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• Retrofit traditional automation into autonomous cyber-physical CST systems
• Holistic 4-layer architecture enabling autonomous CST plant operation
• Evaluate CST benefits and degree of autonomy from a multi-dimensional perspective
• Successful transition of an operational CST plant to a (semi-)autonomous factory
• Autonomous operation boosts CST efficiency, robustness, and cost savings
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A B S T R A C T
Concentrated solar thermal (CST) plants can provide dispatchable renewable energy but remain
complex and costly to operate due to tightly coupled subsystems, dynamic environmental
conditions, and high safety requirements. This work presents the Solar Energy Autopilot
(SOLEA), a holistic four-layer architecture that transforms a traditional solar power tower plant
into an autonomous cyber-physical system (CPS). The architecture integrates plant hardware and
control systems, advanced optical and meteorological measurement systems, a CPS middleware
platform with a standardized digital twin, and a multi-agent automation layer for operation
planning and control. SOLEA is implemented and evaluated at an operational research facility,
where intelligent agents autonomously plan operating days, start and shut down the plant, and
regulate the receiver flux and outlet temperature under varying environmental conditions. A dual-
sided evaluation quantifies benefits in terms of efficiency, robustness, and cost-related indicators
and assesses the system’s autonomy using a multi-dimensional maturity model. The results
show substantial reductions in operational and investment costs, highly robust operation despite
challenging environmental conditions, and efficiency gains in plant operation enabled by an
increased autonomy level of the facility. Overall, the study demonstrates that the layered modular
SOLEA architecture can effectively bridge the gap between isolated automation solutions
and plant-wide autonomous CST operation and provides a reusable blueprint for advancing
autonomy in future CST plants and comparable industrial environments.

1. Introduction
Concentrated solar thermal (CST) technologies can play an increasingly important role in achieving a climate-

neutral energy system. Due to their ability to generate and store high-temperature heat, CST systems provide stable and
dispatchable electricity generation, supporting grid stability and complementing intermittent renewable sources such as
photovoltaics (PV) and wind energy [27]. Beyond electricity generation, CST plants can directly supply thermal energy
for industrial and thermochemical processes with high efficiency, including hydrogen production, water purification,
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and high-temperature applications such as drying, sterilization, or distillation [42]. Despite these advantages, the
global expansion of CST technology has stagnated in recent years, mainly due to the high operational complexity
and associated investment, operational, and maintenance costs. An increased level of digitization and automation is
considered a key strategy to address these challenges by better managing operational complexity, improving efficiency,
and thus reducing the overall costs of CST technology [27].

At the same time, industry and energy sectors are undergoing a transformation toward autonomous operation.
Motivated by economic and environmental incentives, autonomous systems are being developed to improve efficiency,
increase robustness, and reduce production costs [17]. Advances in artificial intelligence (AI), digital twins (DTs), and
industrial automation technologies have made large-scale autonomous operation technically feasible [20]. However, in
the CST domain, the level of automation remains comparatively low [36]. This domain is characterized by complex
subsystems, highly dynamic physical processes, and stringent requirements for reliability, latency, and safety. Such
characteristics make digital transformation costly and challenging, yet also particularly promising in terms of potential
impact [27]. Increasing the degree of system autonomy in CST plants can help to exploit the full potential of solar heat
generation while reducing overall costs [33]. Moreover, system autonomy opens pathways for new business models
and deployment scenarios. For example, in industrial process heat applications, autonomy enables heat-as-a-service
concepts, in which CST plants are remotely operated by specialized providers that supply climate-neutral heat to
industrial facilities as a service. In parallel, autonomous operation also improves the feasibility of CST power generation
in regions such as deserts, where exceptionally high solar radiation enables large-scale electricity production, but
the remote location and harsh environmental conditions make continuous on-site operation by human personnel
challenging.

Despite significant progress in digitization and AI-based control, existing research focuses primarily on isolated
automation tasks rather than holistic system concepts [36]. To date, no comprehensive architecture for an autonomous
CST plant has been implemented and evaluated under real industrial conditions [57]. Most existing work addresses only
subsystem-level automation, such as heliostat calibration [32], solar field inspection [7], or maintenance robots [22] and
neglects integrated plant-wide architectures that are essential for successful digital transformation and advancement of
the overall degree of system automation [36]. Furthermore, research innovations are only rarely validated in operational
CST facilities, offering limited insights on the practical benefits and limitations of autonomous operation in solar
thermal systems [57]. Thus, there is a clear research gap concerning both the architectural integration of autonomous
operation principles to pave the way toward fully autonomous operation and the empirical assessment of their effects
on efficiency, cost, and robustness in real CST instead of laboratory environments.

This article addresses this research gap by presenting a holistic architectural concept and evaluation of an
autonomous CST plant in a real-world operational CST facility, referred to as the Solar Energy Autopilot (SOLEA).
The work synthesizes results achieved through interdisciplinary collaboration at the German Aerospace Center (DLR),
culminating in the first demonstration of fully autonomous CST plant operation at the solar power tower (SPT) facility
in the German city of Jülich. The study contributes on two levels: (1) it introduces the conceptual and technical
architecture of an autonomous CST plant that integrates various innovations from solar research into SOLEA, and (2) it
systematically evaluates the performance of the system, exploring both benefits and current limitations of autonomous
operation.

These considerations lead to the following research questions, which guide the development, implementation, and
evaluation of the SOLEA architecture:

1. How can recent technological advances be synthesized into the holistic SOLEA architecture for autonomous
CST plant operation?

2. What degree of autonomy is attained at the operational CST facility through the currently implemented state of
the SOLEA architecture?

3. How does the current implementation of autonomous operation at the operational CST facility contribute to
improvements in efficiency, robustness, and cost reduction?

The remainder of this article is structured as follows. Section 2 provides the theoretical background on system
autonomy and CST plants, while Section 3 summarizes related work on autonomous systems in the CST domain. The
methodology used to synthesize the overall architecture and design the evaluation is outlined in Section 4. Section 5
then presents the SOLEA architecture for an autonomous CST plant together with the results of the experimental
evaluation. Finally, Sections 6, 7, and 8 discuss limitations, summarize the main findings, and indicate directions for
future research.
I. Miadowicz et al.: Preprint submitted to Elsevier Page 2 of 34



Solar Energy Autopilot (SOLEA)

2. Background
This section presents the theoretical foundations of system autonomy and CST technologies relevant to this study.

2.1. System Autonomy
The concept of system autonomy has received increasing attention across various technical disciplines, yet there is

still no universally accepted definition or standard that precisely delineates what constitutes an autonomous system [37].
As a result, interpretations differ significantly between domains such as manufacturing, transportation, or energy
systems [23, 48]. Nevertheless, from a high-level perspective, most contributions in the scientific literature commonly
describe an autonomous system as one that can achieve its objectives in uncertain or changing environments with
minimal or no external intervention [38, 2, 9, 10]. The term ’autonomous’, derived from the notion of self-governance,
implies a system’s capability for independent decision-making, adaptation, and purposeful action with little or no
human involvement [38, 56]. In contrast to traditional automated systems where actions follow predefined rules
within stable conditions, autonomous systems must perceive, analyze, and interact with their environment, maintaining
functionality even under unforeseen disturbances [20].

Autonomy is not an absolute state, but a continuum. Systems typically progress step by step from manual
to increasingly autonomous operation, driven by the integration of advanced control, perception, and learning
mechanisms [10, 17]. This development has led to the emergence of so-called self-x capabilities, such as self-learning,
self-management, or self-adaptation, which collectively describe a system’s capacity for self-governed improve-
ment [2]. Because this evolution is gradual rather than binary, researchers have proposed numerous maturity models to
describe and assess the degree of system autonomy. These models provide a structured framework to evaluate the extent
to which a system has advanced along the autonomy continuum and to identify directions for further development.

Analogously to the well-known SAE taxonomy in the field of automated driving [49], several level-based maturity
models categorize autonomy in industrial systems according to degrees of human involvement and system decision-
making capabilities [56]. Typically, the lowest level describes fully manual operation without automation, whereas
the highest level represents full autonomy, where the machine assumes complete control even under unpredictable
conditions. The number of levels defined in such models varies, ranging from 4 to more than 10 levels [56] and their
characterization differs due to the absence of unified standards [25]. For example, Gamer et al. [20] define the highest
level of autonomy as full independence from human operators in all situations, while Dumitrescu et al. [15] consider
autonomy primarily as long-term self-sufficient operation in which occasional human intervention may still be required.
In contrast, Vagia et al. [56] emphasize that even highly autonomous systems may require humans to intervene when
unanticipated errors occur that fall outside the system’s predefined scope.

Beyond level-based models, several researchers have proposed multi-dimensional frameworks to capture the
diverse aspects contributing to system autonomy. Such models expand the assessment beyond a single maturity
scale by considering different dimensions, for example, autonomy in operation, planning, or maintenance [20].
Other multi-dimensional approaches evaluate different functional aspects that collectively define autonomy, such
as human–machine interaction, self-x capabilities, knowledge management, or decision-making mechanisms [37].
This granular perspective is especially valuable for complex systems composed of multiple subsystems that may
exhibit varying degrees of autonomy. During transitional phases from manual to fully autonomous operation, certain
processes or components may already function autonomously, while others continue to rely on human interaction.
Multidimensional maturity models thus support a more precise identification of autonomy gaps and targeted areas for
improvement.

In summary, the concept of system autonomy remains ambiguous and lacks standardized criteria for assessment. In
general, autonomous systems are characterized by their ability to pursue defined objectives independently in uncertain
environments with limited human input. Progress toward autonomy typically unfolds incrementally as technological
capabilities evolve, leading to increasingly sophisticated self-x properties. To capture this progression, various single-
and multi-dimensional maturity models have been developed, each reflecting different interpretations of autonomy
levels and system characteristics. This diversity underscores the current absence of universal definitions for autonomous
systems, which hinders consistent assessment and clear communication of system autonomy levels among researchers
and practitioners.
2.2. Concentrated Solar Thermal

CST technology harnesses solar radiation to generate high-temperature thermal energy, which can be used for either
electricity production or direct heat consumption for industrial or thermochemical processes. A CST plant typically
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