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ABSTRACT

As the share of renewable energy increases,
demand-side flexibility becomes essential. Integrating
energy considerations into Production Planning and
Control (PPC) systems offers great potential, yet most
existing PPC solutions lack this capability. To address this
gap, we adopt the approach to treat Energy Flexibility
(EF) as an add-on to PPC systems, enhancing rather than
extensively modifying or replacing established
scheduling processes. We refer to this approach as
Energy-flexible Production Rescheduling (EFPR). This
paper presents a service architecture for EFPR that
supports selected EF measures and objectives. It defines
the requirements, describes the needed services and
modules as well as PPC system extensions and outlines
their interconnections. The Energy Flexibility Data Model
(EFDM) is used to standardize the description and
exchange of EF information, enabling a factory-wide EF
management. The architecture is transferred to a
research factory, seamlessly integrating with both the
production line and a commercial PPC system,
demonstrating the practical applicability and potential of
EFPR.

Keywords: generic flexibility description, Demand
Response, Demand Side Management

ABBREVIATIONS

EF Energy Flexibility

EFDM Energy Flexibility Data Model

EFM Energy Flexibility Measure

EFPR Energy-flexible Production Rescheduling

EAPS Energy-aware Production Scheduling

ETA Energy Technologies and Applications in
Production

FLM Flexible-Load Measure

FLMP Flexible-Load Measure Package

KPI Key Performance Indicator

PPC Production Planning and Control

ul User Interface

1. INTRODUCTION AND FUNDAMENTALS

The rapid growth of volatile renewable energy

generation is key to decarbonization but challenges the
power system’s reliability by increasing supply-demand
mismatches.
Flexible power generation, energy storage, and demand
response offer promising solutions to increase system
flexibility. While some measures are being implemented,
demand response remains largely untapped. The need
for greater flexibility is highlighted by more frequent
negative electricity prices in EU markets and rising
congestion management costs [1]. In Germany, industrial
demand-side flexibility (e.g., shifting or reducing loads)
has been identified as a major untapped resource. A
survey from 2025 of approximately 400 companies
indicates that industry could temporarily reduce
electricity consumption by 5-7 GW, with 57 % of this
potential realizable within the next 3 vyears [2].
Therefore, industry plays a substantial role when it
comes to providing flexibility.

Energy Flexibility (EF) generally refers to the
capability to adjust energy supply or demand in response
to external signals, such as price signals, with the goal of
providing a service to the energy system [3].[4] describe
EF as the capability of production systems to execute
Demand Response in manufacturing. According to [5],
the utilization of EF follows specific objectives like
reacting to volatile energy prices or the externally
marketing of EF. These objectives are achieved through
Energy Flexibility Measures (EFM), deliberate actions
that cause predefined production system state changes.
EFMs can be implemented at multiple organizational
levels: at the enterprise level by adapting production
plans, shift schedules, and breaks; on the shop floor by
interrupting or reordering processes or leveraging
inherent energy storage; and at the control level by
shifting or resequencing production jobs.

Production Planning and Control (PPC) offers a
potential framework through which the execution of
certain EFMs could be managed. PPC aims to meet
objectives like high timeliness or short cycle time and
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includes production planning, defining what, when, and
how to produce and production control, monitoring and
adjusting execution [6, p. 29]. Within PPC, data
management integrates static master data like the bill of
materials, routings, and customer or supplier
information and dynamic transaction data that changes
during operations, such as orders, inventory levels,
invoices, and production records [7, p. 218]. Typically,
PPC is supported by IT systems such as Enterprise
Resource Planning (ERP) for planning and Manufacturing
Execution Systems (MES) for real-time shop floor control
[6, pp. 195-197].

Within production planning, production scheduling
allocates resources to tasks over time [8, p. 1], with each
production job representing a customer order
comprising a sequence of production operations
required to manufacture one or more finished products
[9, p. 11]. Energy-aware Production Scheduling (EAPS)
combines conventional production related objectives
with the aim to improve the energy efficiency and energy
flexibility of a factory [9, p. 28]. The process of updating
an" existing production schedule in response to
disruptions or other changes is referred to as
rescheduling [10]. In the context of EF, rescheduling can
be utilized to achieve predefined flexibility objectives; for
example, buffers in a backward-scheduled production
plan enable operations to be rescheduled in response to
energy price signals.

2. EXISTING APPROACHES

EAPS is a vast and active field of research, where
many systematic literature reviews have been published
over recent years [9, p. 41]. As our approach addresses
both the integration of EF into PPC systems and its
modeling via the Energy Flexibility Data Model (EFDM),
we focus primarily on this subset of the literature.

[11] review the potential of EF in manufacturing,
focusing on the adaptation of job sequences and process
interruptions, as well as the external offering of EF and
its.impact on order scheduling and production planning.
The approach of [12] suggests incorporating energy-
related data into the master data of an ERP system,
enabling the machine scheduling module to optimize
production schedules with explicit consideration of
energy consumption. Additionally, a planner manages
the' processes via a User Interface. [13] presents a
mathematical optimization model that utilizes the EFDM
and demonstrates its effectiveness across various
synthetic scheduling use cases. [14] proposes a generic
method for the automated parametrization of EFDM.

[15] develop and validate a holistic approach for
combined EF production planning and supply system
optimization of a machine tool via the EFDM. However,
neither study explicitly addresses PPC systems.

The Energy Synchronization Platform is an
architectural concept intended to enable industrial
enterprises to integrate their flexible energy
consumption and generation with volatile energy supply
and markets. Within this framework, the Company-side
Platform is intended to provide the necessary services
for the monitoring, aggregation, analysis, and control of
EF assets and processes. Its generic design supports the
external marketing of flexibility as well as the
management of complex EF portfolios across diverse
industrial use cases, shown in [16—18]. Consequently, the
concept addresses only generic  overarching
requirements and does not include detailed service
functionalities.

[19] propose a “Five-Step Approach for Flexible
Production Planning with an EFDM” for embedding EF
into PPC, treating EF consideration as an add-on to the
existing planning system rather than a full replacement.
The approach sequentially covers: (1) Initial
identification and basic modelling of flexibilities in a
flexibility audit, (2) production planning without
flexibilities, (3) identification of flexibilities in the pre-
optimized schedule, (4) market-side optimization of
flexible load measures, and (5) updating the production
program and executing flexibilities. However, the
concept focuses on the process of PPC and not the
associated systems, therefore it does not differentiate
between manual and automated steps, nor does it
specify the software services required for practical
implementation.

In general, a variety of scientific work addresses
scheduling with energy or flexibility considerations [9,
11-13, 15, 19]. Nevertheless, most studies lack concrete
proposals for software services [13, 15, 19] or data
models [11, 12, 19], or do not focus on the integration
with existing PPC systems [13-15, 20]. Moreover, only
few enable holistic management of different energy
flexibilities [15-18].

3. INTEGRATING ENERGY  FLEXIBILITY INTO

PRODUCTION PLANNING AND CONTROL SYSTEMS

In this paper, we propose a service architecture for
executing dedicated EFM within commercially available
PPC systems. Our architecture automates steps 2-5 of
the approach proposed by [19]. In the following, we term
this concept of updating an existing production plan with



EF considerations as Production
Rescheduling (EFPR).

Our service architecture follows a modular design
paradigm, reducing dependency on specific PPC systems
and allowing implementation to be distributed according
to domain expertise (e.g., EF experts, PPC system
developers). To allow for a concrete service description,
we focus only on a subset of production related EFMs
from [5]: change job sequence, shift job start time, and
interrupt job. Furthermore we address the flexibility
goals from [5]: responding to volatile energy prices,
maximizing the use of self-generated (renewable)
energy, and reducing peak loads.

Energy-flexible

3.1 The Energy Flexibility Data Model

We employ the EFDM as a standardized interface to
IHcribe both flexibility potentials and measures. In the
wing, all terms specifically defined in EFDM are
italicized. As presented in [20], this data model enables
consistent communication and effective utilization of EF
u mentials, both within industrial enterprises and in
hractions with external energy market service
viders. The EFDM adopts an object-oriented structure
prising several main classes, whose thematically

d attributes, classified as either mandatory or

ional, are referred to as elements. An instance of the

ibility Space class captures the degree of freedom of

an energy-flexible system. It must include a Metadata
hct, as well as a Flexible Load and can, depending on
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system complexity, include instances of Dependency and
Storage. A Flexible Load represents a technical system,
be it producer or consumer of electrical power. The class
describes, among other elements, the systems power
state, defined either as an absolute value or as a
deviation from the planned load profile. A Dependency
models a constraint or interaction between Flexible
Loads, reflecting realistic operating conditions. Storage
instances represent not only dedicated energy storages,
such as batteries, but also process-inherent potentials
like thermal inertia or product inventory if it is linked to
a Flexible Load.

The utilization of the EF potential described by a
Flexibility Space is achieved through a Flexible Load
Measure (FLM), which defines a specific load change
profile along with the expected execution costs. A
Flexible-Load Measure Package (FLMP) groups FLMs with
Metadata.

3.2 Service Architecture for Energy-flexible Production
Rescheduling

Figure 1 explains how the proposed service
architecture extends existing systems and services (grey
boxes) with EFPR-specific services and modules (green
and blue boxes). Within the body text, services and
modules appear in bold.

To enable the PPC system to serve as the central
data source for EF characterization, an Energy Flexibility
Parameter Extension must be integrated into the PPC
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Figure 1: Service Architecture for Energy-Flexible Production Rescheduling via the Energy Flexibility Data Model
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system data base. In the master data, this extension
should incorporate parameters that describe at
minimum the average power consumption of each
operation phase (e.g., processing, setup) of a specific
product for the selected workcenters. Additional
parameters may include thermal energy demand or
indicators reflecting the interruptibility of operations. In
the dynamic transaction data, the establishment of EFPR
Key Performance Indicators (KPI), such as the energy cost
savings achieved per production job, can highlight
energy cost savings and incentivize further EF
consideration. It is advisable to align these EF parameters
with elements of the EFDM, since it is explicitly
developed to contain all the information needed for an
adequate and realistic description of industrial EF
potentials [21]. The parameterization (for parameters
such as an operation’s power consumption) can be
determined either manually or automatically, as
proposed in [14].

To access the EFPR relevant data, a PPC APl must be
defined and implemented. This interface transfers the
dynamic transaction data required to conduct EFPR
without violating the restrictions or planning objectives.
Therefore, information like the initial production
schedule, due dates as well as the production jobs EF
parameters are necessary. Following, it consumes the
optimized production schedule and updates it in the
PPC’s data base.

Furthermore, the PPC’s Planning User Interface
needs to be extended with an EFPR Management User
Interface (Ul). This allows planners to trigger EF
optimization runs and review the optimized production
schedules. Once approved, the plan can be released to
the shop floor using the factory’s established processes
e.g/, via a MES.

The EFDM/PPC Connector establishes and
standardizes the communication between the PPC API
and the Optimization Service. The Flexibility-Space
Builder generates instances that represent the realizable
EF potential. Individual operations are modelled as
Flexible Loads, with time-based constraints encoded
within the validity element. Routing-related limitations,
such as operation sequences or machine capacities, are
captured using the Dependency class, while product
buffer capacities and other energy-storage potentials are
represented through the Storage class. The Reference
FLMP Builder converts the initial production schedule
into an FLMP, with each operation represented as an
FLM linked to the previously defined Flexible Loads. This
reference FLMP serves as a benchmark to the following

new optimized FLMP and may also be used as initial
solution for the optimizer. The new optimized FLMP is
then converted by the Optimized FLMP Exporter into the
format required by the PPC API. Integrating Builders and
Deconstructor into one service module ensures a
consistent mapping between production jobs and
operations across PPC format and EFDM class instances.

The Energy Information Service is responsible for
consolidating and managing all signals related to the EF
objective. Depending on the chosen objective, these
signals may originate from external sources, such as
electricity prices or solar generation forecasts, or from
internal sources, such as factory load measurements. To
ensure robustness a buffering mechanism s
recommended. Additionally, based on data availability
and the defined optimization horizon, integrating a
forecasting service may be required. Implementing this
as a standalone service is especially useful when other
systems, such as a Supply System Optimizer, need access
to the same data.

The Optimization Service uses data from the Energy
Information Service and the EFDM/PPC Connector to re-
schedule the initial production schedule. Flexibility
Spaces are transformed by an Optimization Model
Builder into an optimization model. A Scheduling
Algorithm that incorporates EF considerations then
generates an optimized production schedule, which is
subsequently converted into the new optimized FLMP by
the Optimized FLMP Builder. If related to the EF
objective, the FLMP Builder can calculate the power
costs from the reference FLMP as well for the optimized
FLMP and add it to the reward element. The choice of
solving algorithm depends on the problem size, runtime
requirements, and accuracy goals. Consequently, the
flexible tuning of solver parameters (e.g., timestep size,
timeout) can be advantageous. Additionally, comparing
the reference and optimized production schedules
through a dedicated user interface allows for manual
validation of the proposed solution, either via an
Optimizer Ul or directly within the PPC EFPR
Management Ul.

The use of the EFDM as a generic and uniform data
model for describing EF becomes particularly valuable
when complemented by Additional EFDM Services. One
example of such services is further EFDM connectors that
enable the integration of additional EF sources (e.g.,
supply systems) in the optimization process. Another
potential application is the external marketing of
flexibilities, which requires functionalities provided by
the Energy Flexibility Management Service and its



associated marketing components, as described in [16—
18]. Furthermore, the optimized FLMP represents the
forecasted load of the planned production schedule and
therefore can be utilized for multiple purposes.

4. TRANSFER TO ETA FACTORY PRODUCTION SYSTEM
We transfer the proposed service architecture to the ETA
Factory, a laboratory at Technical University of
Darmstadt for researching and demonstrating climate-
neutral production. The target production system
comprises a five-machine line for manufacturing control
plates used in hydraulic pumps. The production process
involves seven distinct operations, including two
machining tools conducting two operations each, two
cleaning machines, and a hardening oven. Each
operation consists of a setup phase followed by a
processing phase, and jobs must adhere to a strict
sequence, with each operation assigned to a specific
machine. The operations may be represented as seven
Flexible Loads, with setup and processing durations and
power demand captured in the element power states.
Shift times impose constraints on the latest permissible
completion of production jobs and are typically modeled
within the validity element. Sequence constraints can be
formulated as Dependencies, whereby the activation of
one Flexible Load implies the subsequent activation of
another. Machine capacity limitations may be addressed
through exclude Dependencies between Flexible Loads
assigned to the same resource. An industry standard PPC
islimplemented, where job creation and scheduling are
managed through a dedicated ERP detailed planning
module, supporting multiple scheduling strategies such
as backward or forward scheduling. The planning
dashboard allows reviewing scheduled plans.
Furthermore, the software allows implementing
customized functionalities. Once production schedules
are finalized, they are transmitted to a MES via a
planning dashboard. The MES then displays scheduled
jobs on Production Operator Dashboards on the shop
fleor. A central database consolidates comprehensive
information on work centres, product routings, machine
shifts, bill of materials. The master data includes
parameters such as setup and processing durations and
can be extended with custom variables, allowing for the
integration of EF parameters. Data exchange with
external services is facilitated via REST APlIs.

The factory itself is equipped with a variety of
sensors, including devices that monitor machine power
consumption, necessary for the parametrization of the
EF Parameters. A Docker-based server infrastructure

supports the deployment of software services like the
Optimization Service and EFDM/PPC Connector. Energy
market data, such as day-ahead prices, can be accessed
through public APIs. With available connectors like
entsoe-py [22], a basic prototype of an Energy
Information System can be implemented efficiently.

5. CONCLUSIONS AND OUTLOOK

The proposed service architecture provides a
practical foundation for integrating EF into PPC by
automating the procedure outlined by [19]. Although the
EFDM is not explicitly designed to address energy
efficiency and the conversion to and from EFDM
introduces additional implementation effort, the
integration of its elements is valuable for identifying and
structuring the information necessary to incorporate
energy awareness, EFPR, or EAPS into PPC systems.
Furthermore, the adoption of a unified data model
facilitates a holistic approach and supports the
implementation of more advanced EF management.

Future work could address monitoring aspects, such
as the mapping of completed FLMs to sensor data. The
implementation of the proposed architecture presents
inherent challenges, necessitating expertise in PPC,
software development, and EF. Consequently, a
structured methodology is required to guide the
implementation process. Finally, the operational flow of
EFPR must be validated within real production
environments.
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