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SDU Center for Energy Digital Twins (DTs) have attracted great attention in the energy sector. Game engines
Informatics, Maersk Mc-Kinney have been suggested to model DTs of their physical counterparts because they pro-
ﬁ?g:gg%gﬁ;iﬁity vide realistic graphics, lighting-, fluid- and physics engines that simulate the real world.
5230 Odense, Denmark However, the application of game engines to develop DTs for photovoltaics (PVs) has

not yet been discussed in the literature. Therefore, this paper assesses the built-in game
engine features' ability to support the DT development of PVs with Unreal Engine 5.
This paper mainly focuses on visual representation because the surrounding environ-
ment significantly impacts PV deployment, and the existing software tools do not
allow the study of the environmental factors at the early planning phase of a project’s
lifecycle. Furthermore, this paper investigates the position of the sun, shadows and
reflections from nearby objects that influence the PVs power output, and if the built-in
light engine can be used for planning the deployment of PVs. The result shows that in-
game objects in the environment can be used to affect the simulated PV output esti-
mate over a year. It also indicates that applying Unreal Engine 5 to model PV systems
that rely on mirroring real-world behaviour is promising if accurate data is used in the
modelling. Real data and mathematical PV models are necessary since Unreal Engine
5's Lumen subsystem cannot provide realistic solar radiance on PVs for a given location
on earth.
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Introduction

Photovoltaics (PV) are one of the most important renewable energy resources in the
energy systems (Ma et al. 2019a). The scale of PV applications ranges from residential
to utility deployments and has already been applied successfully in many regions world-
wide e.g., (Ma et al. 2018; Billanes et al. 2018). The global capacity has increased from
100 Gigawatt (GW) in 2012 to 1 Terawatt (TW) in 2022, and it is estimated that this
trend continues (Schmela 2022). During the same period, the price of solar modules
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decreased by approximately 90%. The decreasing investment costs and price pr. kWh,
combined with efforts to reduce the carbon footprint make PVs favourable when invest-
ing in renewable energy sources (Ma et al. 2019b). However, PV deployment still faces
multiple challenges, e.g., geometry such as landscape, layout, mounting and absolute
position on earth.

Economic models, simulation- and optimisation software have addressed many of
these challenges by using historical weather data, synthetic solar data, and solar radi-
ance incident models that predict [W/m?] on fixed and tracking surfaces, e.g., HOMER,
Aurora, Bluesol and PV Sol. The proposed modelling, simulation and software are usu-
ally used in the early planning phases to determine the feasibility of the PVs in an area.
Furthermore, visualization is typically included to provide the means of plots, 2D sche-
matics, satellite views, or low poly 3D graphics.

In recent literature, mirroring physical systems in software constitutes the concept
of a “digital twin” (DT). A DT is a representative virtual model that reflects a physical
object or process. A DT differentiates itself from simulation by utilizing a real-time bi-
directional connection between the virtual model and the physical object or process.
This connection enables instantaneous updates from the real world to the virtual model
that informs the underlying model and thus improves its capabilities. Furthermore, the
virtual model can make corrective changes to the physical object or process by manipu-
lating its controls. Making corrective changes aims to improve productivity and reduce
operating costs and failure rates. DTs have attracted significant attention in the energy
sector; much literature has discussed the application of DTs for PVs, such as digital twin
modelling of photovoltaic panels (Delussu et al. 2022) and digital twins of solar farms
(Arafet and Berlanga 2021).

With the recent advancements in state-of-art game engine frameworks, new opportu-
nities arise. Game engines provide photorealistic graphics, lighting-, fluid- and physics
engines that simulate the real world. Game engines offer a highly interconnected simu-
lator for responding to real-time input locally or across computer networks. These fea-
tures make them suitable for studying and exploring how next-generation PV systems
can be developed by exploiting these powerful tools. Furthermore, game engines sup-
port incremental development where early models can gradually expand. This gradual
expansion supports the project lifecycle from modelling early prototypes to eventually
mirroring the physically deployed PV system. However, the application of game engines
to develop digital twins for PVs has not yet been discussed in the literature. Whether it is
possible to benefit from game engines to build DTs for planning the deployment of pho-
tovoltaics remains unclear.

Therefore, this paper aims to assess game engines as a tool to develop a DT for PVs.
The overall objective is to assess to which degree the built-in game engine features sup-
port the DT development of PVs. This paper mainly focuses on visual representation
because the existing software tools do not allow to study the environment with a high
degree of presentability.

Furthermore, this paper investigates if the built-in components in UE5 can be used
for planning the deployment of PVs and its power output. The basic premise is the capa-
bility to represent the position of the sun in the sky visually correct in relation to the
position on earth and the time of year. PVs depend on solar irradiance [W/m?], which
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requires that the game engine must be able to provide this value. To assess the features
of the small-scale residential PV system, the configuration of the PVs, the solar irradi-
ance and the power output estimate of the PVs are implemented.

The rest of the paper is structured as follows: LITERATURE REVIEW presents the
state-of-art and current limits within digital twins and their applications. METHOD-
OLOGY introduces the main steps of the process, the tools used to implement the
prototype and related methods. PV MODELLING AND DIGITAL TWIN ARCHITEC-
TURE DESIGN presents the design of the PV prototype. SCENARIO DESIGN presents
each scenario under study. RESULTS presents the results of each scenario under con-
sideration. DISCUSSION contains a discussion of the results and the advantages and
limitations of applying game engines for planning digital twins of PVs. CONCLUSION

concludes the paper.

Literature review

This section presents the origin and definitions of DT as stated by the literature. The
definitions are used to establish the nomenclature used throughout this paper. Further-
more, the purposes, methodologies and application domains of DT are presented fol-

lowed by a discussion of the challenges.

The definitions of digital twins

The concept of DTs was anticipated in 2002 by Grieves in a presentation at the Univer-
sity of Michigan, where it was introduced as a conceptual idea for the product lifecycle
management (Grieves et al. 2017). DTs have received increased scientific attention since
NASA’s Technology Roadmap Report in 2010 (Piascik et al. 2010). NASA elaborates
with a DT being a paradigm that integrates technologies into a multi-physics, multi-
scale simulation. An important aspect is that the DT utilize high-fidelity modelling and
situational awareness to provide a real-time virtual construct. According to Grieves et al.
(2017), a DT is defined as “... a set of virtual information constructs that fully describes
potential or actual physical manufactured product from the micro atomic level to the
macro geometrical level. At its optimum, any information that could be obtained from
inspecting a physically manufactured product can be obtained from the Digital Twin”

Kritzinger et al. classify DT into subcategories through their level of integration
between the physical and digital counterpart (Kritzinger et al. 2018). The subcategory
Digital Model (DM) is a digital representation with no link to the physical object. Con-
sequently, no data flows from the physical object to the virtual object, and the use cases
are attributed to, e.g., simulation, mathematical models or any other physical object
models. The subcategory Digital Shadow (DS) extends the definition of the (DM) by an
automated one-way data flow from the physical object to the virtual object. The state of
the physical object is reflected in the virtual object. The subcategory DT extends the DS
by replacing the one-way link with a bidirectional link that enables the virtual object to
control the physical object.

A DT is a dynamic representation throughout the product’s life cycle i.e., creation,
production, operation, and disposal (Grieves et al. 2017). Grieves et al. distinguish
the types of DT into Digital Twin Prototype (DTP) and Digital Twin Instance (DTI)
(Grieves et al. 2017). The DTP describes a prototypical physical artefact containing the
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information necessary to define and produce the physical object. The information can
include requirements, a fully annotated 3D model, bill of materials, bill of processes, bill
of services and bill of disposal.

The DTI describes the actual physical object that the DT remains linked to for its
entire lifetime. The DTI contains additional information, e.g., current and past com-
ponents, maintenance information, and operational states captured from historical or
actual sensor data or predictions. The DTP or DTI is operated within a Digital Twin
Environment (DTE), an integrated multi-domain physics application space. In the cre-
ation phase, the DTE is used to predict the behaviour and performance of a physical
object by utilizing the DTP. In the operation phase, the DTE is used to predict behaviour
and performance by utilizing historical- and actual measurements provided by the DTI.

Purposes

DT may serve multiple use cases; however, the most common use cases are for visu-
alization, monitoring, prediction, optimisation and control. The literature generally does
not distinguish between visualization and monitoring, even though these acts are car-
ried out at different stages in the product lifecycle. Visualization can be referred to as
DTP in the creation phase, while monitoring can be referred to DTI in the operating
and maintenance phase. Monitoring and visualization can be realized with instrumen-
tation such as dashboards (Lee et al. 2021; Felemban et al. 2021; Granelli et al. 2021;
Lin and Low 2020), custom user interfaces (Xu et al. 2021; Zhang et al. 2021; Viola and
Chen 2020; Leinonen et al. 2019) or game engines (Lee et al. 2021; Abdallah et al. 2020;
Sharotry et al. 2020; Negrin et al. 2021; Pereira and Ellman 2020; Eyre et al. 2018; Kong
et al. 2020; Zhifeng et al. 2021; Leskovsky et al. 2020; Li et al. 2021a; Fan et al. 2021),
and requires that the thing being monitored provides a data stream, e.g., from sensors.
The data stream may be real-time, near real-time or historical. Real-time data presents
the physical object as close to reality as possible, while historical data is used to put the
real-time data in the context of previous events. Visualization technology such as CAD
(Computer-Aided Design) tools, simulation tools and 3D modelling tools are commonly
used in the creation phases while dashboards, custom 2D User Interface (UI), game
engines, virtual reality and augmented reality are used in the operation phase.

Methodologies

The methods used to develop DTs span widely and depend on their purpose. Simulation
methods are fundamental to constructing a DT to predict, optimise, and make decisions
or detect faults. Simulation methods may be based on agent-based simulation (Belfadel
et al. 2021; Meta et al. 2021; Park et al. 2020; Rodriguez-Aguilar and Marmolejo-Saucedo
2020; Vrabic¢ et al. 2021) or discrete event simulation (Eyre et al. 2018; Rodriguez-Aguilar
and Marmolejo-Saucedo 2020; Vrabic et al. 2021; Karakra et al. 2020; Negri et al. 2019,
2021; Marmolejo-Saucedo 2021; Hyeong-su et al. 2019). Agent-based simulation is used
to model autonomous agents that fulfil their own decisions to satisfy a common goal,
e.g., people in urban simulation (Belfadel et al. 2021; Meta et al. 2021; Christensen et al.
2019), supply-chain agents (Park et al. 2020; Howard et al. 2021), and highly specialized
units (Veerbak et al. 2019) and learning agents (Vrabic et al. 2021). Discrete event simu-
lation is a simulation method that simulates events with a chronological event queue,
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e.g., production processes (Christensen et al. 2020a, 2020b), arriving patients (Karakra
et al. 2020), drilling station (Negri et al. 2019, 2021), periodic decisions in supply chains
(Marmolejo-Saucedo 2021) and robot events (Eyre et al. 2018).

The simulation models may be interconnected to provide its result to external pro-
grams to establish feedback loops (Eyre et al. 2018). Interconnection of simulation
models is also referred to as (1) synchronized simulation (Negri et al. 2019, 2021) or
(2) co-simulation where heterogeneous simulation models are interconnected through
functional mockup interfaces (Perabo et al. 2020). Simulation tools applied for DTs are
such as MATLAB, AnyLogic, OpenModelica, Open Simulation Platform and Energy-
Plus (Howard et al. 2021).

Artificial Intelligence (Al) is commonly used to construct DTs and is used for pre-
dicting, detecting, making decisions, planning and diagnosing. The most common Al
methods include machine learning (Vrabi¢ et al. 2021; D’Amico et al. 2019; La Russa and
Santagati 2020; Darvishi et al. 2021; Demirel et al. 2021; Greis et al. 2021; Zohdi 2020;
Hafez 2020; Min et al. 2019), neural networks (Vrabi¢ et al. 2021; Mourtzis et al. 2021;
Wu and Li 2021) and genetic algorithms (Viola and Chen 2020; Negri et al. 2019, 2021;
Zohdi 2021a). Software engineering methods are mainly applied to specify functional
requirements and document the DT’s structure and behaviour.

Application domains

DT has been applied in a wide range of domains. The most prominent domains include
manufacturing, buildings, aviation, logistics, mechanical engineering, healthcare, and
energy systems (Howard et al. 2021). In energy systems, DT for renewable energy sys-
tems has been applied within agrophotovoltaics (Zohdi 2021b) and energy analytics
platforms (Abdallah et al. 2020; Zhang et al. 2021). For instance, (Zohdi 2021b) presents
a DT framework and method that aims to provide a computational framework to design
and deploy complex agrophotovoltaic systems rapidly. The method allows for tracking
and optimising solar power flow in solar farm facilities and is based on a genomic-based
machine-learning algorithm that configures the system with various parameters to arrive
at an optimal system.

Abdallah et al. (Abdallah et al. 2020) assessed the potential of game development plat-
forms for energy systems—including renewable energy—by implementing a DT of an
energy analytics lab. The results showed that Unity 3D hold the potential for visualizing
the lab through Virtual Reality (VR) and enables bidirectional communication for moni-
toring and controlling purposes. Zhang et al. (Zhang et al. 2021) proposed a DT hybrid
simulation platform intended for use in engineering education for renewable energy.
The DT platform consisted of an experimental subsystem, real-time digital simulation
subsystem, graphical display, and connectivity to remote data. The results showed that
the DT platform could reproduce the behaviour of most industrial systems in renewable
engineering with good accuracy. Furthermore, the DT platform significantly reduced the
costs of acquiring expensive hardware while offering flexibility.

Razo et al. (Razo et al. 2020) proposed a method to parametrize and simulate PV sys-
tems with limited or no a priori knowledge. Using on-time measured power, ambient
temperature, and satellite-derived irradiance with a genetic algorithm, they created a
precise DT of a PV system. Liu et al. (Liu et al. 2021) developed a DT for a photovoltaic
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power station where they utilized Unity 3D for real-time visual rendering and monitor-
ing. Their geometry model was built in 3ds Max and imported into Unity 3D to form the
PV arrays and the complete system design. Their DT supports bidirectional communica-
tion for real-time data feed from the PV to the DT and conversely from the DT to the PV
for instructions to guide operation.

Challenges

Multiple challenges of DTs are stated in the literature. Developing DTs is a non-trivial
affair that requires cross-functional and highly skilled labour (Eyre et al. 2018). The lack
of a universal terminology and classification makes DTs difficult to comprehend and
communicate the concept (Khan et al. 2020; Volkov et al. 2021; Autiosalo et al. 2020;
Barth et al. 2020; Raes et al. 2021; Minerva and Crespi 2021; Zhang and Sun 2021). This
issue propagates challenges of scoping (Shao and Helu 2020), ontology (D’Amico et al.
2019), and increased development costs (Felemban et al. 2021; Landahl et al. 2018; Shah
et al. 2021). Difficulties in scoping are emphasized by the multi-modalities of DT, i.e.,
visualization, monitoring, prediction, and control. Another issue is that the term DT has
been hyped and used diligently to envelope established methodologies and technologies,
making it a challenge to classify software as a DT (Minerva and Crespi 2021).

A DT requires connectivity to the physical object(s), which involves equipment with
IoT (Internet-of-Thing) sensors and actuators already in operation. Given the hetero-
geneous nature of IoT and big data means that integration, data sharing and manage-
ment issues arise (Negrin et al. 2021; Fan et al. 2021; Negri et al. 2021; Perabo et al. 2021;
D’Amico et al. 2019; Adamenko et al. 2020; Lehner et al. 2021a, 2021b; Li et al. 2021b).
Middleware that eases integration exists but at the cost of architectural- and infrastruc-
tural complexity, increasing development costs.

Practical approaches to developing DTs in commerce and industry are still sparse.
This calls for practically proven standards, frameworks, and reference architectures in
targeted domains. Furthermore, proven technology and methodologies for developing
and operating DTs remain challenging (Negrin et al. 2021; Fan et al. 2021; Karakra et al.
2020; Min et al. 2019; Barth et al. 2020; Raes et al. 2021; Adamenko et al. 2020; Michael
2021; Piroumian 2021).

In relation to the planning of PVs, the current tools lack realistic visual representa-
tions that include the surrounding environment, i.e., the sun, buildings, roads, weather,
shadows, and reflections. This can be used to present various scenarios of planning PV
deployment to non-technical stakeholders. The work in this paper will contribute by
providing a visual representation that reflects the minimum necessities for presenting
and developing DT in PV applications.

Methodology

This paper aims to investigate the potential of game engines to develop DTs of PVs. A
game engine is essentially a real-time simulator. The game engine processes a continu-
ous stream of input and manipulates its internal model and visual components accord-
ingly. This manipulation causes a state change which is reflected as a visual response in
the form of animated graphics. Modern game engines provide features that are com-
pelling for other applications than games. The advancement of photorealistic graphics,
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light-, fluid- and physics engines make them useful for engineering use cases. Choosing
a game engine depends on the requirements since each game engine has its advantages
and disadvantages. A set of requirements for a minimum viable prototype of residential
rooftop PV was identified, as shown in Table 1.

A DTP is developed since the proposed PV DT is a prototype of a physical artefact
and takes place in the creation phase. The DTP is not connected to the real world and
therefore categorizes as a DM with a simulated behaviour. This is appropriate since the
prototype is intended as an early implication assessment of applying game engines in the
PV domain.

LG375Q1C-V5 were selected to represent the PV modules. This module consists of
60 cells in a 6 x 10 configuration and produces 375 W under standard test conditions
1000 W/m? and 25 °C. Arranged in a 16-module PV array gives a cumulated capacity 6
kWp which is a typical dimensioned array for average households. In a real-world sce-
nario, the PV power production depends on factors such as varying load, irradiance,
and temperature. This paper assumes standard test conditions to narrow the scope
on the potential of game engines. For the same reason, inverters and batteries are not
considered.

So far, game engines have not been suggested to develop PV DTs. Unity and Unreal
Engine 5 (UE5) frequently represent DTs virtually. Both game engines provide rich fea-
tures such as development environments, connectivity, asset stores, plugins, landscape
editors, importability of 3D models and programmability through either visual cod-
ing, C# or C+ +. UE5 provides all features free of charge until royalties of 5% apply at
USD 1 M gross revenue, whereas Unity is free of charge with an annual revenue cap of
USD 100 K. For visual appearance, UE5 is superior in environment lighting, including
dynamic shadowing, reflections, and directional light sources (i.e., the sun). The visual
appeal and representation of the DT PV application are essential; therefore, UE5 is cho-
sen in this paper. To develop the PV model and DTP, besides UES5, the following tools or
plugins are applied in this paper:

« UES5’s Marketplace assets represent the residential house and environment.
+ UES5’s built-in static mesh editor for modelling custom PV modules.

+ UES5’s blueprint feature for adding behaviour to in-game actors and levels.
+ UES5’s level feature for representing individual scenarios.

Table 1. Prototype requirements

ID Brief requirement description

Requirement 1 Represent a light source that visually imitates the sun and its position on the sky depending on
the absolute position (latitude, longitude) on earth and the time of the year

Requirement 2 Represent an array of commercially available PV modules with each module having the follow-
ing attributes:
Multiple cells
Fixed slope and orientation (azimuth)
Flat mounted directly on roof

Requirement 3 A PV module cell must be capable of:
Power production when exposed to direct solar radiation (beam radiation)
Power production when exposed to indirect solar radiation and take account for shadows (dif-
fuse radiation)
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+ UES5’s plugin ‘Sun Positioning Calculator’ available from their Marketplace.
+ Python and matplotlib for post-processing the collected simulation data.

PV modelling and digital twin architecture design

This section describes the model design and the architecture of the DTP. The physical
model is depicted through domain modelling, and each concept is explained. Subse-
quently, the implementation details of the domain model are explained.

PV model design
The model in Fig. 1 depicts the basic geometry for a residential PV array mounted on a
rooftop. The PV array has a slope, the angle between the horizontal plane and the mod-
ule surface; 0° <P <180°. An angle greater than 90° means that the module faces the
ground. Furthermore, the PV array has an azimuth which is the orientation of the mod-
ule surface where due south is 0°, east negative and west positive; — 180° <y <180°. The
zenith angle is the angle between the vertical line and the line from the sun. A module is
built up of individual cells, each capable of converting solar irradiance into power.
Figure 2 shows the domain model of the depicted rooftop PV. The sun emits energy
(irradiance) and is collected by the PV array. The PV array is arranged through a series
of modules, and each module is mounted on the roof. The deployment parameters
of a module are slope and azimuth which affect the annual power production. The

power output of each module depends on the absolute position on earth (latitude/

A Zenith

VY A
<Q.>
PA

S
0°
Fig. 1 Geometry of the PV domain
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Fig. 3 UE5 meta-model

longitude), time of year, beam radiation, diffuse radiation, cell temperature, derating
factor and ground reflectance (albedo).

The domain model is implemented in UE5. UE5 provides a framework of built-in
types; therefore, the PV domain must be mapped into this framework (see Fig. 3).
The UE5 meta-model is simplified to discuss the entities of relevance within this
paper. UE5 is built up around the concept of a world in which multiple levels can
exist. Actors are visual or non-visual objects that exist or can be spawned in a level,
and they can be attributed with, e.g., static mesh, variables and behaviour. A static
mesh is a non-animated geometry type that contains polygons which the game engine
can render. Variables can be either primitive or complex types. Behaviour is realized
through Blueprints, which are logic that can be attached to levels, actors, or com-
ponents. A component is a generalized type that unlike an actor cannot be directly
spawned in the world. A component must be attached to an actor, but the component
is suitable for reuse across many actors.

Table 2 contains the mapping of entities from the PV domain to the UE5 meta-
model. The SunSky actor enables the correct positioning of a sunlight source in the
sky both at compile- and runtime. This functionality is provided out-of-the-box, and
only the runtime behaviour must be implemented, i.e., positioning the sun by dynam-
ically responding to event inputs.
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Table 2 PV to UE5 domain mapping

PV domain entity UE5 entity

Sun The plugin‘Sun Position Calculator’ (Geographically Accurate Sun Positioning Tool 2022)
provides a SunSky actor which positions the in-game sun visually correct based on latitude/
longitude, time zone and date/time

PV cell Custom static mesh component

PV module Custom actor with custom PV cell components and a glass material overlay

PV array A series of custom PV module actors

House rooftop Static Mesh actor that represents a residential house from the ‘Modular Neighborhood Pack’

downloaded from the UE5 Marketplace

Environment Various static mesh actors to represent trees, roads, fences, bushes etc. downloaded from
the UE5 Marketplace

Fig.4 Custom PV module with 60 cells arranged in 6 x 10 rows in UE5

Ideally, the PV modules should be a replica of the chosen commercial PVs. Unfortu-
nately, such replica is unavailable. UE5 Marketplace provides realistically looking PV
modules of fixed sizes. The prefabricated PV modules cost a small fee and does not come
with 60 individual cells as the chosen modules. Therefore, modifications would have to
be made. Creating a custom module involves a similar task of adding individual cells and
behaviour through blueprints, but without additional fees. However, the look and feel of
the PV module may not be as photorealistic. Deciding on the best approach is a trade-
off on case-to-case basis. A custom PV module actor with 60 cells was implemented by
representing each cell as a static mesh component of a cube and applying a blue glass
material for visual effect (see Fig. 4). The PV modules can be arranged to form a PV array
on a rooftop as seen in Fig. 5.

Detecting PV power production

UE5’s Lumen Global Illumination system provides the option to use physical units (lux)
to represent a scene realistically by reflecting and diffusing lights. Ideally, UE5 could be
ingested with real-world measurements of solar irradiance of a specific location and then
rely on the engine’s direct- and reflected light and eventually be collected by the PVs.
UE5 provides a dynamic histogram range (HDR) tool in editing mode for quantifying
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Fig. 6 PV array blocked by mountains in the horizon early in the morning

the reflected light from the camera’s perspective. PV applications are interested in calcu-
lating radiation incidence on the PV array. However, in UES5, it is not possible to quan-
tify the light that hits a given surface from the perspective of that surface. Instead, line
tracing from the PV cells to the sun was used to determine if a direct beam hit the cells.
In this way, it is possible to establish vectors from each PV cell to the sun to determine
if these are within the line of sight. Any actor with enabled collision interrupts the line
tracing. Figure 6 shows the sun being blocked by mountains on the horizon. The visible
light on the PVs is therefore diffused. Figure 7 shows the line tracing from the individual
PV cells to the sun when there is free line of sight.

Not all static mesh actors have collision by default. This is the case with trees where
leaves are modelled with foliage. For these actors, the built-in static mesh editor was
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Gt
ety

Fig. 8 A tree blocks line tracing

used to apply box- and capsule collision that formed the tree’s crown. The effect is
shown in Fig. 8 where there is no line trace on the shadowed panels. Figure 9 shows a
sequence diagram of the cell activation mechanism. UE5 fires event ticks for each gener-
ated frame. The PVModule blueprint reacts by creating a line trace between the sun and
each cell. The cell activates and provides full power output if there is a line of sight. Pro-
ducing full power output on beam radiation does not reflect reality, but it is sufficient to
assess the prototype. Encapsulating the activation mechanism in the PVModule makes it
easy to scale the capacity by adding/removing PV modules to the rooftop.
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sd PV cell activation)

:PVModule ‘World

eventTick
»

sunPos := getSunPosition()

loop J cPos := getCellPosition(c)
los :=lineTrace(cellPos, sunPos)

[cells in PVModule] [
alt activateCell()
[in line of sight?] |:

Fig.9 Cell activation sequence diagram

Simulation model

A simulation model was implemented as a blueprint to simulate the PV power output
for a year. The blueprint is illustrated in Fig. 10 is a simplified sequence diagram. The
simulator is manually activated by a button in-game that initiates a Timer. A Timer
is a built-in UE5 function that creates a separate thread and periodically executes a
user-specified function. In this case, the Timer calls the method simulate(from, to,
resolution). Potentially, the call to simulate is a time-consuming process which blocks
the frame generation if called for a whole year. Therefore, the period of the Timer
defines the simulation speed.

The simulation speed must be set to a reasonable fraction of a second to allow UE5
to process frames. Fundamentally, the simulator samples the power output from the
activated PV cells, adds the result to a time series and advances itself forward in time
with the given resolution. Finally, the World is updated with the current time the Sun-
Sky actor uses to position the sun. The time series is exported to a log file that can be

retrieved for post-processing.

Scenario design
The implemented DTP of the rooftop PV is simulated in two scenarios with the simu-

lation model:

The baseline scenario

+ Purpose: The baseline scenario illustrates an ideal clear-sky environment where no
objects block the PV array.
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sd PV output
simulation .
:Simulator ‘World

simulate(from , to, resolution) 1

{ 4 P
currentTime := from
I: ; |timeSeries:= new

pvCells := getPVCells()

loop J

[cumrentTime <= to] [

loop J F powerOutput += cellPower E

powerOutput := 0

addTo(timeSeries, powerOutput)
[cells] I:

Fig. 10 Simulation model

« Description: The baseline scenario is a flat surface environment as shown in
Fig. 11. The PVs are mounted on a rooftop with an azimuth of y=0° and a slope of
S =20°, which corresponds to the slope of the roof. A single PV module represents
a typical commercially available module with a capacity of 0.375 kWp.

+ Data input: as shown in Table 3.

+ Data output: The variable of interest is the PV array production pr. day [kWh/day] for
a one-year duration. Each cell produces full capacity [W] when exposed to a direct
beam, i.e., when the cell is activated. This output is represented as a floating-point
number attributed to the given cell in any generated frame.

The alternative scenario

+ Purpose: The alternative scenario illustrates the implication of objects that may block
the direct beam radiation over the year.

+ Description: The alternative scenario corresponds to the baseline clear-sky environ-
ment but with surrounding trees with collision boxes, as seen in Figs. 12 and 13. The
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Fig. 11 The baseline scenario

Table 3 Data input baseline scenario

Parameter Value
Azimuth 0°
Slope 20°

PV cell capacity 6.25W

PV module capacity
PV array capacity
Simulation start
Simulation end
Simulation step size
Simulation speed

Absolute position on earth
Time zone

6.25W * 60 cells=375W

375W * 16 modules =6000 W

2022-01-01 00:00:00

2023-01-01 00:00:00

1 min

10 ms i.e, 10 ms advances the simulation with the
given step size in-game

latitude, longitude

UTC corresponding to the given latitude and longitude

Page 15 of 26
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Fig. 12 The alternative scenario, top view

L)

Fig. 13 The alternative scenario, side view
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Fig. 14 Two chosen locations (Odense Denmark and Singapore)
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Fig. 15 Daily extraterrestrial radiation

exact dimensions and positions of the trees are unspecified since this information
is not necessary to compare differences between the scenarios. Measurements can
be retrieved through UE5’s measurement tool. The choice of trees is for illustration
purposes. Other obstacles could have been used, such as buildings and elevated land-
scapes if collision boxes are applied.

« Data input: Equal to the baseline scenario.

« Data output: Equal to the baseline scenario.

Two locations (latitude, longitude, shown in Fig. 14) on earth were chosen for testing
the effect of the absolute position on earth in relation to the received solar radiation over
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Table 4 Sample data from simulation

Timestamp Watts

2022-01-23 09:27:00 54125
2022-01-23 09:28:00 54125
2022-01-23 09:29:00 5525
2022-01-23 09:30:00 5525

90 - Odense, baseline

- Odense, w/trees.
80 1 i . —— Singapore, baseline
----- Singapore, w/trees

70 A
60

s04 by peseaeeepert

40 A

PV array output [kWh/day]

30 A

20 4

Month
Fig. 16 The simulated daily PV array power output for all scenarios

a year. It is expected that the northern hemisphere receives concentrated radiation dur-
ing summer and that radiation fluctuates less over the year near the equator (see Fig. 15).
Singapore is located very near equator and therefore this location was chosen. Any loca-
tion with a latitude close to equator would be sufficient.

» (55.403756, 10.40237), UTC + 1 Odense, Denmark.
+ (1.290270, 103.851959), UTC + 8, Singapore.

Results
The results were conducted on a workstation machine consisting of an AMD Ryzen 9
5900X 12-core processor, 64 GB DDR4-3200 RAM, NVIDIA GeForce RTX 3060 and a
Samsung 970 EVO NVMe drive. Each simulation ran for approximately 1.5 h. A sample
of the collected data is shown in Table 4 with a timestamp and the watts produced in
that frame. It is assumed that the number of watts produced within that minute remains
unchanged; therefore, this value is equal to watt minutes [Wm].

The watt minutes were aggregated into kilowatt hours per day [kWh/day] by sum-
marizing the 1440 min of each day and dividing by 60.000. Figure 16 shows the results
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Fig. 17 The simulated quarterly PV array power output, Singapore, 13 March 2022

Fig. 18 Singapore, 13 March 2022, 08:30 local time

for all four scenarios. The yearly production is 22902.89 kWh for Odense baseline,
11950.8 kWh for Odense w/trees, 24505.23 kWh for Singapore baseline and 19214.13
kWh for Singapore w/trees. The PVs’ output signal is unrealistic because the model is
naive and produces the rated standard condition test power output when exposed to
a direct beam. However, the patterns can be compared. The scenarios with/without
trees follow the pattern of daily extraterrestrial horizontal radiation [W/m2/day] for
the two positions. Therefore, UE5’s ‘Sun Position Calculator’ plugin is a representative
light source to visualize the sun. It is clearly visible that trees significantly impacted
the PV array output for the whole year period. For Odense Denmark, the most sig-
nificant impact is from March to May and mid-August to mid-October. For Singa-
pore, the most significant impact is from mid-February to March and from August to
mid-October.

Taking 13 March 2022 as an example, the scenario results for Singapore are shown in
Fig. 17. Hours 8-9 am show a spike in production while drops in hours 9-11 am. This
is explained through an illustration with collision boxes (Fig. 18) where a small opening
in the east at 08:30 causes production. Still, the tree and the collision box eliminate pro-
duction as sunrise until noon. The production decreases at hour 17 and is eliminated in
hour 19. This is explained by the location of the west-most tree, as illustrated in Fig. 19.
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Fig. 19 Singapore, 13 March 2022, 19:30 local time
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Fig. 20 The simulated quarterly PV array power output, Odense, Denmark, 1 April 2022

The scenario results for Odense Denmark on 1 April 2022 are shown in Fig. 20. 1 April
2022 was examined due to the great difference in PV output between the two scenarios
for this day. The tree in the east partially eliminates production in the hours 7-12. The
tree in the south partially eliminates production from hours 10-16. The overlap results
from an opening between the two trees that cause a direct beam, as shown in Fig. 21.

Discussion
This paper developed a DTP of a residential rooftop PV to assess the benefits of applying
UES5 for PV deployment. There are three requirements in this investigation:

The requirement 1 involves a visually correct representation of the sun in-game
depending on latitude, longitude, and time of year. The plugin ‘Sun Position Calculator’
fulfilled this requirement, which provides an actor that can be manipulated statically and
dynamically during run-time. The plugin allows a developer to parameterize the sun and
thus enables simulation of scenarios over a yearly period which is used to calculate PV
production estimates.

Requirement 2 is fulfilled by customising the actor PV modules and cells using only
UES5. The shape and size can be customized to represent commercially available mod-
ules. Properties can be attributed to actors and components to reflect the specification
of the PVs.
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Fig. 21 Odense, Denmark, 1 April 2022, 11:00 local time

Requirement 3 is partially fulfilled. The implemented DTP could simulate the yearly
PV production, but with caveats.

The results show that UE5 cannot provide direct access to information about the light
collected by a given surface with the features of Lumen and the volumetric cloud system.
Lumen provides tooling for developing visually stunning scenes; however, these tools are
built for artists and not for practical applications that rely on non-body physics such as
light in PV applications. The volumetric cloud system is not sufficient for considering
cloudy and non-cloudy days. Consequently, a DT developer must implement a PV out-
put model.

This paper implemented a naive model that produces full capacity when cells are
exposed to a direct beam, which was sufficient as DTP to assess UE5 DM capabilities
in the PV domain. For real applications, it is suggested to integrate well-known PV out-
put models, for instance, the Hay, Davies, Klucher, Reindl (HDKR) irradiance model that
calculates the global radiation incident on the PVs. Such a model requires solar radiance
measurements for the absolute position of interest. This data is available through vari-
ous databases e.g., Baseline Surface Radiation Network (BSRN), World Radiation Data
Center (WRDC), Photovoltaic Geographical Information System (PVGIS) or satellite
data.

UE5 can account for objects that cast shadows on the PVs through line tracing. This
mechanism can be used to track if a cell is being blocked and consequently calculate
power output based only on the diffused light. Special attention must be given to objects
that cast shadow. Collision boxes are applied to block the direct beam; therefore, colli-
sion boxes must be carefully modelled to represent the true blocked direct beam. Veri-
fication models should be used to determine the precision of collision boxes which is
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disregarded in the developed DTP. If high fidelity is a concern, trees must dynamically
change behaviour during runtime depending on the year’s season. For example, naked
trees cast less shadow during winter. Furthermore, the suggested line tracing mechanism
anticipates a clear sky view.

UES5 is built for real-time simulation, which may be sufficient for DS applications. For
DM applications, mechanisms for speeding up simulation time in-game must be imple-
mented by the DT developer. A DM executed within UE5 has a significant overhead
when the model depends on the state resulting from visual rendition, which is the case
with line tracing. In some cases, it may not be of interest to inspect the momentary ren-
ditions of a simulated scenario. Instead, a faster simulation model or tool might provide
a better alternative. The visual rendition that comes with UE5 sacrifices execution speed
for visualization. If the simulation speed is too fast, frames may be skipped leading to
missing data points. Alternative simulation implementations are suggested:

Let the simulator step forward with each event tick instead of relying on the Timer.

Integrate with highly performant external simulation models and use UE5 as a visual
interface to show the result.

In this paper, the 3D model of the household PV could be navigated and used to
explain and visualize the decrease in PV power output at given time slots. UE5 does not
provide tools for advanced plotting. Data must be exported and post-processed to vis-
ualize the simulated results. UE5 offers built-in features and some marketplace assets
that enable the setup of a visually appealing environment. Ideally, UE5 should also be
assessed for modelling a real-world scenario using a case study with real geometry meas-
urements and comparing the simulated results with real measurements. The expertise
required by developers are high. Currently, UE5 offers no complete solution for general
scenarios with the listed requirements in the PV domain. Developers must learn UE5
and implement or integrate with PV output models through blueprints or C+ +. Fur-
thermore, when the DTP transition to a DTI, any modifications to the physical system
must be maintained in the digital replica. The development and maintenance costs ver-
sus benefits must be carefully considered before applying UE5 to the PV domain.

Conclusion

This paper assesses the benefits of game engines in the planning phase of PV systems.
Game engines provide realistic graphics, lighting, assets, and environments that can be
altered during the planning phase for presentation or simulation purposes. The devel-
oped digital twin prototype provides a PV output simulation model in 3D that considers
the position of the sun, individual PV- modules and cells, and objects that block direct
beam radiation. The results clearly indicate that the implemented model can estimate the
impact of blocking objects of direct beam. This is indicated by the significant decrease in
PV power output over a year in the chosen locations on earth.

The concepts and results presented in this paper may apply to similar game engines
but requires the suggested model to be implemented and tested in such engines. The
concept of digital twins is an emerging trend, and game engines have been suggested as a
method of developing high-fidelity digital twins. This paper acknowledges the classifica-
tion of digital twin into Digital Twin, Digital Model, and Digital Shadow.
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From a PV perspective, this paper provides an early assessment of using Unreal Engine
5 to develop a digital twin prototype of a PV digital model capable of simulating vari-
ous scenarios. The developed digital twin prototype stands in contrast to the existing
PV applications that provide 2D graphics, schematics, plots, etc., by instead suggesting
game engines as a tool not only for appealing visual environments that can be depicted
from various viewpoints but also to enable scenario testing after changing the in-game
environment. The contribution of this paper can be used to visualize and simulate PV
application models in game engines in the planning phase.

The suggested digital twin prototype implementation is limited by being a naive model
that produces full PV capacity under a clear sky and direct beam conditions. It is recom-
mended that future development of the implemented digital twin prototype integrates
a well-known PV output model, e.g., HDKR, and real solar measurement data to pro-
vide practically usable estimates. The combination of a practical PV output model and
the line tracing mechanism for activating PV cells may offer a new method of planning
the deployment of PV systems. The approach should be verified through real-world case
studies that integrate 3D models of existing buildings and terrain with correct physical
geometry. Furthermore, the scalability of the approach can be assessed by implementing
large-scale PV systems, e.g., country areas, city or utility applications. Moreover, it could
be assessed whether the developed models can be modularized and packaged so other
developers can benefit and integrate with the model.

Abbreviations

PV Photovoltaic

GW Gigawatt

T™W Terawatt

DT Digital twin

DM Digital model

DS Digital shadow

DTP Digital twin prototype

DTl Digital Twin Instance

DTE Digital twin environment

ul User interface

CAD Computer-aided design

VR Virtual reality

loT Internet-of-thing

UE5 Unreal engine 5

HDKR Hay, davies, klucher, reindl

BSRN Baseline surface radiation network
WRDC World radiation data center

PVGIS Photovoltaic geographical information system
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