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Abstract: Regenerative design is being increasingly explored in urban environments to counteract
and adapt to the changing climate and degradation of ecosystems. A critical success factor for the
implementation of regenerative design is the evaluation of urban and building systems in relation
to ecological performance and benefits. In biological ecosystems, the availability of high-quality
energy, called exergy, and structural order can be used as indicators of the efficiency of on-going
ecological processes. Structural order refers to the organization and systematic arrangements of
biotic and abiotic elements within an ecosystem based on the available space and interactions with
the goal to form a functional system. Ecological processes use the available exergy and generate
ecosystem services (ESs) upon which human survival and that of other living organisms depend.
In this article, structural order and ESs generation are proposed as indicators for exergy efficiency
and accumulation in building systems, respectively, which can evaluate to what extent they are
ecologically functional and regenerative. Based on this insight, design strategies are derived from
the functioning of ecosystems that describe how buildings could become habitats that host living,
non-living, and hybrid systems with optimized thermodynamic efficiency and that can generate ESs.
This research suggests that when buildings improve structural order (an ecological concept) and
implement ESs generating processes similar to biological ecosystems, they can facilitate regenerative
processes more effectively that consume and generate resources and, with this, destroy but also
accumulate exergy.

Keywords: regeneration; building systems; exergy efficiency; ecosystem services

1. Introduction
The Need for Regenerative Buildings and Building Systems

Buildings and their operating systems are urgent focus points in the regenerative devel-
opment of cities to mitigate climate change and environmental pollution [1]. Being the core
elements of cities, building operations are responsible for 30% of global energy consump-
tion and 26% of global energy-related emissions [2]. A total of 18% of the energy-related
emissions stem from operational processes that consume electricity and from heating [2].
Other building operation processes, such as cooling, lighting, and sanitary systems like
toilet flushing, consume ecosystem services (ESs), such as fuel or energy and fresh water,
respectively. They further produce waste or pollution such as plastic, contaminated water,
and greenhouse gas emissions [3]. To evaluate the extent of sustainability in buildings
and their related systems, critical indicators and improvement strategies for regenerative
performance are required.
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From an ecological perspective, regenerative systems increase long-term resilience.
Long-term resilience is only possible through effective ecological functionality and high
energy efficiency in operational processes that facilitate the system’s functioning [4]. In this
paper, the term ecological functionality is used when operational processes are on-going
and ESs are generated. Regeneration in biological ecosystems and in buildings ultimately
relies on long-term ecological functionality. Energy efficiency from a systems perspective
requires exergy efficiency because the amount of available exergy, and therefore usable
energy, is limited on the planet and within ecosystems. Exergy comes in energy, material,
and information, and is defined as the amount of work that a system can perform when
being in thermodynamic equilibrium with the environment [5]. All living and non-living
systems in biological ecosystems, cities, and buildings and their operational processes,
for example water purification or pollination, run on energy and provide services like
fresh water and food, which are basic needs for human survival, as well as for all other
life to exist [6]. All flows of energy in the known universe are determined by the laws of
thermodynamics [7]. Ecosystems and buildings are thermodynamically open, which means
that they exchange and transfer energy, information, and matter with their environment
through transformation processes [8]. The concepts of exergy and entropy from the field of
thermodynamics, as well as the ESs concept, can be used to evaluate energy efficiency and
achieve regeneration in both ecosystems and buildings. Exergy efficiency and accumulation
are elaborated upon and proposed as useful indicators for regeneration of building systems
in this research.

In ecology, exergy, entropy, and ESs are interlinked through the thermodynamical
functioning of ecosystems. The exergy concept allows people to describe and compare
buildings and their systems as thermodynamical structures. The development of the
theory and practice of regenerative architecture is partially inhibited due to a lack of
conceptual theory that translates the regenerative functioning of biological ecosystems into
the language of the theory and practice of architectural and building systems design and
evaluation. Existing approaches found in the literature [9–14] fail to unite exergy, entropy,
and ESs concepts in the context of regenerative buildings and cities which could be a root
cause of ecologically ineffective designs. To close this gap and contribute to the regenerative
development of the built environment, the presented work unites these concepts to provide
a system-based approach to ecologically functional regenerative building and building
system design.

Designing ecologically functional buildings would allow buildings themselves to more
effectively and strategically generate ESs and with this alleviate pressure on biological
ecosystems to provide resources. This is of key importance in urban environments where
urban green and blue space cannot remain the sole source of urban ecosystem services.
Urban green and blue space is decreasing in absolute area or on a per capita basis in many
cities as the population increases and cities densify [15]. It is of great importance, therefore,
that buildings are able to generate ESs to make cities more functional, more able to adapt to
climate change, and to increase human wellbeing [16]. Ecological functionality in buildings
can be achieved through strategies emulated from biological ecosystems [17]. This is often
termed biomimicry. Biomimetic research has resulted in many buildings and products
with improved functionality and energy efficiency. Examples include solar panels that
imitate photosynthesis for energy generation and whale-inspired wind turbines with higher
energy efficiency and less noise [18,19]. Despite the availability of multiple individual
design strategies, there are few authors that apply a system-level analysis of strategies
that biological ecosystems use to become regenerative and resilient [20]. In this paper,
ecosystem-level biomimetic thinking [17,21] is employed in order to extract regenerative
functional design strategies from biological ecosystem theory and translate them into
practical application for the design and evaluation of buildings and building systems.
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2. Theoretical Background
2.1. The Concept of Regeneration

Regeneration refers to the ability of a system to restore and renew itself over time to
achieve resilience and adaptability to disturbances like climate change [22]. Regenerative
performance in buildings implies a positive ecological impact on the environment over the
complete building life-cycle while ensuring the wellbeing of building users and wider com-
munities [22]. Biological ecosystems are the best-known examples of effective organization
of life and regeneration on Earth [8]. They have the ability to self-generate, self-regulate,
self-organize, and evolve their structures within planetary boundaries maintaining home-
ostasis, which is a stable state and the dynamic balance of the internal processes [8,23,24].
This results from their structural set-up and efficient energy dynamics, two aspects that can
act as a model for regenerative buildings and building systems [17].

2.2. Thermodynamical Functioning and Exergy Analyses for Regenerative Systems

The scientific field of thermodynamics explains energy dynamics, particularly the
transfer and transformation of energy and the relationship between different forms of
energy including mechanical, electrical and chemical energy [25]. To measure the efficiency
of energy transfer and transformation processes, exergy analyses can be conducted. In
simple terms, exergy describes the maximum available high-quality energy in a system that
can be used to carry out work [26]. Energy transfer and transformation processes consume
exergy, and when the available exergy is used up in a system processes stop functioning
and the system collapses [27]. Achieving thermodynamic balance in a system with many
reversible internal exergy processes allows for the optimal functioning of the system over
an extended period, because it responds to changes in the environment and contributes
to the system’s ability to adapt and survive [28]. Through examining exergy balances and
changes over time, exergy analyses indirectly also quantify exergy accumulation within a
system [29]. Accumulated exergy allows a system to perform additional useful work as
more useful energy is available.

Different types of exergies have been described [30]. Chemical and physical exergy,
with the latter being divided into mechanical and thermal exergy, are the most commonly
applied types for sustainability assessments, especially of non-living systems such as solar
panels or plumbing systems [30,31]. The concept of information exergy quantifies the useful
information within a system. Useful here means information that can be used to evolve,
emerge, and adapt to disturbances in a changing environment [32]. In biological ecosystems,
information exergy creates relationships leading to regenerative patterns, including a high
level of biodiversity, ecological succession and ES generation that promote resilience and
restoration through self-renewal, adaptation and self-organization [32]. For instance, living
systems survive and evolve by transforming solar energy, called emergy, into complex,
highly ordered structures such as biomass, which are directed and controlled by genetic
information [33,34]. To date, biological systems have more efficient information transfer
techniques than human-designed information systems [34].

Biological ecosystems function in a state of thermodynamical non-equilibrium, mean-
ing dynamic changes in structure and function emerge as specific ecosystem properties,
such as soil properties, nutrient cycles or biodiversity, evolve. Due to this biological
complexity, ecological exergy, called eco-exergy, is used to analyze living systems [30].
Eco-exergy refers to the amount of work that can be extracted from ecological processes,
which includes the structure, organization, and relationships of an ecosystem [5,35,36]. A
comparative analysis for all exergy types revealed that individual living systems, such
as plants, and biological ecosystems, such as forests, accumulate a significantly higher
amount of both eco-exergy and information exergy, compared to engineered, human-made
systems such as buildings [30]. This implies that the potential to learn from living systems
in the design of human artefacts and systems, including buildings and building systems,
is high. Moreover, the exergy concept facilitates the comparison between living and non-
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living systems and the evaluation and goal setting for building systems against an optimal,
quantifiable example (i.e., living ecosystems).

Exergy analyses for urban and building systems already exist. Exergy efficiency
calculations are applied to assess ecological processes such as nutrient cycling, environ-
mental impacts such as pollution, and mechanical systems such as HVAC systems in
buildings [9,10,37]. However, their focus tends to be on chemical and physical exergy,
excluding the biological concepts of information and eco-exergy [11,30,32]. Despite the
further development, acceptance and adoption of exergy analyses in recent years and their
common and accurate application to building systems is still lacking [12–14]. The exergy
consumed in a physical, chemical, and biological system, including living organisms and
ecosystems, is proportional to the generated entropy, which is therefore a relevant concept
for the presented work [26] and is explained in the next section.

2.3. Entropy Generation in Exergy-Efficient Systems

Entropy is a ‘measure of a system’s thermal energy [. . . ] that is unavailable for doing
useful work’ [38]. Every energy transfer or transformation in living and non-living sys-
tems generates entropy [39]. Non-reversible, entropy-generating processes in biological
ecosystems are energy dissipation in the form of heat, degradation of materials, natural
disturbances like storms, wildfires or floods, genetic mutations, erosion and sedimentation,
as well as aquatic mixing through wind or other physical forces leading to the distribution
of substances like nutrients in the water [40,41]. Non-living systems in buildings such as
electrical heating or lighting systems currently still perform predominantly high-entropy
processes that include energy dissipation in the form of heat and contamination or pollu-
tion of substances such as water, air and soil [42]. Therefore, increased thermodynamic
efficiency in building systems can reduce pollution and exergy consumption in the form
of resources from external systems. Highly exergy-efficient and low-entropy-generating
systems generally generate more ESs [32,43] and therefore support more life to exist [44].

2.4. Ecosystem Service Generation with Building Systems

Biological ecosystems carry out ecological processes that generate ESs and sustain
the functioning of the Earth’s biosphere and all life within it [44,45]. ESs represent the
resources and processes that humans, and other organisms, benefit from and depend
on. Therefore, their constant regeneration is essential. ESs can be divided into cultural,
regulating, provisioning, and supporting ESs [46] (Table 1). Cultural ESs such as relaxation
and recreation are qualitative, non-material services. They depend on the availability of
the material services and physical structures of ecosystems, which are called provisioning
ESs, and include food, raw materials and fresh water. Regulating and supporting ESs form
the basis for the provisioning of all other ESs, as they represent the underlying ecosystem
structures and processes such as habitat provision, water- or soil-quality regulation [45,47]
(Table 1). Several ES frameworks have been developed and are in use. Among them are
the Millennium Ecosystem Assessment framework, the Intergovernmental Science-Policy
Platform on Biodiversity and ESs framework (IPBES), and the Common International
Classification of ES (CICES) [45,47–49]. Table 1 lists common ESs. Pedersen Zari [17]
applied the ESs concept to the urban built environment. Their integration is suggested
because the high exergy consumption in cities leads in part to the depletion of ESs [5].
Buildings and their systems can integrate ES generation through design strategies and
therefore improve their regenerative performance and alleviate pressure on non-urban
ecosystems and urban green and blue space to provide ESs.
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Table 1. ESs categorized in four groups—supporting, regulating, provisioning, and cultural ESs
(adapted from [46]).
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- Drinking water 
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- Water purification 
- Soil purification 
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- Small-scale to large-scale urban farming 

 

Decomposition 
- Biodegradation 
- Material reuse/recycling 
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Biochemicals  
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- Natural chemicals  
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- Control of invasive species 
- Disease/pest regulation 

 

Raw materials 
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- Celebration of cultural diversity/history 
- Sense of place 

 
Fixation of solar energy 

 
Spiritual and religious inspiration 

 

Soil building 
- Soil formation 
- Renewal of soil fertility 
- Soil quality control 
- Soil retention  

Education and knowledge 
- Educational 
- Inspiration and innovation 
- Cognitive development 
- Knowledge building 
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- Noise 
- Wave 
- Erosion 
- Earthquake 
- Drought 
- Flood/Storm events 
- Wind 
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Provision of fuel and energy 
- Water energy 
- Wind energy 
- Active/passive solar energy 
- Human body heat 
- Hydrogen energy 
- Biomass energy 
- Geothermal energy 

 

Climate regulation 
- UV protection 
- Moderation of temperature 
- Climate adaptation strategies 
- GHG mitigation 

 

Provision of fresh water 
- Drinking water 
- Sanitation 
- Irrigation 
- Industrial processes 
- Recreational 

 

Purification 
- Water purification 
- Soil purification 
- Air purification  

Provision of food 
- Small-scale to large-scale urban farming 

 

Decomposition 
- Biodegradation 
- Material reuse/recycling 
- Consumption reduction  

Biochemicals  
- Medicine 
- Natural chemicals  

 

Biological control 
- Control of invasive species 
- Disease/pest regulation 

 

Raw materials 

Fixation of solar energy
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Table 1. ESs categorized in four groups—supporting, regulating, provisioning, and cultural ESs 
(adapted from [46]). 
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Aesthetic and artistic inspiration 
- Aesthetic value 
- Artistic inspiration 

 

Nutrient cycling 
- Retention of nutrients 
- Regulation of biogeochemical 
cycles  

Recreation and psychological wellbeing 
- Sports 
- Outdoor activities 
- Tourism 
- Socialization 
- Relaxation and psychological benefit 

 
Species Maintenance  

 

Sense of place and cultural diversity 
- Celebration of cultural diversity/history 
- Sense of place 

 
Fixation of solar energy 

 
Spiritual and religious inspiration 

 

Soil building 
- Soil formation 
- Renewal of soil fertility 
- Soil quality control 
- Soil retention  

Education and knowledge 
- Educational 
- Inspiration and innovation 
- Cognitive development 
- Knowledge building 
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- Earthquake 
- Drought 
- Flood/Storm events 
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Provision of fuel and energy 
- Water energy 
- Wind energy 
- Active/passive solar energy 
- Human body heat 
- Hydrogen energy 
- Biomass energy 
- Geothermal energy 

 

Climate regulation 
- UV protection 
- Moderation of temperature 
- Climate adaptation strategies 
- GHG mitigation 

 

Provision of fresh water 
- Drinking water 
- Sanitation 
- Irrigation 
- Industrial processes 
- Recreational 

 

Purification 
- Water purification 
- Soil purification 
- Air purification  

Provision of food 
- Small-scale to large-scale urban farming 

 

Decomposition 
- Biodegradation 
- Material reuse/recycling 
- Consumption reduction  

Biochemicals  
- Medicine 
- Natural chemicals  

 

Biological control 
- Control of invasive species 
- Disease/pest regulation 

 

Raw materials 

Spiritual and religious inspiration
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Table 1. ESs categorized in four groups—supporting, regulating, provisioning, and cultural ESs 
(adapted from [46]). 

  ESs Categories   ESs Categories 
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Aesthetic and artistic inspiration 
- Aesthetic value 
- Artistic inspiration 

 

Nutrient cycling 
- Retention of nutrients 
- Regulation of biogeochemical 
cycles  

Recreation and psychological wellbeing 
- Sports 
- Outdoor activities 
- Tourism 
- Socialization 
- Relaxation and psychological benefit 

 
Species Maintenance  

 

Sense of place and cultural diversity 
- Celebration of cultural diversity/history 
- Sense of place 

 
Fixation of solar energy 

 
Spiritual and religious inspiration 

 

Soil building 
- Soil formation 
- Renewal of soil fertility 
- Soil quality control 
- Soil retention  

Education and knowledge 
- Educational 
- Inspiration and innovation 
- Cognitive development 
- Knowledge building 
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- Wave 
- Erosion 
- Earthquake 
- Drought 
- Flood/Storm events 
- Wind 
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Provision of fuel and energy 
- Water energy 
- Wind energy 
- Active/passive solar energy 
- Human body heat 
- Hydrogen energy 
- Biomass energy 
- Geothermal energy 

 

Climate regulation 
- UV protection 
- Moderation of temperature 
- Climate adaptation strategies 
- GHG mitigation 

 

Provision of fresh water 
- Drinking water 
- Sanitation 
- Irrigation 
- Industrial processes 
- Recreational 

 

Purification 
- Water purification 
- Soil purification 
- Air purification  

Provision of food 
- Small-scale to large-scale urban farming 

 

Decomposition 
- Biodegradation 
- Material reuse/recycling 
- Consumption reduction  

Biochemicals  
- Medicine 
- Natural chemicals  

 

Biological control 
- Control of invasive species 
- Disease/pest regulation 

 

Raw materials 

Soil building
- Soil formation
- Renewal of soil fertility
- Soil quality control
- Soil retention
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Table 1. ESs categorized in four groups—supporting, regulating, provisioning, and cultural ESs 
(adapted from [46]). 

  ESs Categories   ESs Categories 
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Aesthetic and artistic inspiration 
- Aesthetic value 
- Artistic inspiration 

 

Nutrient cycling 
- Retention of nutrients 
- Regulation of biogeochemical 
cycles  

Recreation and psychological wellbeing 
- Sports 
- Outdoor activities 
- Tourism 
- Socialization 
- Relaxation and psychological benefit 

 
Species Maintenance  

 

Sense of place and cultural diversity 
- Celebration of cultural diversity/history 
- Sense of place 

 
Fixation of solar energy 

 
Spiritual and religious inspiration 

 

Soil building 
- Soil formation 
- Renewal of soil fertility 
- Soil quality control 
- Soil retention  

Education and knowledge 
- Educational 
- Inspiration and innovation 
- Cognitive development 
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- Earthquake 
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Provision of fuel and energy 
- Water energy 
- Wind energy 
- Active/passive solar energy 
- Human body heat 
- Hydrogen energy 
- Biomass energy 
- Geothermal energy 

 

Climate regulation 
- UV protection 
- Moderation of temperature 
- Climate adaptation strategies 
- GHG mitigation 

 

Provision of fresh water 
- Drinking water 
- Sanitation 
- Irrigation 
- Industrial processes 
- Recreational 

 

Purification 
- Water purification 
- Soil purification 
- Air purification  

Provision of food 
- Small-scale to large-scale urban farming 

 

Decomposition 
- Biodegradation 
- Material reuse/recycling 
- Consumption reduction  

Biochemicals  
- Medicine 
- Natural chemicals  

 

Biological control 
- Control of invasive species 
- Disease/pest regulation 

 

Raw materials 

Education and knowledge
- Educational
- Inspiration and innovation
- Cognitive development
- Knowledge building
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Table 1. ESs categorized in four groups—supporting, regulating, provisioning, and cultural ESs 
(adapted from [46]). 
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Aesthetic and artistic inspiration 
- Aesthetic value 
- Artistic inspiration 

 

Nutrient cycling 
- Retention of nutrients 
- Regulation of biogeochemical 
cycles  

Recreation and psychological wellbeing 
- Sports 
- Outdoor activities 
- Tourism 
- Socialization 
- Relaxation and psychological benefit 

 
Species Maintenance  

 

Sense of place and cultural diversity 
- Celebration of cultural diversity/history 
- Sense of place 

 
Fixation of solar energy 

 
Spiritual and religious inspiration 

 

Soil building 
- Soil formation 
- Renewal of soil fertility 
- Soil quality control 
- Soil retention  

Education and knowledge 
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- Inspiration and innovation 
- Cognitive development 
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Provision of fuel and energy 
- Water energy 
- Wind energy 
- Active/passive solar energy 
- Human body heat 
- Hydrogen energy 
- Biomass energy 
- Geothermal energy 

 

Climate regulation 
- UV protection 
- Moderation of temperature 
- Climate adaptation strategies 
- GHG mitigation 

 

Provision of fresh water 
- Drinking water 
- Sanitation 
- Irrigation 
- Industrial processes 
- Recreational 

 

Purification 
- Water purification 
- Soil purification 
- Air purification  

Provision of food 
- Small-scale to large-scale urban farming 

 

Decomposition 
- Biodegradation 
- Material reuse/recycling 
- Consumption reduction  

Biochemicals  
- Medicine 
- Natural chemicals  

 

Biological control 
- Control of invasive species 
- Disease/pest regulation 

 

Raw materials 

Disturbance prevention
- Noise
- Wave
- Erosion
- Earthquake
- Drought
- Flood/Storm events
- Wind
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Table 1. ESs categorized in four groups—supporting, regulating, provisioning, and cultural ESs 
(adapted from [46]). 

  ESs Categories   ESs Categories 
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Aesthetic and artistic inspiration 
- Aesthetic value 
- Artistic inspiration 

 

Nutrient cycling 
- Retention of nutrients 
- Regulation of biogeochemical 
cycles  

Recreation and psychological wellbeing 
- Sports 
- Outdoor activities 
- Tourism 
- Socialization 
- Relaxation and psychological benefit 

 
Species Maintenance  

 

Sense of place and cultural diversity 
- Celebration of cultural diversity/history 
- Sense of place 

 
Fixation of solar energy 
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Soil building 
- Soil formation 
- Renewal of soil fertility 
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- Soil retention  
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- Inspiration and innovation 
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Provision of fuel and energy 
- Water energy 
- Wind energy 
- Active/passive solar energy 
- Human body heat 
- Hydrogen energy 
- Biomass energy 
- Geothermal energy 

 

Climate regulation 
- UV protection 
- Moderation of temperature 
- Climate adaptation strategies 
- GHG mitigation 

 

Provision of fresh water 
- Drinking water 
- Sanitation 
- Irrigation 
- Industrial processes 
- Recreational 

 

Purification 
- Water purification 
- Soil purification 
- Air purification  

Provision of food 
- Small-scale to large-scale urban farming 

 

Decomposition 
- Biodegradation 
- Material reuse/recycling 
- Consumption reduction  

Biochemicals  
- Medicine 
- Natural chemicals  

 

Biological control 
- Control of invasive species 
- Disease/pest regulation 

 

Raw materials 

Provision of fuel and energy
- Water energy
- Wind energy
- Active/passive solar energy
- Human body heat
- Hydrogen energy
- Biomass energy
- Geothermal energy
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Table 1. ESs categorized in four groups—supporting, regulating, provisioning, and cultural ESs 
(adapted from [46]). 

  ESs Categories   ESs Categories 
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Habitat provision 
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Aesthetic and artistic inspiration 
- Aesthetic value 
- Artistic inspiration 

 

Nutrient cycling 
- Retention of nutrients 
- Regulation of biogeochemical 
cycles  

Recreation and psychological wellbeing 
- Sports 
- Outdoor activities 
- Tourism 
- Socialization 
- Relaxation and psychological benefit 

 
Species Maintenance  

 

Sense of place and cultural diversity 
- Celebration of cultural diversity/history 
- Sense of place 

 
Fixation of solar energy 

 
Spiritual and religious inspiration 

 

Soil building 
- Soil formation 
- Renewal of soil fertility 
- Soil quality control 
- Soil retention  

Education and knowledge 
- Educational 
- Inspiration and innovation 
- Cognitive development 
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Provision of fuel and energy 
- Water energy 
- Wind energy 
- Active/passive solar energy 
- Human body heat 
- Hydrogen energy 
- Biomass energy 
- Geothermal energy 

 

Climate regulation 
- UV protection 
- Moderation of temperature 
- Climate adaptation strategies 
- GHG mitigation 

 

Provision of fresh water 
- Drinking water 
- Sanitation 
- Irrigation 
- Industrial processes 
- Recreational 

 

Purification 
- Water purification 
- Soil purification 
- Air purification  

Provision of food 
- Small-scale to large-scale urban farming 

 

Decomposition 
- Biodegradation 
- Material reuse/recycling 
- Consumption reduction  

Biochemicals  
- Medicine 
- Natural chemicals  

 

Biological control 
- Control of invasive species 
- Disease/pest regulation 

 

Raw materials 

Climate regulation
- UV protection
- Moderation of temperature
- Climate adaptation strategies
- GHG mitigation
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Table 1. ESs categorized in four groups—supporting, regulating, provisioning, and cultural ESs 
(adapted from [46]). 

  ESs Categories   ESs Categories 

Su
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Habitat provision 
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Aesthetic and artistic inspiration 
- Aesthetic value 
- Artistic inspiration 

 

Nutrient cycling 
- Retention of nutrients 
- Regulation of biogeochemical 
cycles  

Recreation and psychological wellbeing 
- Sports 
- Outdoor activities 
- Tourism 
- Socialization 
- Relaxation and psychological benefit 

 
Species Maintenance  

 

Sense of place and cultural diversity 
- Celebration of cultural diversity/history 
- Sense of place 

 
Fixation of solar energy 

 
Spiritual and religious inspiration 

 

Soil building 
- Soil formation 
- Renewal of soil fertility 
- Soil quality control 
- Soil retention  

Education and knowledge 
- Educational 
- Inspiration and innovation 
- Cognitive development 
- Knowledge building 
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Provision of fuel and energy 
- Water energy 
- Wind energy 
- Active/passive solar energy 
- Human body heat 
- Hydrogen energy 
- Biomass energy 
- Geothermal energy 

 

Climate regulation 
- UV protection 
- Moderation of temperature 
- Climate adaptation strategies 
- GHG mitigation 

 

Provision of fresh water 
- Drinking water 
- Sanitation 
- Irrigation 
- Industrial processes 
- Recreational 

 

Purification 
- Water purification 
- Soil purification 
- Air purification  

Provision of food 
- Small-scale to large-scale urban farming 

 

Decomposition 
- Biodegradation 
- Material reuse/recycling 
- Consumption reduction  

Biochemicals  
- Medicine 
- Natural chemicals  

 

Biological control 
- Control of invasive species 
- Disease/pest regulation 

 

Raw materials 

Provision of fresh water
- Drinking water
- Sanitation
- Irrigation
- Industrial processes
- Recreational
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Table 1. ESs categorized in four groups—supporting, regulating, provisioning, and cultural ESs 
(adapted from [46]). 

  ESs Categories   ESs Categories 

Su
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or
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es
 

 

Habitat provision 

C
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ra
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ce

s 

 

Aesthetic and artistic inspiration 
- Aesthetic value 
- Artistic inspiration 

 

Nutrient cycling 
- Retention of nutrients 
- Regulation of biogeochemical 
cycles  

Recreation and psychological wellbeing 
- Sports 
- Outdoor activities 
- Tourism 
- Socialization 
- Relaxation and psychological benefit 

 
Species Maintenance  

 

Sense of place and cultural diversity 
- Celebration of cultural diversity/history 
- Sense of place 

 
Fixation of solar energy 

 
Spiritual and religious inspiration 

 

Soil building 
- Soil formation 
- Renewal of soil fertility 
- Soil quality control 
- Soil retention  

Education and knowledge 
- Educational 
- Inspiration and innovation 
- Cognitive development 
- Knowledge building 
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- Wave 
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- Earthquake 
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- Flood/Storm events 
- Wind 
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Provision of fuel and energy 
- Water energy 
- Wind energy 
- Active/passive solar energy 
- Human body heat 
- Hydrogen energy 
- Biomass energy 
- Geothermal energy 

 

Climate regulation 
- UV protection 
- Moderation of temperature 
- Climate adaptation strategies 
- GHG mitigation 

 

Provision of fresh water 
- Drinking water 
- Sanitation 
- Irrigation 
- Industrial processes 
- Recreational 

 

Purification 
- Water purification 
- Soil purification 
- Air purification  

Provision of food 
- Small-scale to large-scale urban farming 

 

Decomposition 
- Biodegradation 
- Material reuse/recycling 
- Consumption reduction  

Biochemicals  
- Medicine 
- Natural chemicals  

 

Biological control 
- Control of invasive species 
- Disease/pest regulation 

 

Raw materials 

Purification
- Water purification
- Soil purification
- Air purification
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Table 1. ESs categorized in four groups—supporting, regulating, provisioning, and cultural ESs 
(adapted from [46]). 

  ESs Categories   ESs Categories 

Su
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Habitat provision 

C
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s 

 

Aesthetic and artistic inspiration 
- Aesthetic value 
- Artistic inspiration 

 

Nutrient cycling 
- Retention of nutrients 
- Regulation of biogeochemical 
cycles  

Recreation and psychological wellbeing 
- Sports 
- Outdoor activities 
- Tourism 
- Socialization 
- Relaxation and psychological benefit 

 
Species Maintenance  

 

Sense of place and cultural diversity 
- Celebration of cultural diversity/history 
- Sense of place 

 
Fixation of solar energy 

 
Spiritual and religious inspiration 

 

Soil building 
- Soil formation 
- Renewal of soil fertility 
- Soil quality control 
- Soil retention  

Education and knowledge 
- Educational 
- Inspiration and innovation 
- Cognitive development 
- Knowledge building 
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- Earthquake 
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- Flood/Storm events 
- Wind 
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Provision of fuel and energy 
- Water energy 
- Wind energy 
- Active/passive solar energy 
- Human body heat 
- Hydrogen energy 
- Biomass energy 
- Geothermal energy 

 

Climate regulation 
- UV protection 
- Moderation of temperature 
- Climate adaptation strategies 
- GHG mitigation 

 

Provision of fresh water 
- Drinking water 
- Sanitation 
- Irrigation 
- Industrial processes 
- Recreational 

 

Purification 
- Water purification 
- Soil purification 
- Air purification  

Provision of food 
- Small-scale to large-scale urban farming 

 

Decomposition 
- Biodegradation 
- Material reuse/recycling 
- Consumption reduction  

Biochemicals  
- Medicine 
- Natural chemicals  

 

Biological control 
- Control of invasive species 
- Disease/pest regulation 

 

Raw materials 

Provision of food
- Small-scale to large-scale urban farming
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Table 1. ESs categorized in four groups—supporting, regulating, provisioning, and cultural ESs 
(adapted from [46]). 

  ESs Categories   ESs Categories 

Su
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Habitat provision 

C
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er
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ce

s 

 

Aesthetic and artistic inspiration 
- Aesthetic value 
- Artistic inspiration 

 

Nutrient cycling 
- Retention of nutrients 
- Regulation of biogeochemical 
cycles  

Recreation and psychological wellbeing 
- Sports 
- Outdoor activities 
- Tourism 
- Socialization 
- Relaxation and psychological benefit 

 
Species Maintenance  

 

Sense of place and cultural diversity 
- Celebration of cultural diversity/history 
- Sense of place 

 
Fixation of solar energy 

 
Spiritual and religious inspiration 

 

Soil building 
- Soil formation 
- Renewal of soil fertility 
- Soil quality control 
- Soil retention  

Education and knowledge 
- Educational 
- Inspiration and innovation 
- Cognitive development 
- Knowledge building 
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- Wind 
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Provision of fuel and energy 
- Water energy 
- Wind energy 
- Active/passive solar energy 
- Human body heat 
- Hydrogen energy 
- Biomass energy 
- Geothermal energy 

 

Climate regulation 
- UV protection 
- Moderation of temperature 
- Climate adaptation strategies 
- GHG mitigation 

 

Provision of fresh water 
- Drinking water 
- Sanitation 
- Irrigation 
- Industrial processes 
- Recreational 

 

Purification 
- Water purification 
- Soil purification 
- Air purification  

Provision of food 
- Small-scale to large-scale urban farming 

 

Decomposition 
- Biodegradation 
- Material reuse/recycling 
- Consumption reduction  

Biochemicals  
- Medicine 
- Natural chemicals  

 

Biological control 
- Control of invasive species 
- Disease/pest regulation 

 

Raw materials 

Decomposition
- Biodegradation
- Material reuse/recycling
- Consumption reduction
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Table 1. ESs categorized in four groups—supporting, regulating, provisioning, and cultural ESs 
(adapted from [46]). 

  ESs Categories   ESs Categories 
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Habitat provision 
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Aesthetic and artistic inspiration 
- Aesthetic value 
- Artistic inspiration 

 

Nutrient cycling 
- Retention of nutrients 
- Regulation of biogeochemical 
cycles  

Recreation and psychological wellbeing 
- Sports 
- Outdoor activities 
- Tourism 
- Socialization 
- Relaxation and psychological benefit 

 
Species Maintenance  

 

Sense of place and cultural diversity 
- Celebration of cultural diversity/history 
- Sense of place 

 
Fixation of solar energy 

 
Spiritual and religious inspiration 

 

Soil building 
- Soil formation 
- Renewal of soil fertility 
- Soil quality control 
- Soil retention  

Education and knowledge 
- Educational 
- Inspiration and innovation 
- Cognitive development 
- Knowledge building 
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Disturbance prevention 
- Noise 
- Wave 
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- Earthquake 
- Drought 
- Flood/Storm events 
- Wind 
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Provision of fuel and energy 
- Water energy 
- Wind energy 
- Active/passive solar energy 
- Human body heat 
- Hydrogen energy 
- Biomass energy 
- Geothermal energy 

 

Climate regulation 
- UV protection 
- Moderation of temperature 
- Climate adaptation strategies 
- GHG mitigation 

 

Provision of fresh water 
- Drinking water 
- Sanitation 
- Irrigation 
- Industrial processes 
- Recreational 

 

Purification 
- Water purification 
- Soil purification 
- Air purification  

Provision of food 
- Small-scale to large-scale urban farming 

 

Decomposition 
- Biodegradation 
- Material reuse/recycling 
- Consumption reduction  

Biochemicals  
- Medicine 
- Natural chemicals  

 

Biological control 
- Control of invasive species 
- Disease/pest regulation 

 

Raw materials 

Biochemicals
- Medicine
- Natural chemicals
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Table 1. ESs categorized in four groups—supporting, regulating, provisioning, and cultural ESs 
(adapted from [46]). 
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Provision of fresh water 
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Raw materials 
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tive design theory and practice pushes building professionals to move beyond sustaina-
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field that generally aims at designing sustainable products and systems by emulating bi-
ological forms, processes and ecosystems [54]. Ecosystem-level biomimicry emulates 
structures, functions and processes from biological ecosystems to develop sustainable, re-
silient and regenerative solutions for anthropogenic systems [21,55]. It employs a systems-
thinking approach, recognizing the interconnectedness of ecological, social and economic 
systems, and seeks to address complex challenges by considering system impacts and 
feedback loops associated with human developments and activities [21,55].  

3. Materials and Methods 
As is more common in the field of architectural theory, a literature study following 

an integrative approach was used, meaning the aim was not to cover all articles published 
on the topic, but rather to compare and combine perspectives to create new theoretical 
models that do not appear in the literature. The purpose of this approach was to synthe-
size, by critically discussing, concepts from different fields (architecture, ecology, and 
thermodynamics) with the aim of producing a framework, theory, classification or taxon-
omy [56]. To further develop a theory-based framework for regenerative building design, 
the concepts of exergy, entropy and ESs were synthesized. A conceptual model was de-
veloped in Section 4.1 which represents commonalities and connections between the ther-
modynamical functioning of biological ecosystems and building systems. Structures and 
processes of ecosystems were analyzed, and those that support a regenerative ecological 
development were extracted and united in Section 4.2, as being useful for the improve-
ment of the regenerative performance of building systems. In order to make these com-
parisons and create these synthesized theoretical frameworks, a logical-argumentation re-
search methodology [57] was used. This is the process of understanding and constructing 
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2.5. System Thinking for More Regenerative Buildings

The functioning of many contemporary cities and buildings can be compared to the
early stages of ecological succession, where high entropy processes dominate and exergy is,
correspondingly, low. Ecological succession describes the process by which the structure
and species composition of an ecosystem change over time in response to abiotic and biotic
factors [50]. In the development towards the final stage of ecological succession with high
exergy efficiency, the complexity and order of an ecosystem increases in different ways,
including through the accumulation of structure in the form of biomass, the increase in
information in the form of biodiversity, and the increase in cooperative-based interactions
like pollination [51–53]. A transformation of buildings and whole cities to function more
regeneratively could thermodynamically be compared to the development of a climax
state of a biological ecosystem. Such a system tends to be relatively dynamically stable,
self-sustaining and long-lasting, three characteristics that buildings and cities also aim for.

Sustainable building design is typically linked to energy optimization and the reduc-
tion of material consumption by increasing resource efficiency and recycling. Regenerative
design theory and practice pushes building professionals to move beyond sustainability
practices, aiming instead for ecological functionality where humans symbiotically co-evolve
with the rest of life and ecosystems on the planet. To become resilient and regenerative
over the long term, buildings should mimic the functional principles of exergy efficiency
and be able to generate ESs. Extracting features of ecosystem functioning that are useful for
emulation in a built-environment context is a challenge that might be tackled by linking
ecological and thermodynamic concepts [53].

Ecosystem-level biomimicry can be a useful practice to examine ecosystem functioning
and emulate it in building systems [17]. Biomimicry is a multidisciplinary research field
that generally aims at designing sustainable products and systems by emulating biological
forms, processes and ecosystems [54]. Ecosystem-level biomimicry emulates structures,
functions and processes from biological ecosystems to develop sustainable, resilient and
regenerative solutions for anthropogenic systems [21,55]. It employs a systems-thinking
approach, recognizing the interconnectedness of ecological, social and economic systems,
and seeks to address complex challenges by considering system impacts and feedback
loops associated with human developments and activities [21,55].

3. Materials and Methods

As is more common in the field of architectural theory, a literature study following an
integrative approach was used, meaning the aim was not to cover all articles published on
the topic, but rather to compare and combine perspectives to create new theoretical models
that do not appear in the literature. The purpose of this approach was to synthesize, by criti-
cally discussing, concepts from different fields (architecture, ecology, and thermodynamics)
with the aim of producing a framework, theory, classification or taxonomy [56]. To further
develop a theory-based framework for regenerative building design, the concepts of exergy,
entropy and ESs were synthesized. A conceptual model was developed in Section 4.1 which
represents commonalities and connections between the thermodynamical functioning of
biological ecosystems and building systems. Structures and processes of ecosystems were
analyzed, and those that support a regenerative ecological development were extracted and
united in Section 4.2, as being useful for the improvement of the regenerative performance
of building systems. In order to make these comparisons and create these synthesized
theoretical frameworks, a logical-argumentation research methodology [57] was used. This
is the process of understanding and constructing evidence-based reasoning underpinning
the abstraction and translation of ecological theory into quantifiable building design and
systems thinking and the evaluation of building performance at the developed-design and
in-use evaluation stages of the building process. Examples of existing building designs
are provided in Section 4.2 to illustrate the potential application of the conceptual model
to buildings.



Land 2024, 13, 1375 7 of 18

4. Results
4.1. Conceptual Model for Evaluating Regenerative Performance of Building Systems

This section extracts indicators from ecology theory that may be useful in evaluating
the ecological aspects of building-systems performance. The same indicators used for
biological ecosystems are used to aid in the defining of design goals regarding the ecological
functionality of buildings. Biological ecosystems can reveal high regenerative performance
because their underlying processes strive to maximize exergy efficiency and decrease
internal entropy [58,59]. Mimicking the functioning of biological ecosystems in buildings
might therefore facilitate higher functional performance by moving towards minimal
energy and material expenditure.

Achieving regeneration and optimized exergy efficiency in biological ecosystems
develops over many years, through ecological succession. This process often involves
minor fluctuations and disturbances that temporarily consume more exergy and generate
more entropy [50] (Figure 1). Nevertheless, fluctuations and disturbances can support
the ecosystem to successively achieve a higher level of exergy efficiency through the
emergence and evolution of structural order, for example, in the form of interactions
between biotic and abiotic elements, biodiversity, and biomass [8]. Structural order refers
to the organization and systematic arrangements of biotic and abiotic elements within
an ecosystem based on the available space and interactions, with the goal of forming a
functional system [60]. The most exergy-efficient order within a structure, therefore, adapts
to the required functions [60]. Such temporary fluctuations and disturbances can also
occur in buildings, for instance in refurbishing or remodeling processes to adapt to the
evolving needs of users. Often, the structure of a building is then re-adapted to changed
or new functions which can lead to an optimized exergy efficiency (Section 4.2). Similar
to biological ecosystems, short-term modification of functional performance in buildings
might also be required due to disturbance, for instance in an increased need for air-filtration
during pandemics like COVID-19, or an increased need for heating during cold periods or
repair after extreme weather events. Such fluctuations that can cause a decrease in exergy
efficiency are usually temporary, until the system regenerates again.
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Figure 1. Visualization of ecological versus building and urban successive development towards
a regenerative system over time. High (bold arrows) and low (thin arrows) exergy consumption
and entropy generation is depicted in early and late stages of ecological and building and urban
succession, where exergy efficiency, structural order, and exergy accumulation increase, whereas
entropy generation decreases.
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Exergy analyses point out exergy inefficiencies in building systems and can be used to
guide the improvement of building systems towards higher regenerative performance [61].
Exergy efficiency relies on heat processes that generate low entropy and contribute to exergy
accumulation within a system [62]. High-exergy-efficient systems usually accumulate
more exergy within the system than systems with predominantly low-exergy-efficient
processes [29]. Generally, the lower the entropy generation in a process, the slower a
system reaches equilibrium stagnation and collapse. Therefore, low-entropy processes
usually make systems, including building systems, more resilient, as an important aspect of
regeneration [27]. Accumulated exergy facilitates ecological processes like temperature or
water-quality regulation, generating ESs [35]. For instance, clean water accumulates more
eco-exergy than contaminated water because more potential work can be performed with
clean compared to contaminated water and high-nutritional food contains more exergy
compared to detritus [35].

Exergy accumulation can be estimated in living and non-living building systems
by quantifying and monitoring ESs generation over a period of time. Although ESs
and exergy represent different aspects of systems and are measured and conceptualized
differently, they are related. ESs are diverse benefits provided by biological ecosystems
to humans and non-humans. Exergy, on the other hand, is a thermodynamic concept
that quantifies the maximum useful work that can be obtained from a system. The link
between both concepts arises because ESs contain exergy as useful work potential that
supports life-sustaining processes through generating fresh water, food and fertile soil, for
instance [31]. Furthermore, identifying the exergy content of ESs gives insights into ES
quality for sustaining life and ecosystem processes, for example, through the amount of
chemical energy stored in biomass or the amount of nutrients in food [63]. Therefore, linking
the concept of exergy to the concept of ESs makes the ecological aspects of regenerative
design more measurable and more easy to define as sets of performance goals, and therefore
perhaps more possible to design well.

Since all living and non-living systems consume exergy, building systems also need to
find the most efficient dynamic equilibrium between exergy generation and consumption,
in order to become ecologically regenerative. When ESs are consumed, exergy is destroyed,
and when ESs are generated, exergy is accumulated temporarily until the ESs are consumed
again. When exergy is accumulated, new processes can develop and ESs can be generated.
Therefore, to increase the ecological functionality and resilience of buildings over long
periods, the largest possible amount of exergy has to be integrated into building systems.
When building systems generate all the ESs that are consumed within the building, they
become independent from the ESs generated in non-urban ecosystems, and therefore can
avoid their further exploitation, meaning more ESs are available to other life forms, which
in turn creates healthier ecosystems that support human wellbeing [64]. Furthermore, with
an increase in ESs generation in buildings, they can host more life, including humans and
non-humans. Consequently, exergy efficiency and ES generation are proposed as indicators
for the regenerative performance of a building system.

In order to evaluate and compare exergy efficiencies of building systems and ecosys-
tems, exergy analysis can be conducted for living and non-living building systems using
an existing formula or by evaluating their level of structural order [28]. Exergy analyses
require quantifying of not only physical and chemical exergy, but also of information
and the eco-exergy of a system. This allows for a close-to-reality estimation of exergy
efficiency [61]. Furthermore, exergy is calculated in the unit of ‘joules’ and therefore offers
a way to accurately assess and compare the regenerative performance of different building
systems. Structural order can be evaluated by using the extent of implementation of the
regenerative-design strategies listed in Figure 2 as indicators (Figure 3). More detailed
work that links existing regenerative-design strategies for buildings to ESs generation can
be found in the ‘strategies for designing urban ecosystem services’ diagram [46].
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Figure 3. Checklist of extracted strategies from biological ecosystems identified as useful indicators
for regeneration in buildings, with one example of how each can be quantified.

As a summary, ecological processes, summarized here primarily as the regulating
ESs, are critical for the generation of provisioning ESs [47]. Current building systems
are designed to distribute provisioning ESs and cover basic human needs; however, they
rarely generate regulating ESs. Instead, the built environment largely relies on non-urban
biological ecosystems to provide regulating and provisioning ESs. Consequently, to achieve
a higher regenerative performance of building systems, it is critical for building profes-
sionals to aim at ecologically functional designs that generate regulating ESs and, through
them, provisioning and cultural ESs. Regulating ESs can be quantified using biophysical
assessments, for instance through spatial data, modelling, indicators, and mapping [65].
Thermodynamically open systems like ecosystems and buildings can only be considered
regenerative and become ecologically resilient when the ESs that are consumed are being
regenerated within the defined structural boundaries.
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4.2. Thermodynamic Design Strategies for Regenerative-Building Systems

In this section, principles and strategies to achieve higher exergy efficiency and ac-
cumulation through structural order and ESs generation were extracted from biological
ecosystems and translated to building systems. The functioning of a building still differs
from that of a biological ecosystem in several aspects that affects thermodynamic efficiency.
While both buildings and ecosystems can be considered thermodynamically open systems,
their structure, purpose, and processes are divergent (Figure 2). These major functional
differences between buildings and biological ecosystems can give insight into what design
principles of biological ecosystems can be useful to emulate and implement when develop-
ing regenerative-building systems (Figure 2). The following nine strategies were identified
as essential structures and processes of biological ecosystems that allow for exergy effi-
ciency, low entropy and high ES generation. These strategies can already be emulated in
building systems through existing nature-based, hybrid, or mechanical designs, to achieve
a more regenerative performance (Figure 2). Nature-based design works with biological
systems like plants, soil and water; for example, raingardens as water catchment systems or
erosion control by means of vegetation, with their root systems added to unstable soils [66].
Nature-based designs also include hybrid designs like vertical greenery systems that make
use of mechanical engineering and living systems. Mechanically engineered designs refer
to designs or machines that exclude the use of living systems or bio-based materials. Both
mechanically engineered and nature-based designs can be biomimetic and inspired by bio-
logical systems. Following the model of biological ecosytems, a building can function more
regeneratively when multiple strategies are combined and implemented. The proposed
strategies should be seen and applied as system-based adaptations that can increase the
self-sufficiency of buildings while creating ecological functionality through ES generation
like water and air purification, habitat provisioning, or temperature regulation.

Strategy 1: Provide habitat/physical space for ecologies

Integrating spaces into or onto buildings where organisms can populate and de-
velop through self-organization and with minimal human management may allow for
the evolution of location-specific ecological niches [67]. The advantage of living systems
over non-living systems is the emergence of new relationships [68]. More interactions
can increase the functionality, regenerative value, structural order and resilience of the
whole system.

Strategy 2: Integrate ((un)-managed) living systems

Adding living systems to buildings can naturally increase adaptative potential to inter-
nal and external system changes, for instance through biological sensors reacting to light,
rain or wind [69]. Buildings predominantly host human-made non-living systems built
with technology that consumes large amounts of energy and exergy in the form of oil, gas,
and other natural resources [70]. Examples are battery systems, solar photovoltaic systems,
and fossil fuel power plants [70]. Biological ecosystems also contain non-living components
such as organic matter, water, air and minerals, but they consist predominantly of living
systems like microbes, plants, and animals, and their interactions [8]. Living systems can
be biological early-warning indicators for systemic changes when observing fluctuations in
species numbers and composition [68]. For example, high biodiversity indicates resilience
to disturbances, while fluctuations in population size of species indicate changes in environ-
mental conditions [71]. Indicator species that are sensitive to environmental changes such
as amphibians, lichens, or mosses, can also be used as environmental indicators for water
and air quality, as well as soil fertility, among other related aspects of ecological health [72].
For instance, the lichen diversity value (LDV) is used to identify the degree of air pollution
in a specific area, while certain moss species like Hylocomium splendens can be used as
indicators for fungi in the soil, which again indicate that contaminants are present [73,74].
Exergy efficiency can differ by species, and depends on their interaction with the local
environment [75]. Therefore, ecological assessments, either observational or quantitative,
are useful for decision-making regarding which species to grow on or in buildings.
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Strategy 3: Increase biomass of autotropic communities

Integrating autotrophic communities such as terrestrial and aquatic plants or microor-
ganisms increases biomass, which is a form of structural order. An increase in biomass
in autotrophic communities leads to increased energy input in net primary production,
creating positive feedback where greater exergy storage at the primary-producer level
allows for additional exergy availability in the whole system [76]. More exergy availability
in the building also implies more work potential that can be used to run building systems,
for example, heating or electricity systems. An important factor to reach exergy efficiency
in living systems is time. This means that the longer a living system has been implemented
in the building, the higher the exergy efficiency of on-going processes tends to be [77]. This
implies that autotrophic communities in and on buildings develop their full regenerative
potential and exergy efficiency over time, and therefore require appropriate ecological
management. It also implies that by creating more positive feedback in building systems,
the process of improving exergy-efficiency may be accelerated. Currently, not all, but
only isolated parts of the building system, like an HVAC system, achieve a comparable
positive feedback. The implication of this is that the design process extends beyond the
point a building is built, to having a role in the continual evolution of living and non-living
building systems over time.

Strategy 4: Increase biodiversity

Increasing biodiversity, especially of autotrophic communities, increases net primary
production under limited space and fluctuating temperature, water, nutrition, and solar
availability, which augment structural order [78]. With increased biodiversity among the
three main actors of the trophic web (producers, consumers, and decomposers of biomass)
the metabolic pathways of an ecosystem increase in complexity [78]. When different
species with different ecological requirements including nutrients, water, or light co-inhabit
a building, resource utilization and distribution become more efficient, increasing the
system’s functional diversity [79]. More biodiversity generally creates a positive feedback
loop, as more life can be supported due to developing synergetic relationships based
on cooperative interactions [80]. Due to the exergy consumption in on-going ecological
and metabolic processes, temporary fluctuations between positive and negative feedback
related to exergy availability can occur [81]. Biodiverse ecosystems integrated into buildings
can therefore affect resource and energy provisioning. However, multi-functional design
and backup-systems for resources and energy availability, linked to the neighborhood or
urban-scale system, can compensate for potential fluctuations (see Strategy 5, 6, 7 also) [82].

Strategy 5: Increase multifunctionality

Increasing the multi-functionality of living and non-living building systems con-
tributes to increased structural order and ESs generation [32]. While living systems are
generally multi-functional at the expense of quantity per generated ESs, human-designed
systems mostly generate a high quantity of one ES at the cost of multi-functionality [82].
An effective strategy to accumulate exergy within building systems can be to make sure
they perform multiple ecological functions simultaneously or intermittently. Examples of
multifunctional-building designs are vertical greenery systems that can generate several
ESs at the same time, including temperature regulation, air filtration, and habitat provision
for plants and animals [83]. Lists of existing ES-generating building designs have been
published [17,46]. Although not all ESs might be generated by a single building, several
buildings together can potentially form a regenerative exergy-efficient nexus that produces
and exchanges ESs.

Strategy 6: Design for dynamic structures

Designing buildings as and with dynamic systems similar to those of biological
ecosystems allows for more interactions between living and non-living systems and with
their physical environment. Dynamic systems adapt their interactions to internal and
external requirements, and can in this way change the system’s structure over time, aiming
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to achieve the highest material and energy efficiency [83]. Buildings are human-made and
are typically static structures over the medium-to-long term. Creating dynamic building
systems can adapt the boundaries of a building and make them more permeable, similar to
those of biological ecosystems, resulting, perhaps, in more effective exchange of resources,
energy and materials.

Strategy 7: Develop dissipative structures

Designing buildings as open structures that exchange materials, energy and informa-
tion with their environment, for instance with other buildings or green and blue urban
areas, increases the physical space available to act or adapt. In that space, circular feedback
loops can be created that improve exergy efficiency within the building system and poten-
tially also at the neighborhood or urban scale. Currently, building systems are designed
for determined functions, and often provide controlled and rather isolated indoor environ-
ments for human activity [84]. Building walls, roofs, windows, and doors typically separate
the indoor from the outdoor environment, especially in temperate and cold climate zones.
Most buildings currently host few living organisms or ecosystems, and therefore show a
limited number of emerging relationships and patterns, as well as exchange of energy, mat-
ter, and information between building systems and with the environment [85]. Currently,
exchange of energy, matter and information is mainly focused on heating, cooling, and
lighting systems, in addition to an exchange of materials; for example, during renovation or
maintenance work, and in the production of large amounts of ‘waste’ during operation [86].
Buildings could be developed as open structures with a complex network of extensive,
synergetic interactions between living and non-living systems and with their environment,
where a continuous exchange of energy, matter and information leads to higher exergy
efficiency and regenerative performance, and improved, human wellbeing, for example,
relating to thermal comfort and indoor air quality (see Strategy 9).

Strategy 8: Develop reversible processes

Reversible processes result in exergy efficiency in living and non-living
systems [61,87]. Non-living systems such as mechanical systems like heat pumps or
batteries can be engineered as largely reversible processes, for example through reversible
heat exchangers or fuel cells, respectively [88–90]. A predominant example of reversible
processes in biological ecosystems is photosynthesis, here solar energy is the primary
source of energy and energy transformations to chemical and other forms of energy are
exergy-efficient, with low entropy generation [91]. Energy is stored in the form of exergy in
biomass and information and is distributed through the food web composed of producers,
consumers and decomposers within the ecosystem [92]. Apart from solar panels, buildings
still mainly rely on external energy sources including fossil fuels and electricity from the
grid [93]. These energy systems generally consume more exergy and generate more entropy
than energy transfers and transformations in biological ecosystems [30]. Storing energy
as biomass and information is possible in buildings, while energy distribution can mimic
exergy-efficient structures and the symbiotic and dynamic interactions of a biological food
web, where no waste is generated (see strategy 9).

Strategy 9: Design for symbiotic and synergetic interactions

Symbiotic, cooperative-based and synergetic interactions in ecosystems play a crucial
role in ES generation, as they can enhance structural order and the overall functionality
of the system, leading to exergy efficiency and, therefore, a higher potential for exergy
accumulation [32,94]. Buildings can develop such interactions within and between living
and non-living systems, mimicking the interactions found in biological ecosystems. For
instance, water filtration through soil and plants simultaneously benefits nutrient cycling
and provides a habitat for living organisms [95]. At the same time, water might flow
through habitats where food-producing plants grow that also regulate temperature locally.
While synergetic relationships generally emerge in living systems, non-living systems need
to be designed for collaborative relationships with mutual benefits. Creating more relation-
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ships within and between living and non-living systems can lead to more complexity, with
increased information transfer in buildings. This may ultimately lead to the emergence
and evolution of a highly structured and resilient hybrid buildings, integrating living and
non-living systems, to create a habitat for humans and non-humans alike.

5. Discussion

In the development of regenerative cities that are maximally self-sufficient and syner-
gistically interrelated, buildings play an essential part as interacting physical subsystems.
It is therefore critical to design buildings and their systems to be as regenerative as possible.
Linking existing scientific concepts from ecology and thermodynamics to buildings and
their systems demonstrates the potential of interdisciplinary research to achieve ecological
regeneration in buildings. Uniting concepts and knowledge related to regeneration from
different fields of expertise contributes to a more accurate definition of regeneration for
buildings. Ecological regeneration through buildings and building systems may be more
possible and quantifiable when mimicking and integrating appropriate design strategies
from biological ecosystems that demonstrate high exergy efficiency and ES generation.

When applying the comparison of regenerative buildings with a climax ecological
community at a late stage of ecological succession, as is carried out in this research, it must
be understood that achieving a thermodynamic equilibrium and fully reversible processes
is a theoretical ideal, rather than a common reality in ecosystems [76]. Ecosystems main-
tain an ecological equilibrium through maximally reversible processes like homeostasis;
however, they are influenced by external factors, disturbances, and on-going changes, pre-
venting them from reaching a perfect dynamic equilibrium state with the environment [24].
Therefore, achieving a thermodynamic equilibrium in the context of buildings implies an
ecological equilibrium with high exergy efficiency in terms of energy, information and
material flow. While the entire building may not be in strict thermodynamic equilibrium,
individual components and processes within the building could exhibit characteristics of
dynamic balance and stability.

Decision-making and design that target the increase of exergy efficiency and ES gener-
ation can lead to a reduction in the environmental impact of built environments, resulting
in higher sustainability and ecological regeneration. This research contributes to the de-
velopment of a conceptual framework approach for measuring and comparing ecological
regenerative performance of building systems by identifying quantifiable indicators. De-
spite their complexity and time-intensiveness, due to the quantity and thermodynamic
interconnectedness of different on-going processes in a system, exergy analyses offer higher
accuracy in estimating regenerative performance compared to indirect indicators alone like
structural order and ESs generation, which were outlined in Figure 2 and include the in-
crease in habitat, multi-functionality, and interactions [96–98]. Moreover, the quantification
unit is the same in exergy analysis for all types of building systems, while for structural
order and ES generation different quantification units are used, which can impede compa-
rability of regenerative performance. Nevertheless, this research shows that monitoring the
latter can also be useful in estimating the ecological regenerative performance of building
systems. The advantage might be a more straightforward way of quantification, with tangi-
ble assessment methods stemming mainly from ecological sciences. Furthermore, the very
technical calculations for exergy efficiency and accumulation in building systems might
be less understandable to building professionals and users than the analysis of structural
order and ES generation, which can often be directly linked to the structural set-up of a
building and the consumption patterns, respectively.

Translating ESs directly into exergy accumulation within a system is mathematically
not a straightforward process. However, considering the energy flows and transformations
within biological ecosystems, thermodynamics and ESs are linked because ESs have an
exergy content, which can therefore be seen as a temporary exergy accumulation in the
system [99]. ESs involve a broader range of values and functions, including social, cul-
tural, and economic aspects, which may not be fully captured by exergy analysis alone.
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Nevertheless, integrating the thermodynamic concept of exergy into regenerative build-
ing assessments bears high potential for a more holistic and complete evaluation of the
regenerative performance of a building.

The suggested indicators for the ecological regenerative performance of building
systems in this research can be used for living and non-living systems. Existing research
applies exergy analyses to non-living building systems; however, ecology theory provides
approaches to conducting exergy analyses for living systems also, which are increasingly
integrated into or onto buildings [32,70,98]. With their living and non-living systems, build-
ings could improve their dynamic adaptation to the environment and share information
through genetic diversity and knowledge transfer. When coupling regenerative buildings
and their systems, synergies can form and emerging regenerative properties can develop.

This research provides a list of design strategies that can increase exergy efficiency
and accumulation in building systems through higher structural order and ESs generation.
This provides building professionals with concepts to improve ecological regeneration
in building systems. Current publications on sustainability assessments mainly focus on
quantifying the negative impacts of non-regenerative-building designs and systems [100].
However, this research proposes ways to systemically design ecologically regenerative-
building systems and measure positive impacts in both ESs generation and exergy efficiency.
To ensure ecologically regenerative performance in building systems, frequent monitoring
is required, and should become an essential part of facility management during the building
usage phase.

In this research, the ecological aspects of regeneration are the focus. Future research
should also integrate the social aspects of regeneration into buildings. This will require
collaboration with experts from the fields of social and psychological sciences. Further
research should also elaborate on mathematical formulae to measure and calculate all
types of exergy efficiencies and ES generation in building systems. Furthermore, future
work can link the proposed indicators for ecological regeneration in buildings to economic
benefits that can be obtained when designing with more regenerative strategies. Research
is required to collect empirical reference data on exergy-efficient processes and mechanisms
and regeneration from biological ecosystems. Such data would allow the comparison of the
ecological regenerative performance of a building with that of a biological reference habitat.
Moreover, future research should link entropy analysis to building systems in addition to
exergy analysis, to increase the accuracy of evaluating regenerative performance.

6. Conclusions

The aim of this research was to demonstrate the potential and importance of link-
ing different existing ecological concepts for the purpose of evaluating and improving
ecological regeneration in buildings.

This research advocates for the integration of regulating ESs into building systems as
processes that add ecological functionality to building design. Exergy efficiency and accu-
mulation analysis are also proposed as quantifiable indicators to examine and compare the
regenerative performance of building systems with higher accuracy. Since structural order
in a system leads to exergy efficiency and ES generation represents exergy accumulation
in the system, those are alternatives that can be quantified and monitored over time to
estimate the regenerative performance of building systems. To identify the exergy efficiency
of living and non-living systems in buildings, eco-exergy and information exergy should
be assessed, in addition to physical and chemical exergy.

When building professionals such as architects and engineers design with these strate-
gies in mind, they may be more effectively able to increase ecological regeneration through
buildings and building systems.
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Glossary

Ecological succession: The change in species composition and structure of an ecological commu-
nity towards a stable state and dynamic balance internally and with its environment. Emergy: total
solar energy invested directly and indirectly in the production of goods or usable energy, including
for the maintenance of dynamic systems such as ecosystems. Entropy: A measure of a system’s
thermal energy that is unavailable for carrying out useful work needed for energy transformations
and transfers. Exergy: Available high-quality energy in a system that represents the maximum useful
work that can be obtained from a system for energy transformations and transfers. Exergy analysis:
Quantification of the efficiency of exergy transfers and transformations within and between systems,
also identifying exergy destruction and losses. Exergy accumulation: Acquired amount of exergy
in a system as a result of a higher exergy input than exergy output and exergy destruction (Exergy
input–Exergy output–Exergy destruction = exergy accumulation). Homeostasis: A stable state and
dynamic balance of the internal processes of a living system, allowing for optimal functioning of
a system over an extended time period. Thermodynamics: Branch of physical science explaining
energy dynamics, particularly the transfer and transformation of energy and the relationship between
different forms of energy including mechanical, electrical and chemical. Thermodynamically open
system: Dynamic systems that maintain their structure and functionality through the continuous
exchange of energy and matter with their environment.
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