. It is
expected that the multiplayer mode has more engagement impacts on stakeholders as
it better conveys the collaborative and negotiation aspects between the government and
PSO [45–47]. The single player game is more suitable for education and training to provide
a holistic insight on the EoL management of PV panels and the roles and responsibilities of
respective stakeholders in the supply chain [17].

Only a few immature PV recycling industries exist in Australia, whereas PV installa-
tions are geographically dispersed throughout the country [1,48]. This game can serve as a
platform for existing PV recycling industries to understand the impacts of different waste
collection improvement and recovery strategies and infrastructure development to achieve
the scheme target and assess their profitability. Although the game did not capture the
net present value (NPV) of their investment, it gives recycling industries an idea of how
much waste will be generated in a particular year and the amount of PV panels that can be
collected given a set of strategies that they implement.

The game summary and detailed simulation results in the game will help players to
understand the strategies that form their rewards and penalties in the game. Rewards and
penalties have been reported as having positive impacts on players’ extrinsic motivation
to achieve the best possible outcomes [49]. This feature is part of the game’s narrative
and player feedback system by confronting them with the direct consequences of their
actions [50]. Understanding these direct consequences is part of the experiential and social
learning process to improve stakeholders’ decision-making abilities. In the multiplayer
mode, players can discuss the results, rewards, and penalties throughout the game session
to improve their collaboration skills.

Participants viewed the game positively and wanted to play the game again, which
indicates the game’s capability to increase learning motivations and engagement. The
preliminary evaluation of the multiplayer game’s learning outcomes indicates that the
game is generally effective in assisting decision-making activities for enabling a PV product
stewardship scheme, although it is lacking in the relational learning aspect. This could be a
future area of improvement for the game to develop a feature that could facilitate better
communication between the two players.

Globally, this game could potentially also aid other countries conducting similar efforts
by increasing stakeholders’ understanding of strategies to enable a product stewardship
scheme for PV panels and their long-term impacts. Although the results may not reflect
their actual conditions due to the use of the Australian residential solar sector used as the
game’s case study, stakeholders can still improve their cognitive and relational learning [9,
51]. The concept of product stewardship strongly aligns with the extended producer
responsibility (EPR) principles applied in European countries and the United States [52,53].
Landfill levy or ban is also a universally accepted regulation in many countries to prevent
waste from entering the landfill.

The limitation that this game has is the exclusive use of rewards and penalties and
performance graphs as the gamification techniques. Employing a rewards and penalties
system creates awareness around behaviours or actions that are encouraged and discour-
aged when solving a problem [49]. Displaying performance graphs have also been proven
useful to increase learning motivation that focuses on continual improvement [54]. Other
gamification techniques such as badges and leaderboards could also be useful in future
sustainability-related serious games. These features have been applied extensively in
serious games for education but can also potentially be useful in promoting stakeholder
motivations and engagement [55,56]. Because the nature of this game is not competitive,
but rather collaborative, we hypothesised that employing such techniques will likely be
counterproductive to the outcomes. Nonetheless, an insight on gamification techniques can
be drawn after the game has been evaluated by stakeholders as to whether such features
have satisfied the purpose of the game.
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6. Conclusions and Future Directions

A serious game called R3SOLVE was developed in this study to improve understand-
ing and stakeholders’ decision-making ability in enabling EoL management of PV panels.
The game consisted of a single player mode and multiplayer mode. It was built based
on an integrated design framework that includes a formative and summative evaluation
process to ensure that the game is engaging and realistic. It consisted of a KEE (i.e., SD
model and game database) as the decision support system for the game and a UI, which
are connected through a communication controller, PUN, events controller, and simula-
tion and decision controller. By incorporating an SD model that was developed using a
participatory approach, the game can convey system complexity, dynamic behaviour, and
accurate representation of the real-world problem. The beta testing process also helped to
improve learning the objectives of the game, user experience, and to identify bugs before
the deployment for stakeholders’ use.

The learning objectives of the game is for stakeholders (i.e., government and PSO) to
learn about the concept of the PV product stewardship scheme and its supporting decisions,
such as landfill regulation, waste collection improvement strategies, and recovery strategies.
The cyclical design of the game will enable players to have direct feedback based on their
actions as a reference to take further actions. Rewards and penalties are also employed
to increase players’ extrinsic motivation to use critical thinking in making decisions and
achieving the best outcomes in the game. Performance graphs are utilised to measure and
visualise player performance over time.

Given that this study is only limited to describing the serious game development
process (i.e., formative evaluation), future studies should focus on conducting a workshop
session with stakeholders consisting of the government and recycling industries. This will
facilitate dialogue and discussion among stakeholders to design a PV product stewardship
scheme and plan the collection and recycling strategies and infrastructure development.
Stakeholders can also provide inputs to the authors to further improve the effectiveness of
the game. The workshop should also evaluate cognitive and relational learning outcomes
to understand the role of the developed serious game in promoting stakeholders’ under-
standing and decision-making ability. Future game development in EoL management of
PV panels should also incorporate spatial scales to enable more accurate decision experi-
mentation given that different Australian states or countries have different PV uptake and
socio-economic and political characteristics. More broadly, future sustainability-related
serious games can integrate other gamification techniques (e.g., badges and leaderboards)
to promote better stakeholder engagement and motivations.
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