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There is growing recognition that Demand Flexibility (DF) can play a major role in enhancing grid reliability,
with building control applications emerging as key enablers for DF. However, the traditional approach to de-
ploying new control applications in buildings, including those for DF, remains largely manual and tailored to

}S)zrrr:::ililct}r’no dels individual buildings, making it difficult to scale. While research efforts have explored semantics-driven portabil-
Scalability ity, DF controls specification, and assessment approaches, these initiatives are fragmented and limited in scope.

This paper proposes a novel methodology, grounded in design science research, to integrate these elements and
create a comprehensive DF controls library for both industry and academia. This approach is applied to develop
the Demand FLEXibility controls LIBrary using Semantics (DFLEXLIBS), an extensible open-source library that
provides DF controls for HVAC systems in Python. DFLEXLIBS enables portable, easy-to-deploy controls that
abstract building-specific data points, facilitating assessment across diverse buildings. DFLEXLIBS features nine
different control applications, and it is successfully implemented and tested across four virtual and two real build-
ings, bridging the gap between semantics-driven portability, DF controls specification, and rigorous performance
assessment. Its benefits are measured by a reusability ratio greater than 90% and a functional overlap ratio of
around 70% for the most common functions used in the library, significantly reducing time for deploying new
controls.

1. Introduction

The growing use of intermittent renewable sources is widening the
gap between energy supply and demand, raising the risk of energy waste
through curtailment and posing challenges for grid stability (U.S. Energy
Information Administration, 2023). This has made investments in the
grid, especially in Demand Flexibility (DF), more pressing than ever (In-
ternational Energy Agency, 2024). DF refers to the ability of consumers
to dynamically manage their energy demand and/or onsite generation
to support the grid according to weather conditions, grid requirements,
and user needs (e.g., thermal comfort, productivity) (Li et al., 2021).
Due to their share in global demand, buildings play a pivotal role in
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offering DF, accounting for more than half of the global DF targets by
2030 (International Energy Agency, 2023). Among DF applications for
buildings, leveraging passive thermal storage via building thermal mass
is highly impactful and cost-effective compared to alternatives such as
behind-the-meter batteries (Liu et al., 2023). Yet, the implementation of
such a control approach in heterogeneous buildings still lacks scalability
and generalizability, especially in large commercial buildings.

Key barriers to controls scalability include i) the ambiguity of tradi-
tional natural-language specifications, often leading to numerous con-
trol implementation variants (Faulkner et al., 2023); and ii) the inter-
operability challenges arising from the unique nature of each building
(its heterogeneous data sources and inconsistent naming conventions
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within Building Automation Systems (BAS)), typically resulting in labor-
intensive and bespoke onboarding processes to discover and map build-
ing data points (Chamari et al., 2023b; Duarte Roa et al., 2023; Wa-
terworth et al., 2021). Together, these have led to control applications
that are tightly hard-coded to individual buildings and have driven the
creation of proprietary control libraries, often relying on custom pro-
gramming languages (Schraven et al., 2019), limiting portability and
reuse.

Semantic models based on ontologies, such as Brick,! SAREF,? and
the upcoming ASHRAE 223 standard,® have been recognized as key en-
ablers to enhancing interoperability and portability of building applica-
tions (de Andrade et al., 2025; Li & Hong, 2022; Li et al., 2021). Seman-
tic models employ logic notations and common concepts from ontologies
to enable shared context and meaning across data from various sources
(Balaji et al., 2018; Bergmann et al., 2020; Roth et al., 2022). By en-
abling building systems to be described in a standardised manner, these
models allow applications to consistently map their data needs across
diverse buildings, instead of hard-coding references to specific points
from the underlying data sources (Bennani et al., 2021).

Semantics-driven frameworks have recently been proposed to en-
able analytics and controls with consistent data access across build-
ings, eliminating the need to develop custom applications (de Andrade
etal., 2025, 2024; Paul et al., 2024). Examples include analytics-focused
frameworks such as Mortar (Fierro et al., 2019), Energon (He et al.,
2021), SeeQ (Mavrokapnidis et al., 2023a,b), and others (Chiosa et al.,
2024; Kucera & Pitner, 2018; Tomasevic et al., 2015; Xu et al., 2024),
as well as a smaller number of controls-focused frameworks (Chamari
et al., 2025; de Andrade et al., 2024; Paul et al., 2024; Wan et al.,
2025). While some of these efforts show promise in streamlining the
setup of DF controls, and many leverage open programming languages,
they fall short in other critical aspects. They do not follow best-practice
sequences in control specifications and lack methods to assess how well
portable controls perform across different buildings. These are impor-
tant to increase the reusability of controls, and because portability alone
does not necessarily ensure the effectiveness or suitability of controls for
all buildings, performance assessments are necessary.

This paper aims to proposes a novel methodology to guide the design,
implementation, and evaluation of a library of reference and portable
supervisory DF control applications. The work outlines key principles
and requirements for creating such a library and introduces the De-
mand FLEXibility controls LIBrary using Semantics (DFLEXLIBS) as a
prototype. DFLEXLIBS is an open-source, Python-based library that pro-
vides a holistic integration from several previously fragmented research
areas, including controls specification, performance assessment, and
semantics-driven portability of building applications. It is populated
with the best-practice DF control specifications from Granderson et al.
(2025), Granderson and House (2023) and integrated with the Energy
Flexibility (EF) Key Performance Indicators (KPI) Python package from
Johra et al. (2023). Built on our established semantics-driven frame-
work (de Andrade et al., 2024), DFLEXLIBS abstracts building-specific
data points, allowing a single code base to be easily applied across var-
ious buildings. This not only makes it easier to reuse (or port) controls,
but also enables quick testing and performance evaluation across a vari-
ety of conditions, including different buildings, environmental factors,
constraints, and grid signals.

With this aim, the remainder of this paper is organized as follows.
Section 2 includes a background, summarizes research gaps, and states
the contributions of this paper. Section 3 describes the methodology de-
vised to guide the design, implementation, and evaluation of a library
of portable controls. Section 4 presents DFLEXLIBS components follow-
ing the proposed methodology. Section 5 discusses the main findings.

1 https://brickschema.org/ontology.
2 https://saref.etsi.org/core/v3.1.1/.
3 https://docs.open223.info/intro.html.
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Finally, Section 6 outlines concluding remarks and future research di-
rections.

2. Background and contributions

To explore how controls’ best-practice specifications and assessment
can be incorporated into the development of a semantics-driven library
of portable DF controls, this section reviews current research on DF con-
trols specification, performance assessments, and existing libraries of
controls. It also identifies their key research gaps and outlines the spe-
cific contributions of this paper, connecting these fragmented research
areas.

2.1. DF controls specification

Several national and international standards and guides are avail-
able as reference documents for specifying, developing, and configur-
ing control applications. Some examples include ISO 16484-3 (Build-
ing automation and control systems , BACS) and the Application Guide
(AG 7/98) from Building Services Research and Information Association
(BSRIA) (Martin et al., 1998) for low-level BAS control sequences, as
well as the ASHRAE Guideline 36 (G36) for best-in-class HVAC control
sequences (ASHRAE Guideline 36-2018 - High-Performance Sequences
of Operation for HVAC Systems, 2021). Although G36 includes some
strategies suitable for DF, none of these standards and guides particu-
larly focus on DF controls.

To streamline the design and implementation of DF controls for
HVAC systems in commercial buildings, Motegi et al (2007) developed
a guide intended for use by building professionals such as facility man-
agers, building owners, and control developers (Motegi et al., 2007).
This guide categorizes and describes various controls, providing techni-
cal details for implementing them, along with recommended sequences
of operation. However, because such sequences rely solely on natural
language descriptions, without any executable specifications or even
pseudocode, it is difficult to understand their underlying logic and en-
sure consistent implementations.

Introducing new specifications for best-practice DF controls of HVAC
systems in commercial buildings, the studies of Granderson et al (2023)
and (2024) aim to partially address this gap (Granderson et al., 2025;
Granderson & House, 2023). In its first work, Granderson provides an
implementation guide listing a number of control strategies that enable
load shedding, shifting, and demand-limiting. To enhance understand-
ing and scalability, in its second work, Granderson documents the spec-
ifications of these strategies in pseudocode, validating some of them in
real-world buildings using different Energy Management Information
Systems (EMIS) vendors. While this research represents a significant ad-
vancement by providing generalizable control sequences and reducing
the effort required for their specification, it falls short in offering open-
source implementation codes and assessing their performance across
multiple buildings.

Making these resources openly accessible and vendor-independent
would prevent redundant efforts in converting pseudocode into imple-
mentation code and enable rapid virtual vetting of the controls across
various building system configurations. In addition, understanding the
performance differences among buildings and the primary factors in-
fluencing them would help control developers gain confidence before
implementing the controls in real scenarios.

2.2. DF controls assessment

Proven performance is especially important for DF controls, not only
to establish trust among control developers, building owners, and oper-
ators, but also because some contracts may impose penalties for under-
performance or revenue losses due to overly conservative estimates (Liu
et al., 2022). However, due to the inherent variability and uncertainty
of building energy flexibility across different contexts, guaranteeing the
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performance of DF controls upfront without sufficient testing is chal-
lenging (Li et al., 2023).

While studies that propose control specifications often do not include
methods to evaluate the controls, another line of research has focused on
approaches to investigate and quantify the variability and uncertainty
of DF controls’ performance across different contexts. Common influen-
tial factors encountered include building characteristics (e.g., type, age,
and operating hours), single-event attributes (e.g., event duration, tim-
ing, baseline controls, and weather conditions), and stochastic factors
(e.g., occupancy levels, internal loads, and commissioning issues) (Liu
et al., 2023). For instance, the research conducted by Yin et al. (2023)
suggests that large office buildings tend to demonstrate the least reduc-
tion in energy demand units (W/m?) during shedding events compared
to small and medium office buildings. This is likely due to the supe-
rior efficiency of their HVAC systems, resulting in a smaller decrease in
kilowatt demand. Similarly, a study by Luo et al. (2022) found compara-
ble results among buildings of different vintages, indicating that newer
buildings exhibit greater efficiency and experience a smaller decrease in
demand compared to older ones.

Although these analyses offer valuable insights into estimating DF
potential and understanding performance variability (Yin et al., 2016),
they do not fully capture the complexity of real-world controls and
building dynamics. They often rely on simulating controls with sched-
ules and setpoints applied to generic prototype buildings, modelled with
tools such as DOE-2, EnergyPlus, and TRNSYS. While robust in modeling
envelope physics and various HVAC systems, these tools are primarily
designed for annual energy use calculations and lack support for sim-
ulating controls in a realistic and explicit manner (i.e., incorporating
baseline controls and enabling overwriting supervisory control signals
based on dynamic logic) (Wetter et al., 2020; Zhang et al., 2022). As
such, their practical application in a pipeline that supports the assess-
ment of control applications, which can be potentially exported from
simulation and reused in real buildings, is limited.

Some studies, while not explicitly focusing on DF, have explored
the use of the Modelica language to facilitate more realistic simula-
tions of controls integrated with high-fidelity building models. One ex-
ample of these efforts is the Building Optimization Testing Framework
(BOPTEST), a standardized benchmarking platform that allows testing
controls using realistically modeled buildings in Modelica (Blum et al.,
2021). It provides an API similar to a BAS/EMIS, which could be power-
ful to address the limitations of current studies testing and assessing DF
controls (Roth et al., 2022). Other efforts in this area proposed the de-
velopment of libraries with controls that can also be tested in Modelica
models. These are further discussed in the following subsection.

2.3. Existing libraries of controls

While no library of DF controls has so far been integrated with
BOPTEST for testing and assessing more realistic simulation of controls,
some efforts have proposed the development of libraries with controls
that can also be tested in Modelica building models. These libraries aim
to reduce the need to create controls from scratch or convert prede-
fined textual specifications into reusable code syntax, allowing the sim-
ulation of controls against Modelica models. To better understand how
they work, we reviewed the open-source efforts by AixOCAT (Schraven
et al., 2019), BuildingControlLib (Schneider et al., 2017), AixLib (Maier
et al., 2023), BESMod (Wiillhorst et al., 2023), and the Modelica Build-
ings library (Wetter et al., 2014). Table 1 provides a comparison of these
libraries, highlighting criteria relevant to the scope of this paper, which
are elaborated on in the following paragraphs.

To date, most libraries mainly focus on low-level control functions
rather than supervisory controls. While some, such as the Modelica
Buildings Library, include supervisory controls like the G36 control se-
quences, they do not yet support DF controls. This is likely because G36
sequences are well-established and standardized by ASHRAE, whereas
no similar standardization effort has been made for DF controls.
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Table 1

Comparison of reviewed open-source controls’ libraries. + +
criteria fulfilled, + partially fulfilled and - not fulfilled. ACT:
AixOCAT (Schraven et al., 2019), BCL: BuildingControlLib
(Schneider et al., 2017), AL: AixLib (Maier et al., 2023), BES:
BESMod (Wiillhorst et al., 2023), MBL: Modelica Buildings li-
brary (Wetter et al., 2014).

Criteria ACT BCL AL BES MBL
Supervisory controls - ++ - ++ + +
DF controls - - - - -
Modular design ++ ++ ++ ++ ++
Semantic aspects - + - - +
Multi-buildings assess + + + + +
Real testing + - - - +

All libraries adopt a modular design approach, offering a set of
common pre-built control functions, often called functional blocks, that
can be combined to create control applications tailored to specific sys-
tem configurations. This modular design ensures code extensibility and
reusability, facilitating more efficient control design, implementation,
and maintenance, ultimately reducing engineering effort.

Aiming to enhance interoperability, some of these libraries have also
incorporated semantic aspects. BuildingControlLib (Schneider et al.,
2017) introduces a naming convention to specify exchange variables
from the control functions. The primary goal is to ensure seamless com-
patibility among interconnected functions, achievable only when their
inputs and outputs are aligned in unit, quantity, point type, and direc-
tion (in/out). Despite its potential to enable a more cohesive and au-
tomated binding of variables across different functions, the study sug-
gests that the proposed custom naming convention was cumbersome to
maintain and susceptible to errors. In response to these challenges and to
streamline the configuration (instantiation) of controls across BAS/EMIS
platforms, ongoing work is being conducted to support the Modelica
Buildings library in annotating controls’ inputs and outputs using stan-
dardized concepts from the Brick ontology (Roth et al., 2022). While
BESMod acknowledges the potential of a similar approach (Wiillhorst
et al., 2023), no practical demonstrations have been provided yet.

By integrating with Modelica models for buildings and HVAC sys-
tems, the controls provided by these libraries can be tested through
dynamic simulation and offer multi-building assessment realistically.
However, to date, none of them have presented a thorough performance
analysis of given controls tested against different buildings.

Finally, since most of these libraries do not provide a connection
between their simulated controls and actual buildings’ BAS/EMIS, they
lack support for real building testing. Two exceptions are the AixO-
CAT and the Modelica Buildings library. Apart from offering interfaces
for Modelica models, AixOCAT provides an object-oriented program-
ming style compatible with real-world Programmable Logic Controllers
(PLCs). However, there are no demonstration studies on it. In the case
of the Modelica Buildings library, it has a set of tools within the Open-
BuildingsControl project that facilitate a control delivery workflow from
Modelica simulation to real buildings (Wetter et al., 2020, 2022). Among
these tools, there is a Modelica-json converter (Wetter et al., 2021) that
exports the Modelica controls specified in Control Description Language
(CDL) (Wetter et al., 2018), an upcoming ASHRAE Standard (231), into
a vendor-independent intermediate format in JSON-LD called Control
eXchange Format (CXF). Translator tools can then use this file in CXF to
convert the controls’ specifications into specific platform languages such
as Automated Logic’s EIKON (Wetter et al., 2022). Using these tools,
controls can be customized, tested with energy models, exported, and
translated into codes compatible with real buildings’ BAS/EMIS. Despite
increased automation, potential drawbacks include the need for trans-
lations into compatible programming languages, a lack of real-world
validations, and the lack of familiarity of most practitioners with the
Modelica language.
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2.4. Research gaps and contributions

Overall, although many studies have explored different aspects of
DF applications, such as their portability, specification, and assessment,
existing works remain highly fragmented, and none have integrated all
these elements comprehensively. Current semantics-driven approaches
for the portability of DF controls do not rely on well-defined specifi-
cations and are not linked with proper assessment tools. Most efforts
proposing control specifications do not focus on DF, and those that do
lack implementation codes and testing across diverse building types.
While some works have explored the performance of DF controls in
multiple buildings, they usually rely on whole-building simulation tools
that use generic control strategies and prototype models. This limits the
possibility of realistically testing the controls and making them easily
portable to real environments. Finally, while efforts have been made
to develop libraries of more realistically simulated controls and soft-
ware tools to provide end-to-end control delivery workflows, none have
specifically focused on DF. They also require expertise in the Modelica
language.

Motivated by these limitations, our research aims to develop a novel
library for supervisory DF controls, supporting control developers from
academia and industry. By leveraging our previous semantics-driven
framework (de Andrade et al., 2024), and its success in achieving the
portability of controls, we hypothesize that:

"A semantics-driven library of best-practices DF controls, implemented in
Python and integrated with a realistic testing environment, could enable the
portability of DF controls at scale and with minimal effort while simplifying
their onboarding and performance assessment across buildings."

To achieve this aim and verify the hypothesis, this paper focuses on
the following contributions:

o identifies the essential design principles and requirements for devel-
oping a library of reference and portable DF control applications.

e proposes an open-source prototype of the library, DFLEXLIBS,*
which supports the controls’ portability and assessment across dif-
ferent simulated and real buildings.

evaluates the library’s benefits through novel metrics and insights to
determine whether it can reduce controls’ development and deploy-
ment efforts.

3. Methodology

We adopted a design science research methodology to verify the
stated hypothesis. As shown in Fig. 1, the methodology is based on the
approach of Holmstrom et al. (2009), which aims to bridge practice (ex-
ploration) with theory (explanation) types of research. The approach is
inherently iterative and consists of three main phases: solution incuba-
tion, which focuses on developing an initial solution design; solution re-
finement, which involves prototyping and improving the initial design;
and explanation, which provides theoretical insights and establishes the
solution’s practical relevance. The explanation phase "contributes to the
generalizability of the results [...] not in the statistical sense, but rather in the
theoretical sense" (Holmstrom et al., 2009). In other words, it validates
the theoretical merit of an idea.

In the incubation phase, we identify the problem (research gap) and
hypothesis, and propose and justify an initial library design based on
background literature. The problem and research gap are introduced in
Section 2, and the preliminary design is presented in Sections 3.1 and
3.2. Section 3.1 specifies design principles and requirements, defines
the intended users, functionalities, constraints, and potential user inter-
actions with the library. Meanwhile, Section 3.2 establishes metrics to
evaluate the library’s benefits (i.e., its ability to reduce the effort needed
for control development and deployment). The refinement phase in-
volves implementing a prototype to refine the initial design. This phase,

4 https://github.com/LBNL-ETA/DFLEXLIBS
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presented in Section 4, introduces DFLEXLIBS as the prototype. It details
the design, implementation (through coding, testing, and assessment of
reference control sequences), and evaluation of DFLEXLIBS. Finally, the
explanation phase, presented in Section 5, discusses the hypothesis, pro-
viding insights into the effectiveness and usefulness of the DFLEXLIBS
prototype and determining whether creating a library of portable con-
trols is a worthwhile endeavor.

3.1. Library design

Effectively designing software technologies requires understanding
the aims of potential users and use cases, gathering and analyzing re-
quirements to meet these aims, and defining design principles to guide
a robust, scalable, and maintainable implementation. The library pre-
sented in this paper aims to support control developers in industry and
academia who seek to streamline the implementation, assessment, and
portability of well-defined DF control applications across various build-
ings. To achieve this, we propose a library that provides readily available
portable and reference control applications complemented with compre-
hensive descriptions and software artifacts for understanding, evaluat-
ing, and reusing them. For developing such a library, we introduce a set
of design principles derived from a combination of theory-based knowl-
edge, drawn from a comprehensive review of existing literature, and our
expertise and insights gained while demonstrating this work. We also de-
fine requirements that are both functional (what the library should do)
and non-functional (what the library constraints and ecosystem are).

3.1.1. Design principles

The library design should adhere to the following principles, inspired
by the quality attributes proposed in Bartusiak et al. (2022) for building
an open, interoperable architecture to support reusable control applica-
tions.

e Modularity: to be easily shared and extended across various use
cases, the functions making up control applications must be mod-
ular, as proposed in Martin et al. (1998), Schneider et al. (2017),
Schraven et al. (2019), Wetter et al. (2022).

¢ Generalizability: to be portable across heterogeneous buildings, the
control applications within the library must be generalizable (i.e.,
abstracted from specific building data points, flexible to available
data, and adaptable to dynamic operating conditions), as introduced
in de Andrade et al. (2024).

o Scalability: to enable the replicability of the library’s control appli-
cations across different buildings, they must be based on open, best
practice specifications, such as those proposed in Granderson et al.
(2025), Granderson and House (2023).

e Openness: to prevent vendor lock-in, the controls should rely on an
open-source and vendor-independent executable programming lan-
guage, as suggested in Schraven et al. (2019).

¢ Discoverability: to improve user experience, the controls need to be
easily discoverable, as recommended in Rogers et al. (2023).

3.1.2. Functional requirements

Inspired by the requirements of existing control libraries (Schneider
et al., 2017; Schraven et al., 2019; Wetter et al., 2014; Wiillhorst et al.,
2023), and given that the main functionality of the library is to support
the development and deployment of controls that can be easily tested,
assessed, and reused across different buildings, the library’s underlying
structure should enable users to:

e Create new or reuse and customize existing control functions to com-
pose control applications that can be exported as implementation
codes.

o Create software artifacts to support the configuration of the controls.
These include semantic queries, configuration files, and interfaces
to BAS/EMIS and simulation platforms that allow the controls to
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Fig. 1. Overarching design science research-inspired methodology to guide the design, implementation, and evaluation of a library of portable DF control applications.

be instantiated and customized in given buildings, as described in
de Andrade et al. (2024).
e Easily connect, via appropriate interfaces, to simulation environ-
ments for testing controls and their portability before deployment,
as well as to BAS/EMIS platforms for their implementation in real
buildings.
Seamlessly integrate with analytic applications, such as KPI-based, to
assess the performance of controls in both simulated and real build-
ings.

In addition, following common practices for specifying controls,
as outlined in standards such as ASHRAE Guideline 36-2018 - High-
Performance Sequences of Operation for HVAC Systems (2021), Build-
ing automation and control systems (BACS), Martin et al. (1998), and
aligning with the DF controls categorization suggested in several aca-
demic studies (Fu et al., 2022; Motegi et al., 2007; Santos et al., 2019),
the library, if equipped with a Graphical User Interface (GUI) that ad-
heres to the discoverability principle, should enable users to:

e Identify available controls by i) searching keywords; ii) navigating
via well-defined categories such as types of buildings and systems
(e.g., typologies like residential or commercial buildings and their
employed systems such as HVAC types), target levels (e.g., zone-
level, plant-level), and/or load shapes (e.g., shedding, shifting); or
iii) using semantic validation mechanisms which allow to filter con-
trols based on their suitability for given buildings (de Andrade et al.,
2024; Fierro et al., 2022)

* View available controls’ descriptions, flow charts, and adopted algo-
rithm types (e.g., rule-based).

e Access available controls’ data requirements defined as lists of
input/output data points, including direct sensor readings, user-
defined parameters, default values, and/or computations derived
from the others.

e Review results from performance assessments of available controls
tested across various buildings.

3.1.3. Non-functional requirements

To enable control applications exported from the library to seam-
lessly interact with both simulation and real building ecosystems (plat-
forms), they should be accompanied by software artifacts that configure
the controls and enable effortless data exchange through the appropri-
ate interfaces. Fig. 2 presents a generic software architecture, building
on concepts explored in Blum et al. (2021), Chamari et al. (2023a),
de Andrade et al. (2024), Pauwels and Fierro (2022), that illustrates
how we envision the integration of DF controls exported from the li-
brary with BAS/EMIS and simulation platforms through these support-
ing artifacts. It includes: i) a data ingestion layer that interacts directly
with deployed/simulated devices and external data sources; ii) an ab-
straction layer that provides standardized interfaces from these devices
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Fig. 2. Connection between exported software artifacts from the library with
common elements from BAS/EMIS and simulation software architectures.

and data sources to the rest of the platform; iii) a service layer that
offers scheduling, data processing, logging, storage and other essential
functionalities; iv) an integration layer that includes the library’s soft-
ware artifacts to bind its exported control applications to the specific
buildings using platform-oriented interfaces that can self- and custom-
configure the controls, via semantic queries (SPARQL®) and configura-
tion files, respectively. Finally, an application layer on top that provides
a run-time environment for executing the exported control applications
on the given platform.

3.2. Library evaluation

As the final step of this methodology, we propose two main met-
rics to evaluate a library’s effectiveness in supporting the portability of
controls and minimizing their development and deployment efforts. The
first metric is called Reusability Ratio (RR), and was inspired by other

5 https://www.w3.org/TR/sparql11-query/
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studies that use Lines Of Code (LOC) to evaluate the portability of build-
ing applications (Mavrokapnidis et al., 2023a) and mobile applications
(Tung et al., 2018). The RR measures the relative change in LOC be-
tween an existing application on a reference building and the version
adapted for a new building. A higher RR indicates greater reusability
and less effort required for adaptation. RR is expressed as a percentage
(%) and calculated as:

@

Loc
RR = 100<1—ﬂ>

LOCreference

where LOC,, feenc. 1S the total lines of code in the existing application

on a reference building, and LOC, ., refers to the lines of code that
were changed, added, or removed to adapt it to a new building.

The second proposed metric, called Function Overlap Rate (FOR),
quantifies the overlap of pre-built control functions in different con-
trol applications. This metric is inspired by the reusability assess-
ment methodologies previously introduced for component-based model-
driven software development (Umran Alrubaee et al., 2020). A higher
FOR, indicated by their greater overlap among the controls, corresponds
to higher reusability and less effort required to create new controls. FOR
is expressed as a percentage (%) and calculated as:

Uy
FOR= — 2)
N

where N is the total number of control applications being evaluated, U,
is the number of control applications that use the function f.

Overall, with these generic design criteria, requirements, and eval-
uation metrics in place, we believe this methodology can support the
creation and validation of a library that works across multiple DF con-
trols and both simulation and real-building platforms. The next section
demonstrates this with a prototype library designed, implemented, and
evaluated according to the proposed methodology.

4. DFLEXLIBS prototype

In line with the design principles and requirements outlined in the
previous section, we have developed a library called DFLEXLIBS to
showcase an implementation of the methodology. Fig. 3 illustrates the
main components and software artifacts of the library, which facilitate
coding, testing, assessing, and exporting the DF control applications for
HVAC systems. These components include: 1) DF control applications
as implementation codes; 2) interfaces to virtual, realistically modeled
buildings in Modelica (via BOPTEST Blum et al., 2021) and to real
buildings (via VOLTTRON Katipamula et al., 2016) for testing and im-
plementing the controls; 3) DF analytic applications that evaluate the
behavior and performance of the controls in both simulated and real
buildings; and 4) a semantics-driven framework based on previous re-
search (de Andrade et al., 2024), which serves as the core of DFLEXLIBS,
enabling the DF control and analytic applications to be easily portable
across heterogeneous buildings.

Fig. 3 also illustrates potential interactions among the components,
as well as between end-users and the library. The component inter-
actions refer to control inputs (e.g., temperature measurements) and
outputs (e.g., temperature setpoints) that can be exchanged between
the buildings, DF controls, and analytic applications via the semantics-
driven framework. Meanwhile, the user interactions refer to how users
can validate the suitability of given semantic models according to the
requirements of available controls, as well as browse, select, and ex-
port the controls via a GUI. Each component and its interactions are
explored in more detail in the following subsections. These will cover
the design of their functionalities, present and assess the implemented
controls within the library, and evaluate the library’s overall benefits
through the proposed metrics.
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4.1. DFLEXLIBS design

4.1.1. Adherence to design principles

Following the modularity and openness principles outlined in Sec-
tion 3.1, DFLEXIBS controls are implemented as self-contained func-
tions within a Python package. To support generalizability, they are
abstracted from specific building points and designed to work with
available data, using flexible semantic queries to retrieve the required
points’ identifiers for each building. The controls are also adaptable to
dynamic operating conditions through logic functions, such as qualifi-
cation checks that ensure they target zones with sufficient flexibility
and suitable conditions. For scalability, the implementation aligns with
the recent DF Open Specifications for generalizable, best-practice, rule-
based DF controls (Granderson et al., 2025; Granderson & House, 2023).
DFLEXLIBS also aligns with the discoverability principle through a user
interface that enables users to find controls via search, navigation, and
validation features, as described in Section 4.1.3.

4.1.2. Adherence to functional and non-functional requirements

To meet the requirements proposed in Section 3.1, all controls are
implemented in DFLEXLIBS as implementation codes and have been de-
veloped together with supporting software artifacts (semantic queries,
configuration files, and interfaces for BOPTEST and VOLTTRON). These
artifacts interface with the semantics-driven framework, illustrated in
Fig. 3, to allow the self- and custom-configuration of the controls.
This facilitates their portability for testing and performance assessment
across the different buildings connected to the BOPTEST simulation plat-
form (selected for its robust infrastructure supporting controls simula-
tion with Modelica models) and the VOLTTRON EMIS platform (cho-
sen for its open-source nature and use in buildings involved in ongoing
projects where DFLEXLIBS has already been tested). Further details on
how the semantics-driven framework supports these requirements can
be found in previous research (de Andrade et al., 2024).

For performance assessment, DFLEXLIBS includes two main analytic
applications: results visualization and benchmarking of KPIs. Results vi-
sualization provides predefined plots with representative variables to
support the communication and interpretation of insights related to con-
trol behavior in each building. Benchmarking involves calculating rel-
evant KPIs to measure and compare the performance of the controls
across various buildings. For benchmarking, DFLEXLIBS integrates with
the EF KPI Python package, which has been developed within the Inter-
national Energy Agency (IEA) Annex 81 initiative (Johra et al., 2023).

Several KPIs are available in the EF KPI Python package, and
DFLEXLIBS incorporates 12 of them. However, for demonstration, this
paper focuses on three KPIs that have proven highly effective in evalu-
ating key areas: demand, cost, and comfort (Blum et al., 2021; Li et al.,
2023; Liu et al., 2022; Yin et al., 2023). These KPIs are Demand Decrease
Intensity (DDI), Flexibility Savings Index (FSI), and Thermal Discomfort
(TD), each of which is described below, and their equations are provided
in Appendix A.

¢ Demand Decrease Intensity (DDI) (Liu et al., 2022; Yin et al., 2023)
defines the size of a load shed per floor area, averaged across shed
events during an evaluation period.

o Flexibility Savings Index (FSI) (Li et al., 2023) defines the frac-
tion of saved cost from a flexible control strategy compared with a
baseline control strategy.

¢ Thermal Discomfort (TD) (Blum et al., 2021; Li et al., 2023) defines
the cumulative deviation of zone temperatures from upper and lower
comfort limits, averaged across all zones and over an average day.

4.1.3. DFLEXLIBS GUI prototype

Particularly in compliance with the discoverability principle and cat-
egorization requirement, DFLEXLIBS provides a GUI with three main
functionalities: search, navigate, and validate (Fig. 4). The search func-
tion allows users to find controls based on input texts, while the navigate
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Fig. 3. DFLEXLIBS main components and their software artifacts for implementing, testing and benchmarking DF control applications.
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Fig. 4. Snapshots demonstrating the functionalities of the deployed DFLEXLIBS GUI, supporting the discoverability of DF control applications through search,

category-based navigation, and semantic validation mechanisms.

function enables browsing controls by categories, such as types of build-
ings and systems, target levels, and load shapes. The validate function
helps filter suitable controls for specific buildings by using a seman-
tic validation mechanism. This mechanism is based on BuildingMOTIF
(Fierro et al., 2022), as detailed in de Andrade et al. (2024), and com-
pares available data from given buildings’ semantic models with the
controls’ data requirements, generating lists of suitable controls and re-
porting missing metadata for unsuitable ones.

4.2. DFLEXLIBS implementation
The library is implemented in three phases: coding, testing, and as-

sessing. First, controls are designed and coded as scripts applicable to
multiple building types. Second, they are tested in BOPTEST simulations

and real buildings via VOLTTRON EMIS, with semantics-based tools
minimizing reconfiguration across sites. Third, control performance is
assessed using KPIs (DDI, FSI, TD), leveraging the semantics-driven
framework to support portability and helping users understand the fac-
tors that influence the DF from each control, the order of magnitude of
flexibility in certain buildings and HVAC system types, and the circum-
stances under which DF performance may be reduced.

4.2.1. DF controls coding

Nine control strategies have been implemented based on the re-
cent work on DF controls open specifications (Granderson et al., 2025;
Granderson & House, 2023). These controls, further described in Ap-
pendix B, range from zone-level to plant-level strategies. Zone-level
strategies (C.1 and C.2) suit all building typologies that count on
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writable temperature setpoints at the zone level. They include shed-
ding controls, such as temperature adjustments with incremental tem-
perature and performance target-based ratcheting; shifting controls with
both simple and complex modulation for pre-cooling and heating; and
composite controls that combine shifting and shedding controls derived
from the aforementioned strategies. In contrast, the plant-level strategy
(C.3) is tailored specifically for large commercial buildings with built-
up chiller systems, focusing on chiller water temperature reset (only for
load shedding).

The implementation of the controls followed the main logical func-
tions outlined in Granderson et al. (2025), Granderson and House
(2023), including: zone qualification check (to qualify zones that are
not already challenged to maintain comfort conditions, thereby limit-
ing adverse effects on occupants); single-step adjustment of zone set-
points (to enable initial shed or shift for all zones by a given adjustment
factor); ratcheting of select zones (to allow further load shedding with
incremental temperature-based setpoint adjustment, provided that the
maximum allowable setpoint has not been reached, or with performance
target-based setpoint adjustment to achieve a given shed target, e.g.,
reduce demand by X kW); rebound management (to sequentially re-
lease all participating zones in order to avoid a rebound effect); and
target-based demand modulation (to target zones with the greatest
temperature-setpoint deviation, or to adjust the number of zones being
to achieve maximum precooling/preheating potential without exceed-
ing a given target, e.g., demand peak). More detailed information about
these controls is available in Granderson et al. (2025), Granderson and
House (2023).

Fig. 5 illustrates the control flow for some of these functions as im-
plemented in DFLEXLIBS in the context of the zone temperature ad-
justment strategy with incremental temperature ratcheting (C.1a). As
noted, DFLEXLIBS not only incorporates new conditions and commands
to manage heating setpoints in addition to cooling, but also introduces
two new functions to improve the generalizability potential of the pre-
defined DF controls specification. The first function illustrates how DF
events are triggered in response to price signals, and provides guidance
on how to effectively manage shed conditions that have already been
initiated. The second function is a setback function taking into account
zone occupancy and baseline setpoints to conserve energy during shed-
ding events. It allows the override of DF controls in unoccupied zones
when prices are high, setting the baseline strategy or enforcing the limit
setpoints for load shedding, depending on which are lower for heating
and higher for cooling.

In addition to the controls available in the library, DFLEXLIBS also
supports adding new controls. The process involves creating new func-
tions if needed, defining the control strategy by combining such func-
tions, and setting up queries and configuration files for parameters not
in the semantic models. An interface should then be developed to inte-
grate the control with BOPTEST, VOLTTRON, or other platforms, han-
dling semantic queries, configuration, and platform-specific data. For
BOPTEST and VOLTTRON, this can largely reuse existing interfaces,
with differences mainly in required data types. This is further detailed
in our GitHub repository*.

4.2.2. DF controls testing

For testing (validating) the generalizability and correct implementa-
tion of the controls, we used four simulated (virtual) buildings, realisti-
cally modeled in BOPTEST (Blum et al., 2021), and two real buildings
connected to VOLTTRON. Table 2 presents an overview of the location,
area, zone, type of building, HVAC system, and the respective tested
control applications in each building. More detailed information about
the BOPTEST test cases can be found on the official BOPTEST page.®

For interacting with the simulated buildings and their virtual devices
(data ingestion layer in Fig. 2), we leverage the BOPTEST web service

6 https://ibpsa.github.io/projectl-boptest/testcases/index.html
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API’ to retrieve measurement data and send new control signals via
standard GET and POST operations (abstraction layer in Fig. 2). Simi-
larly, for the real buildings, we use a VOLTTRON agent® to receive mea-
surement data and issue control signals to and from the building points
(data ingestion and abstraction layers). Using both the BOPTEST web
service and VOLTTRON agent, we also schedule, process, and log data,
as well as access storage databases. These components are then inte-
grated with our controls and software artifacts via our platform-oriented
interfaces (operating across the service, integration, and application lay-
ers in Fig. 2).

Since all four simulated buildings have heating systems but not all
have cooling, and the testing in the real buildings was performed during
winter, the DF controls are simulated in BOPTEST during the predefined
two-week period that aligns with the peak heating days of each building,
specified in their BOPTEST testing scenarios. Finally, to trigger the shed
events based on grid signals, for the virtual buildings in BOPTEST we
used the dynamic electricity price forecasting, modeled within BOPTEST
based on the buildings’ locations, and for the real buildings in VOLT-
TRON, we used a dynamic electricity price server, specifically the Win-
ter Multiday Highly Dynamic Price Signal (WinterHDP_MD).'?

Among the implemented strategies, we were unable to test the C.3
application at this time. This is because the real buildings we had ac-
cess to did not have chiller units, and the BOPTEST buildings model-
ing chilled water plants primarily focus on air-side distribution controls
and lack overwritable points for adjusting the chilled water tempera-
ture. However, two new BOPTEST buildings currently under develop-
ment will include chilled water reset set points, allowing us to conduct
such tests in the future. Nonetheless, as indicated in Table 2, all C.1 and
C.2 control variations were successfully tested across the four BOPTEST
buildings, demonstrating their generalizability and correct implementa-
tion. Control C.1a (temperature adjustment with incremental tempera-
ture ratcheting) was also tested in the two real buildings.

4.2.3. DF controls assessment

As a demonstration of the library’s ability to assess DF controls, this
paper will focus on the control strategy C.1a. This is a zone setpoint ad-
justment control that can be applied across all selected buildings since
they all have measurements and setpoints at the zone level. Assessments
of the remaining controls solely in BOPTEST are available in our open-
source GitHub repository*. The user-defined parameters for the C.1a
control (identified in Fig. 5) are configured with the default values from
Granderson et al. (2025). Figs. 6 and 7 illustrate the resulting adjust-
ments in the zone temperature setpoints for the control activation, along
with the corresponding changes in demand on a representative day for
the simulated and real buildings, respectively. Note that while B4 and
B5 display setpoint and temperature values for only one of their zones,
Fig. 8 presents these values across all zones.

Figs. 6 and 7 show that the six buildings, with different HVAC sys-
tems, setpoints, and schedules, produce varied demand profiles and re-
spond differently to shed events despite using the same DF control logic.
In general, the commercial buildings (B1, B3, B4, B5, and B6) reach their
peak demand in the morning, just before occupancy begins. The simu-
lated commercial buildings (B1, B3, and B5) activate DF shed control
during both the morning and afternoon, as these shed events (i.e., high-
price periods) align with their occupancy times. In contrast, the real
commercial buildings (B5S and B6) only activate the DF control in the

7 https://ibpsa.github.io/project1-boptest/docs-userguide/api.html

8 https://volttron.readthedocs.io/en/main/agent-framework/
agents-overview.html

9 https://github.com/LBNL-ETA/CalFlexHub

10 For demonstration purposes, the WinterHDP_MD signal was shifted by two
hours in the morning to align with the occupancy hours of the tested real build-
ings. This allowed us to have enough shedding time during occupied hours to
observe shed control activation with incremental ratcheting, which would not
be possible otherwise.
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Table 2
Overview of the tested virtual and real buildings and their respective tested control applications.
Building (label) Virtual / Real Location Area m? Zones Building type HVAC system Tested
controls
Bestest air (B1) Virtual Denver, USA 48 Single Small Idealized four-pipe fan with All C.1 and
commercial® heating coil served by a gas C.2
boiler and cooling coil served by
a chiller
Bestest hydronic Virtual Brussels, 190 Single Residential Air-to-water heat pump All C.1 and
heat pump (B2) Belgium C.2
Single-zone Virtual Copenhagen, 8500 Single Large Air handling unit with heat All C.1 and
commercial Denmark commercial recovery and radiant heating C.2
hydronic (B3)
Multi-zone office Virtual Chicago, USA 1660 Multiple Large Single-duct VAV system with All C.1 and
simple air (B4) commercial heating coil served by a heat C.2
pump and cooling coil served by
a chiller
Site 1 (B5) Real California, USA 630 Multiple Medium Heat-pump rooftop units C.la
commercial
Site 2 (B6) Real California, USA 37.16 Single Small Heat-pump units C.la
commercial

a Although B1 corresponds to a small commercial building due to its size, its HVAC system retains the characteristics of a built-up system.
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Fig. 6. Adjustment in zone temperature setpoints for activation of the flexible (shed) control C.1a (left) and respective change in the building demand (right) on a

representative simulation day in the BOPTEST buildings B1-B4.

morning, since the second shed event occurs in the evening when the
buildings are no longer occupied. The residential building B2 peaks in
the evening and triggers shed control during unoccupied periods, acti-
vating the setback function to reduce setpoints during high-price times.

Despite the different demand profiles, all six buildings consistently
respond to the control logic, providing shedding and rebound manage-
ment with ratcheting. To better understand the ratcheting response in
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the tested multi-zone buildings (B4 and B5), Fig. 8 illustrates the changes
in temperature and heating temperature setpoint for the five zones of
building B4 and the thirteen zones of building B5. Each zone shows the
temperature setpoints adjusted incrementally up to their specified limit
and according to their current conditions.

Regarding the benchmarking of the six buildings under control
C.1la, Table 3 presents results in terms of DDI (demand-related), FSI
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Fig. 7. Adjustment in zone temperature setpoints for activation of the flexible (shed) control C.1a (left) and respective change in the building demand (right) on a

baseline and flexible testing day in the real buildings B5 and B6.
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Fig. 8. Illustration of the ratcheting sequence from control strategy C.1a (specifically led by the shed_incr_temp_ratch_zone and rebound_management_zone functions)

across various zones of buildings B4 and B5 on a flexible testing day.

(cost-related), and TD (discomfort-related) performance. The estimated
DDI values generally fall within the typical load shed intensity range
of 2-10 W/m? reported in the literature (Liu et al., 2022). B3 shows a
slightly higher value, around 10.83 W/m?, which may be attributed to
its longer shedding periods and greater absolute load reduction com-
pared to the other buildings. In contrast, the real building B6, while
within the typical range, has a relatively low DDI. This is likely due to a
combination of low thermal mass, a cold start, and limited heating ca-
pacity. The building loses heat quickly overnight and takes time to warm
up, resulting in low indoor temperatures during the morning shed event.
This delays DF control qualification for shedding and limits load shed
potential (as shown in Fig. 7). However, its shedding potential could be
increased by incorporating a pre-heating strategy (an option supported
by other control applications in DFLEXLIBS, though not demonstrated
in this paper).

In terms of cost savings performance (FSI), B6 also shows the lowest
value, for the same reasons observed in its low DDI. Meanwhile, the
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Table 3

Benchmarking of the six buildings under control strat-
egy C.1a, evaluated for Demand Decrease Intensity (DDI),
Flexibility Savings Index (FSI), and Thermal Discomfort

(TD).

Building DDI [W/m?] FSI [%] TD [Ch/zone-day]
Bl 6.59 6.43 10.75

B2 7.38 31.41 7.41

B3 10.83 6.71 2.10

B4 5.68 21.26 11.20

B5 7.70 28.49 1.53

B6 2.46 4.43 18.39

other buildings do not follow the same DDI patterns and show more
distinct variations in FSI, potentially driven by the following underlying
factors.
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e B2 shows significant cost savings primarily due to the setback strat-
egy applied during the unoccupied high-price periods. This was ef-
fective because B2 had a high setback value during baseline, allowing
for better savings during high-price (shed) periods when the building
was unoccupied.

e B5 also presents relatively high cost savings. This is likely because
the price signal experienced a more pronounced rise from lower to
higher values, and B5’s load was able to undergo a sharp and respon-
sive reduction when price fluctuations were at their peak, resulting
in more concentrated savings.

e B4, despite having a longer duration of high price and extended
load reduction, shows relatively smaller savings than B5, potentially
because its savings are spread out over time, with less sharp price
changes, which leads to a smaller overall savings percentage.
Finally, B1 and B3 show low overall savings, likely because their
loads are primarily thermal rather than electric. As such, since the
thermal (gas and district heating) prices for these BOPTEST buildings
remain constant and do not vary like the dynamic electricity prices
used as the shedding signal in this test, their cost-saving potential is
limited. If the HVAC were a heat pump, using electricity for heating,
the potential for cost savings with dynamic prices would have been
higher.

In terms of occupant discomfort, B5 exhibits the lowest TD among
the six buildings. As illustrated in Fig. 8, the DF control appears to have
only a minimal effect on the average indoor temperature. This may be
attributed to the building’s substantial thermal mass, which helps buffer
temperature fluctuations. In addition, the relatively mild outdoor tem-
peratures during the testing period (less severe than those encountered
by the other buildings) likely contributed to this outcome as well.

B3 has the second-lowest TD, mainly because its baseline control
includes a high heating setpoint, a high setback, and a preheating con-
dition, which keep the building from getting too cold overnight and
help compensate for the slow response of its radiant floor system. In
contrast, B6 shows the highest TD, likely due to a similar slow-response
system, but with no preheating, and a low setback temperature value.
This results in a slower temperature rise to the target and causes morn-
ing discomfort, even under baseline conditions. Finally, B1, B2, and B4
display similarly high TD values, potentially influenced by their longer
shed activation durations and subtle thermal responses (in the case of B1
and B4, as indicated by the rapid indoor temperature changes following
the setpoint adjustments), or slow-response system (in the case of B2,
with its hydronic system). Although B2 has a high setback temperature
in the baseline, which could mitigate this, during flexible control, most
unoccupied periods align with high-price (shed) times, triggering the
proposed savings, setback strategy.

Although the sample size is limited, the performance assessment of-
fers useful insights into how DF performance varies with building char-
acteristics and operating conditions. It also shows that the three met-
rics (DDI, FSI, and TD) are not strongly correlated. For instance, large
demand reductions did not always yield higher cost savings or greater
discomfort, as one might intuitively expect. These results highlight the
value of providing diverse KPIs so developers can tailor control choices
to their context and goals. If comfort is a priority, developers can shorten
shed durations or apply milder setpoint adjustments, especially in low
thermal mass buildings. To maximize demand reduction with minimal
discomfort, they can pair shedding controls with pre-heating and pre-
cooling strategies (which are also available in DFLEXLIBS).

Other stakeholders, such as building portfolio managers, aggrega-
tors, and grid operators, can also use results from these performance
assessments to drive the selection of target buildings or design price
structures in DF programs. For instance, buildings with electric-based
HVAC systems have achieved higher cost savings than those using gas
or district heating, particularly when dynamic electricity prices are used
to trigger shedding events and when gas or district heating prices remain
flat. Similarly, greater savings have been observed in scenarios where

12

Control Engineering Practice 172 (2026) 106899

electricity prices show a wide spread between off-peak and peak peri-
ods. In other words, the more pronounced the price fluctuations, the
greater the potential for financial benefits from DF strategies.

4.3. DFLEXLIBS evaluation

To evaluate how DFLEXLIBS reduces control development and de-
ployment effort, this study uses two metrics. Results for the first metric,
RR (Eq. (1)), shown in Table 4, indicate rates of about 99% for all con-
trols across BOPTEST buildings B2-B4, and roughly 48% for the C.1a
control across VOLTTRON buildings, using Bl as the reference. This
metric considers all LOC used by the controls, including functions and
interfaces for semantic queries and configuration files, and the platforms
(BOPTEST and VOLTTRON) setup, data encoding, and decoding.

The high reusability rate among BOPTEST buildings is due to only
two required code changes: one to select the building’s identifier, and
another to define the logic for identifying the HVAC operation mode
(heating or cooling). Since these changes are consistent across all build-
ings, the variation in RR mostly depends on the total number of lines
in each control. As such, controls with more code tend to have higher
reusability rates.

In contrast, although the RR between the two VOLTTRON buildings
is about 94%, it drops to around 50% between BOPTEST and VOLT-
TRON buildings. This mainly reflects changes, additions, or removals of
lines in the interface (setup code) due to platform-specific interactions
(BOPTEST simulation vs. VOLTTRON EMIS). Even so, DFLEXLIBS shows
clear potential to reduce control development and deployment effort
(in terms of LOC) while enabling reusable control code. Note that these
evaluated controls are zone-level strategies and can be applied to any
building that has zone-level measurements and setpoints. Other strate-
gies, like C3, have more limited applicability and may require building-
specific customization.

The calculation of the second metric, FOR (Eq. (2)), is presented
in Table 5, highlighting the shared functions among the control appli-
cations and their estimated overlap rate. The most commonly shared
function, zone_ qualification check, is used in 8 out of 9 controls, with
the highest overlap rate of 0.89. In contrast, the least shared functions,
chiller plant load _check, shed chiller prioritization, and shed_chiller ratchet-
ing, each appear in only one control, with an overlap of 0.11.

In general, each control shares at least one function with others, with
significant overlaps noted between pairs such as C.1a and C.1b, and C.2a
and C.2b. The modular design of these functions also enables seamless
integration of the control variations from C.1 (shed) and C.2 (shift) into
composite control strategies. This results in the following combinations:
C.la2a, C.1a2b, C.1b2a, and C.1b2b. The control flow for the functions
applied to control C.1a is depicted in Fig. 5. More details regarding these
and the remaining functions can be found in our open-source GitHub
repository*.

5. Discussion

This paper presents the successful implementation of a library with
DF controls, DFLEXLIBS, developed based on our proposed methodol-
ogy. A total of nine control sequences were implemented in Python,
eight of which were tested across simulated and real buildings, requir-
ing minimal effort. This has been evidenced by the minimal code modi-
fications required between different buildings (particularly those under
the same data access platform) and the high degree of functions’ over-
lap among the controls. Such a result supports our original hypothesis,
demonstrating the library’s potential to reduce controls’ development
time and deployment (configuration/onboarding) effort.

The following subsections revisit the paper’s main contributions: i)
design principles and requirements for a controls library; ii) controls
portability and performance assessment; and (iii) evaluation of the li-
brary’s benefits, all in the context of the implemented library, the results
obtained, and the broader state-of-the-art.
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Table 4
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Reusability rates measuring the relative change in LOC between an existing application
on a reference building (B1) and the version adapted across the other tested buildings.

Building C.1a C.1b C.2a C.2b C.1a2a C.la2b C.1b2a C.1b2b

B1 100 100 100 100 100 100 100 100

B2 99.90 99.86 99.82 99.85 99.88 99.89 99.88 99.89

B3 99.90 99.86 99.82 99.85 99.88 99.89 99.88 99.89

B4 99.90 99.86 99.82 99.85 99.88  99.89  99.88  99.89

BS 48.14 - - - - - - -

B6 4872 - - - - - -

Table 5
Reusability of functions across the control applications implemented within DFLEXLIBS, including overlap rates.

Function name C.la C.1b C.2a C.2b C.la2a C.1a2b C.1b2a C.1b2b C.3 FOR
shed_price_event X X - - X X X X X 0.78
shed_setback_function X X - - X X X X - 0.67
zone_qualification_check X X X X X X X X - 0.89
shed_single_step_adj_zone X X - - X X X X - 0.67
shed_incr_temp_ratch_zone X - - - X X - - - 0.33
shed_perform_target_ratch X - - - - X X - 0.33
rebound_management zone  x X - - X X X X - 0.67
shift_price_occ_event - - X X X X X X - 0.67
shift_single_step_adjs_zone - - X X X X X X - 0.67
shift_target demand_mod - - - X - X X - 0.33
chiller_plant load_check - - - - - - - - X 0.11
shed_chiller_prioritization - - - - - - - - X 0.11
shed_chiller_ratcheting - - - - - - - X 0.11

5.1. Design principles and requirements for the library

Recent control libraries have been developed to simplify control
design by reducing the need to start from scratch or convert textual
specs into code. However, none have explicitly targeted DF or the
portability and performance assessment, and many still require niche
modeling knowledge (especially for Modelica-based CDL). DFLEXLIBS
provides Python-based DF controls that are easily configurable and
portable across buildings with semantic models in place. Its modular,
building-agnostic control logic allows customization, while integration
with BOPTEST enables rapid testing, consistent performance assess-
ment, and greater user confidence.

To create DFLEXLIBS, this paper drew on literature, domain exper-
tise, and practical experience gained throughout the development of this
work. We defined functional requirements to guide how controls should
be specified, developed, and assessed, including aspects such as pack-
aging and export methods, associated software artifacts, performance
assessment strategies, and categorization. For non-functional require-
ments, we identified how to integrate software artifacts with BAS/EMIS
and simulation platforms. Our design principles emphasized modularity,
scalability, and generalizability, enabling reusable, best-practice-based
functions and easy adaptation to different buildings. We also priori-
tized openness and discoverability to support an accessible, open-source
ecosystem. Although focused on DF controls, the methodology is broadly
applicable to creating control libraries for other domains.

5.2. Controls portability and performance assessment

The widespread adoption of emerging control applications depends
on two key aspects: cost-effectiveness and proven performance (Blum
et al., 2019). The proposed library has shown promise to reduce de-
velopment cost for DF controls that can be easily assessed in various
contexts. Development time is reduced through the use of decoupled
interfaces, flexible semantic queries, standard configuration files, and
qualification check functions, which enable the integration of control
applications across different buildings and data access platforms.

The software interfaces support different methods for reading and
writing building data and allow for site-specific logic (e.g., HVAC
mode detection, equipment staging, or schedule requirements). Flex-
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ible queries support access to varied point names for the same vari-
able (e.g., multiple possible temperature setpoints, such as Air Temper-
ature Setpoint, Heating Zone Air Temperature Setpoint, Unoccupied Heating
Temperature Setpoint, or Occupied Heating Temperature Setpoint, accord-
ing to their availability in a building). Standard configuration files cap-
ture user-defined DF control settings not found in popular building on-
tologies (e.g., minimum allowable temperature setpoint during a shed
event). Qualification checks help controls to adapt to building-specific
characteristics (e.g., units) and real-time operational conditions, such
as occupancy, comfort limits, or HVAC status (e.g., starving or rogue
conditions).

The performance of the controls has been measured by linking the
library’s controls to a testing platform, which not only enabled rapid,
automated assessment across diverse buildings but also yielded valuable
insights (see Section 4.2.3). In general, these insights showed that the
performance of DF controls can vary widely between buildings, even
when using the same code and configuration. This reinforces the need
for a performance assessment before controls deployment in real-world
settings, which is currently not common practice in industry.

While testing and assessing controls in a highly accurate simulated
model of a target building is ideal, the effort involved can be significant.
Instead, testing controls across a range of generic but realistic building
models, as proposed in this paper, offers a practical and valuable alter-
native. It helps debug the controls and provides insights into how differ-
ent factors and parameters influence their performance. That said, while
this work’s simulations were based on four prototype virtual buildings,
advanced users can model their own buildings in BOPTEST,!! or create
additional prototypes, to validate the performance of different control
applications.

5.3. Library benefits

In our demonstration using DFLEXLIBS, reference DF controls were
coded, tested, and assessed across simulated and real buildings with
minimal effort. While the reusability rate reached approximately 50%
across platforms (BOPTEST and VOLTTRON), it exceeded 90% within

11 https://github.com/ibpsa/project1-boptest/tree/master/docs/tutorials


https://github.com/ibpsa/project1-boptest/tree/master/docs/tutorials

F. de Andrade Pereira et al.

the same platform. This indicates that, once an interface and setup code
are in place for a given platform, controls can be easily reused across
buildings.

Beyond reducing development and deployment efforts, DFLEXLIBS
benefits multiple stakeholders. Researchers can advance the state-of-the-
art by creating new controls, understanding their performance variabil-
ity under different scenarios, and promoting their reuse. In turn, indus-
try developers can reuse existing controls or develop new ones based on
pre-built functions for deployment in real buildings. This fundamentally
reflects the library’s modular and portable design.

In addition to testing controls within BOPTEST, with appropri-
ate interfaces, the controls in DFLEXLIBS could be evaluated through
other software-based testing and benchmarking frameworks, such as
CityLearn (Nweye et al., 2023), the VOLTTRON-based Building Con-
trol Testing (V-BCT) Framework (Huang et al., 2023), or BuildingGym
(Dai et al., 2025), provided that they include semantic models of their
simulated buildings. These controls could also be deployed in other real
buildings via open-source or proprietary BAS, EMIS platforms using a
similar approach to the VOLTTRON connection (e.g., creating interfaces
to encode and decode data exchanges, whether through APIs or proto-
cols such as BACnet, as well as platform-specific setup).

Looking ahead, DFLEXLIBS could serve as a reference implementa-
tion for industry, enabling organizations to create their own versions
of the library. Such a library could implement the controls in other
programming languages and deploy them as microservices on local
servers or cloud platforms (Aksakalli et al., 2021). DFLEXLIBS’ underly-
ing framework would help ensure portability across buildings, reducing
deployment costs. The proposed GUI shown in Fig. 4 illustrates how
developers (or providers, contractors) and aggregators (or other stake-
holders) could browse and filter controls using buildings’ semantic mod-
els, visualize performance under different scenarios and configure con-
trols across building portfolios. This could improve the accessibility and
understanding of DF controls and support wider adoption of emerging
programs and regulations.

Despite its potential, DFLEXLIBS is a prototype with limitations to
address, including: i) more thorough validation of controls with func-
tional tests that could reduce the risk of malfunction and support com-
missioning procedures; ii) assessment of the library’s benefits versus tra-
ditional approaches; iii) testing across more buildings and applications
for robustness; and iv) sensitivity analysis to understand control perfor-
mance across various contexts.

6. Conclusion and future work

Cost-effective portability and measurable performance are essen-
tial for the scalability of DF controls. This study introduces a method
for creating a library of reference, portable DF controls, and presents
DFLEXLIBS as a prototype. DFLEXLIBS supports developing and deploy-
ing DF controls across buildings with minimal effort. Its main contribu-
tions are:

e DFLEXLIBS provides open-source, vendor-independent implementa-
tion codes based on best practices, generalizable DF control specifi-
cations.

DFLEXLIBS supports a more automated configuration and the reuse
of both DF controls and analytics (KPIs) by leveraging semantic mod-
els and appropriate interfaces.

DFLEXLIBS connects to realistic Modelica buildings through
BOPTEST and to real buildings via VOLTTRON, enabling rapid test-
ing, simulation, and field validation of controls.

DFLEXLIBS facilitates a quantitative understanding of performance
variability of the same code-base DF controls across both simulated
and real buildings under various scenarios.

DFLEXLIBS provides a holistic integration of previously fragmented
research areas, including controls specification, semantics-driven porta-
bility, and performance assessment, offering the scalability the field
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needs. It enables researchers and developers to reuse and gather insights
from tested applications or create and evaluate their own portable ones
across multiple buildings. This can increase confidence in DF controls
performance, lower the complexity and cost of making such applications
portable, and pave the way for new products and markets.

Future work will enhance DFLEXLIBS by testing DF control for chiller
setpoint reset in upcoming BOPTEST cases, developing new controls,
and evaluating existing ones in additional real-world scenarios. We will
provide functional tests to verify implementation and gather user feed-
back to better assess the library’s benefits. Finally, we plan to investi-
gate ASHRAE’s recently released standards, developing 231-complaint
DF control sequences and using 223-complaint semantic models.!?
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Appendix A. Energy flexibility kpis equations

Demand Decrease Intensity (DDI) is expressed as W/m? and calculated
as:

1 1
DDI = Z . N 2 (Dbaseline(t) - Dﬂexible(t))

S

(A1)

where Dy, ./, is the demand during the baseline control, D ;. is
the demand during the flexible control, N is the number of shed events,

12 https://www.ashrae.org/technical-resources/standards-and- guidelines/
titles-purposes-and-scopes.


https://doi.org/10.13039/501100015271
https://annex81.iea-ebc.org
https://www.ashrae.org/technical-resources/standards-and-guidelines/titles-purposes-and-scopes
https://www.ashrae.org/technical-resources/standards-and-guidelines/titles-purposes-and-scopes

F. de Andrade Pereira et al.

A is the building floor area, 7, and ¢, are the start time and the end time
of the evaluation period.

Flexibility Savings Index (FSI) is expressed as a percentage (%) and
calculated as:

Cflexible

FSI=1- (A.2)

Cha.veline
where C/,.;p, is the cost of operation during the flexible control and
Chuseline 1S the cost of operation during the baseline control.
Thermal Discomfort (TD) is expressed as ° Ch / zone-day and calcu-

lated as:

N t
1 1 s
TD=—- > Z / (max(T, (1) = T, ¢o01(1), 0)
z=171s
+ max (T} peqt (1) — T, (1), 0)) dt (A.3)
Table B.1

DF control strategies in DFLEXLIBS.
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where T,(7) is the zone temperature of zone z, T, ., (*) and T, ., (t)
are the cooling and heating set points of zone z, N is the number of
zones, D is the number of days from the evaluated period, and ¢, and ¢,
are the start time and the end time of the evaluation period.

Appendix B. DFLEXLIBS controls
Table B.1 describes the DF control strategies implemented in

DFLEXLIBS, based on the recent work on DF controls open specifica-
tions (Granderson et al., 2025; Granderson & House, 2023).

Target level

Control strategy group

Control strategy

Building archetype

Description

Zone-level C1_Zone temperature adjustment Cla_Incremental temperature

target ratcheting®

Zone-level C1_Zone temperature adjustment Clb_Performance target-based

target ratcheting”

Zone-level C2_Zone temperature adjustment C2a_Simple target-based demand

target for precooling/heating modulation”

Zone-level C2_Zone temperature adjustment C2b_Complex target-based

target for precooling/heating demand modulation”

Zone-level C1_Zone temperature adjustment Cla2a_Incremental temperature

target & C2_Zone temperature ratcheting & Simple target-based

(composite) adjustment for demand modulation”
precooling/heating

Zone-level C1_Zone temperature adjustment Cla2b_Incremental temperature

target & C2_Zone temperature ratcheting & Complex

(composite) adjustment for target-based demand
precooling/heating modulation”

Zone-level C1_Zone temperature adjustment C1b2a_Performance target-based

target & C2_Zone temperature ratcheting & Simple target-based

(composite) adjustment for demand modulation”
precooling/heating

Zone-level C1_Zone temperature adjustment C1b2b_Performance target-based

target & C2_Zone temperature ratcheting & Complex

(composite) adjustment for target-based demand

Plant-level
target

precooling/heating
C3_Chiller water temperature
setpoint reset

modulation”
C3_Chiller water temperature
setpoint reset

Residential buildings (e.g., split systems);
Small and medium commercial buildings
(e.g., package units); Large commercial
buildings (e.g., build-up systems)

Residential buildings (e.g., split systems);
Small and medium commercial buildings
(e.g., package units); Large commercial
buildings (e.g., build-up systems)

Residential buildings (e.g., split systems);
Small and medium commercial buildings
(e.g., package units); Large commercial
buildings (e.g., build-up systems)

Residential buildings (e.g., split systems);
Small and medium commercial buildings
(e.g., package units); Large commercial
buildings (e.g., build-up systems)

Residential buildings (e.g., split systems);
Small and medium commercial buildings
(e.g., package units); Large commercial
buildings (e.g., build-up systems)
Residential buildings (e.g., split systems);
Small and medium commercial buildings
(e.g., package units); Large commercial
buildings (e.g., build-up systems)
Residential buildings (e.g., split systems);
Small and medium commercial buildings
(e.g., package units); Large commercial
buildings (e.g., build-up systems)
Residential buildings (e.g., split systems);
Small and medium commercial buildings
(e.g., package units); Large commercial
buildings (e.g., build-up systems)

Large commercial buildings (e.g.,
build-up systems)

Strategy enables load shedding by
adjusting zone setpoints within comfort
limits, raising cooling setpoints (or
lowering heating setpoints) by a defined
single-step adjustment factor with
incremental, temperature-based setpoint
changes.

Strategy enables load shedding by
adjusting zone setpoints within comfort
limits, raising cooling setpoints (or
lowering heating setpoints) by a defined
single-step adjustment factor while
following a performance-target approach
to meet a specified shed target (e.g.,
reduce demand by X kW).

Strategy adjusts zone setpoints within
comfort limits prior to a peak event,
lowering cooling setpoints (or raising
heating setpoints) to precool (or preheat)
the building mass. It prioritizes zones
with the greatest deviation from setpoint.
Strategy adjusts zone setpoints within
comfort limits prior to a peak event,
lowering cooling setpoints (or raising
heating setpoints) to precool (or preheat)
the building mass. It dynamically selects
the number of participating zones to
maximize precooling/preheating potential
without exceeding a specified target (e.g.,
demand peak limit).

Combine Cla and C2a.

Combine Cla and C2b.

Combine C1b and C2a.

Combine C1b and C2b.

Strategy enables load shedding by
increasing the chilled water temperature
setpoint of chiller plants.

a strategy tested in simulation and field

b

strategy tested in simulation
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