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ABSTRACT: Critical global issues of energy use, resource depletion, and land use are forcing the academia and 

professionals to re-evaluate design and construction processes, and look to more resource efficient practices.  

Designing carbon-neutral plus-energy buildings with active, passive or hybrid means of achieving thermal comfort 

requires a thorough understanding of micro-climatic site conditions, building occupancy, psychrometrics, physics, 

and the availability of renewable resources. This is why new legislation and increasing market demands are changing 

and driving the education, the profession and developers to create measureable low-carbon buildings worldwide.   

While it may be unrealistic to completely move away from the current high-exergy active methods for climate control, 

considering passive means of low-exergy-heating, cooling and ventilation are becoming increasingly critical. Present 

HVAC systems have already achieved relatively high thermal efficiencies as defined by the first law of 

thermodynamics. However, according to the second law of thermodynamics, there is an urgent need to increase low-

exergy efficiencies by changing high-exergy consuming HVAC sources to passive low-exergy systems. 

 

 

INTRODUCTION 

Buildings must be designed with a high degree of passive 

alignment and response to their surroundings.  In seeking 

these solutions, designers and engineers have turned to 

the adjacent field of biology to discover climate 

appropriate solutions. Leading examples of biologically-

inspired innovation in the architectural field have adapted 

building processes, form and materials to reflect natural 

traits.  However, architects have a greater opportunity to 

optimize energy performance in buildings by analyzing 

the functional cycles of native biological systems. 

This paper analyzes a design/built precedent where 

natural cycles from the local plant communities were 

researched and applied to the building systems design. 

The focus of the research is also to demonstrate that 

biological systems such as the human body metabolic 

activity are feeding and consuming on thermal exergy 

near ambient conditions and thereby generating and 

disposing the corresponding entropy into their 

environment.  This phase change is called ‘exergy-

entropy processes’. (Figure 1)  

 

The example is a built mixed-used project in Southwest 

Germany that applied the phototropic nature of regional 

plant life to the design of heat mitigation and energy 

harvesting systems.  The basis for selecting the natural 

cycle, the application to architectural design, and the 

impacts to energy performance is explained. 

 

 

 

 

 
 

Figure 1. Exergy-Entropy Processes in the Plus-Energy-  

Heliotrope, Freiburg, Germany.  Diagram: Thomas  

Spiegelhalter, 2012 

 

 

ACHIEVING CARBON-NEUTRAL NET-ZERO---/-

ENERGY BUILDINGS IN 2020 and 2030  
As evidence of climate change and global resource 

depletion grows, architects are increasingly challenged to 

investigate the potentials for replacing high valued 

energy (e.g. fossil fuels and electricity) by low valued 

energy sources and to assess the impact on global 

resources and the environment. 

Buildings have already been attributed to over 40% of 

the total energy use that contributes to greenhouse gases 

in the United States, showing the alarming consequence 

of building design that relies heavily on fossil fuels. [1] 

In response to these trends, the architectural industry and 

policy makers have continued to set new targets for 
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energy performance. In 2009 the European Parliament 

agreed on a mandatory measure for all new buildings to 

achieve net zero energy by 2020, as part of the Energy 

Performance of Building Directive (EPBD). [2] In the 

United States the American Institute of Architects (AIA) 

adopted the 2030 Challenge as a voluntary program 

where participating buildings aim to achieve a 90% fossil 

fuel reduction for buildings by 2025, and carbon-

neutrality by 2030. [1] 

To accomplish these energy goals, designers must strive 

to best utilize the resources available on a site.  When 

buildings are sited to best absorb light or control heat, or 

enclosure systems are designed to mitigate temperature 

variances, less energy is used by mechanical and 

electrical systems to artificially balance the interior 

conditions.  This is the core concept of shifting energy 

use from active to passive systems, where architects must 

better design buildings to naturally function with their 

immediate site. 
 

While architectural examples from recent and ancient 

history exist that exemplify this approach, the best 

models of site adaptive structures are those from biology.  

Native plants, showing a great diversity of scale and 

function, exist as physical manifestations of response to 

site and climate properties. Variation in plant species are 

evolutionary indicators of regional variances in solar 

resource availability, temperature ranges, precipitation, 

and other factors that are commonly evaluated when 

designing the passive strategies for a building.  Thus, by 

translating what is known about biological adaptation to 

building design, architects have the opportunity to create 

more climate specific solutions. 

 

The following built case study is used to demonstrate 

how biological precedents can inform the optimization of 

building systems. The case study analyzes a plus-energy 

building that was built in Freiburg, Germany.  This 

project exemplifies a uniquely adaptive structure that was 

inspired by the diurnal cycle of an alpine flower.  

Movement is an important aspect of this project; as such, 

the metaphor from biological precedent is that of 

adaptive active and adaptive passive systems. 

 

 

CASE STUDY: EXERGY AND BUILDING -----------

DESIGN: PLUS-ENERGY-HELIOTROPE, -----------

FREIBURG, GERMANY 
 

Project introduction 

The case study describes the Heliotrope; a live-work 

building designed by architect Rolf Disch and built in 

1994.  

 

 
Figure 2. Alpine Buttercup Flower orientation to the sun  

and Heliotrope PV-system comparison, Photo Montage:  

Author, 2012 

 

 

The project is located in Freiburg, Germany, a city in the 

Southwest region of the country that experiences 

moderate temperatures ranging from 15° C (36° F) in the 

winter to 26° C (78° F) in the summer. The project is 

located on a 512 m² (5,500 sf²) suburban property that 

has direct solar access to the north, east, and south.  This 

286 m² (3,000 sf²) building includes spaces for living and 

working, a 60 m² (646 sf²) roof garden, as well as a 77m² 

(829 sf²) seminar, exhibition and office space in the 

basement. The 14 m (46’) high Heliotrope was built in 

compliance with the German Passive House standard, 

which requires a high level of thermal and energy 

efficiency. The building utilizes triple-paned insulated 

glass with krypton (U-value 0.5) and high thermally 

insulated walls with average of 30 cm (12”) of insulation 

(U-value of 0.10 - 0.12). The building is also designed 

with a cylindrical form that benefits from a low surface-

to-volume ratio, thus minimizing the exposed surface for 

heat loss.  This highly efficient envelope system is 

combined with additional energy saving systems that 

include a heat recovery ventilation system, a thermally 

active mass with low temperature heating, and a 

cogeneration heat and power unit. [5] 

 

Biological precedent:       ----------------------

Heliotropism 

What makes the Heliotrope unique is the adaptive form 

that was inspired by the diurnal movement of a native 

plant.  Heliotropism, or motion related to the tracking of 

the sun, is a trait observed in plants such as the alpine 

buttercup (Ranunculus Adoneus) that grow in the 

subalpine mountainous region near Freiburg. 

Heliotropism is important to these plants due to the short 

growing seasons, where optimization of sun angle 

exposure is critical to capturing enough energy for 

photosynthesis. (Figure 2) 

 

The mechanics of this specific motion is based in the cell 

structure of a joint-like thickened part of the stem called 

the pulvinus.  Motor cells within this section expand and 

contract based on turgor pressure, which is a water-

induced pressure that is exerted against cell walls. This 
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cycle of pressure increases on one side while decreasing 

on the other creates a rotational motion in the stem that 

turns the head of the flower over the course of the day. 

Using these movements the plant can exhibit behaviour 

for tracking the sun (diaheliotropism) or avoiding the sun 

(paraheliotropism). 

 

 

Application: Passive System 

The rotational motion of heliotropism became an 

important inspiration for the architect as a design strategy 

to optimize passive solar gains by using the concepts of 

entropy and exergy and harvesting energy by active solar 

systems. (Figure 3)    

 

 
Figure 3. Heliotrope: Wooden cantilevered structure (left);  

North view of opaque wall (middle) and typical floor plan  

(right), courtesy of architect Rolf Disch, Freiburg,  

Germany, 2009 

 

To allow rotation, the building structure was designed as 

a cantilevered volume around a central pillar made of 

glue-laminated spruce timber. The 18-edged cylindrical 

spiral concept continuously connects the spaces through 

successive living and working levels over a height of 14 

m (46”). This configuration yields a floor plan that can 

be left open or segmented with internal partitions. All 

main rooms are accessible by winding steps, so no 

transition rooms or hallways are necessary.  (Figure 4) 

 

 
Figure 4. Heliotrope: Wooden cantilevered structure (left);  

Image courtesy of architect Rolf Disch, Freiburg, Germany,   

2009 

 

 

The benefits of rotation are realized through the opposing 

configuration of glazing and opaque walls on either side 

of the 10.5 m (35’) diameter cylindrical space.  During 

the cooler days when heating is required, the glazed 

portion is positioned towards the direct sun for optimized 

solar gain and daylight penetration.  Conversely, on 

warmer days when solar gain is not desired, the building 

turns the insulated portion towards the sun to reject the 

sun.  Using a 120-watt electric motor with an average 

annual consumption of only 20 kilowatt-hours, the 

building can rotate around the central axis for up to 15 

degrees per hour to follow the sun.  A programmable 

timer with weather sensors (temperature, humidity, solar 

radiation, precipitation, etc.) is utilized to control the 

Heliotrope’s movement, allowing up to 180 degrees of 

rotation to either capture the maximum sunlight or avoid 

the sun completely.  

This pattern yields a unique condition where the 

envelope is continuously tuned to the climate conditions, 

thus delivering an adaptive passive solution that 

outperforms static designs. (Figure 5) 

 

 
Figure 5. Bird's eye view (left) and detail (right) of sun- 

tracking solar array. Image courtesy: R. Disch 
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Figure 6.  Comparable tropism and exergy-entropy cycle  

between the rotation of the Heliotrope and plants.  

Diagram: Thomas Spiegelhalter 

 

The mechanism of the systems motion can be described 

as a process in which exergy is supplied, as well parts 

consumed, and the resultant generated entropy finally 

given off. (Figure 6) 

 

This so called exergy-entropy process are generated by 

the following courses of action: 

 

1. Through the exergy-entropy process of the 

passive solar heating system in relation to the 

global environmental system (exterior). The 

generated entropy within the passive solar 

heated Heliotrope interior systems is then 

discarded into the outdoor environment through 

thermal losses (heat transfer) through glass 

windows and heliotrope enclosure systems. 

2. The partial use of Phase Change Materials 

(PCMs) in the Heliotrope interior as an adaptive 

material system for the summer cooling 

contributed to the low-exergy process. Whereas 

the floor concrete panel effectively produced 

cooling resources from a time shift in sensible 

heat transfer, PCMs utilize a latent heat transfer 

from the change of state that occurs within the 

material.   

 

For example, products such as BASF Micronal PCM® 

(Figure 7) utilize paraffin wax particles that are 

embedded within gypsum board.  During the day the 

PCM material absorbs latent heat via melting of the 

micro-embedded wax. Heat is then released in the 

evening when the wax resolidifies.  Paraffin is used as an 

ideal PCM due to a specific heat capacity that is well 

suited for thermal storage and a melting point that is near 

to the human comfort range.  In fact, within the range of 

68-78°F (20-26°C), PCMs are estimated to store 5 to 14 

times more heat per unit volume than sensible storage 

materials such as concrete.   

 

 
Figure 7. Paraffin wax embedded in PCM gypsum board.   

Source of Graphic: “Best Practices in Sustainable Building   

Design” by Shahin Vassigh, Ebru Özer, and Thomas    

Spiegelhalter, Ross Publishing, September 2012 

 

In summary, the primary energy needs to provide thermal 

comfort for the Heliotrope are reduced by operable, high-

efficient triple-pane windows, and vacuum insulation 

panels (aka VIP), with integrated wall, and ceiling 

PCMs. Besides the automated sunscreens, phase-

changing boards are an integral part of the building's 

heating and cooling concept to reduce the active system 

demand in a passive way.  

  

In this case the low exergy articulates what is being 

consumed through: 
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- Heat transfer and energy conversion losses 

through the building envelope (Figure 8) 

- Comparison between different energy carriers 

of the passive-heliotropic and active solar 

thermal systems and the photovoltaic 

system (Figure 9, 10) 

 

 
Figure 8. Panorama interior view with radiant cooling and  

heating panels (No. 1) and low-exergy thermal mass  

concrete floor (No. 2). Image courtesy of architect Rolf  

Disch, Freiburg, Germany, 2009. 

 

 

Building Energy Performance Measuring 

Through a combination of passive and active means, the 

rotating Heliotrope was one of the first Plus-Energy 

buildings in the world that produces significantly more 

emission-free solar energy than it uses. The preliminary 

building energy simulation indicated that the whole 

building consumes for heating, cooling and electricity in 

average 49.5 kWh/m²/a.  

The office basement units with high internal thermal 

loads (computers, printers, etc.) consume 47 kWh/m²/a 

and the top living units above the circulation core 

approximate 52 kWh/m²/a. The Plus-Energy Heliotrope 

produces in average 297 kWh/m²/a, which is a surplus of 

247.5 kWh/m²/a or six times more of the energy needed 

to operate the Heliotrope. The surplus energy of 247.5 

kWh/m²/a is sold under the German Feed-In-Tariff to the 

public electricity grid. [3] 

 

Application: Active Systems 

In a similar parallel to the heliotropism of a flower head, 

the energy harvesting solar systems of the building were 

designed to rotate and track the sun. On the roof of the 

Heliotrope building there is a 54 m² (560 sf²) sun 

tracking photovoltaic (PV) wing of 60 monocrystalline 

modules, rated at 6.6 kilowatts at peak output.   

This active system rotates independently from the 

building structure, thus responding directly to 

supplemental energy demands. A two-axis mount allows 

the array to rotate 180 degrees and orient modules to the 

most optimal angle perpendicular to the sun. By using 

computer-controlled tracking sequences, this solar 

system achieves approximately 30-40% higher energy 

output than a conventional, fixed PV array.  

Based on these adaptive performance benefits, the solar 

system generates an average of 9,000 kWh of energy 

over the course of the year, which has the potential to 

supply approximately five times the building's annual 

electric power demand. (Figure 4, 5) [3]  

 

 
Figure 9. Dual sun-tracking photovoltaic system (left) and  

vacuum-solar thermal collectors affixed to the balcony  

railings (right). Image courtesy: Rolf Disch, 2010 

 

 

Heliotrope Energy Performance Measuring 

Through a combination of passive and active means, the 

rotating Heliotrope was claimed to be one of the first 

plus-energy buildings in the world, one that produces 

more emission-free solar energy than it uses. In 2012, an 

energy assessment showed that the 180m² living area 

consumed an annual average 20 kWh/m² and the 77m² 

office basement with high internal loads (computers, 

printer, etc.) consumed 40 kWh/m² for heating. In total, 

both areas consumed an average 6,800 kWh annually for 

heating and 2,160 kWh for domestic hot water. The 54 

m² PV-System generates 9,000 kWh annual end energy 

with a total of 23,400 kWh primary energy. The annual 

surplus or “Plus-Energy” of the Heliotrope is 4,048 kWh 

for the end energy and 17,155 kWh for the primary 

energy. This surplus energy is then sold under the 

German Feed-In-Tariff to the public electricity grid. [5]  
 

 

CONCLUSION 

In the example shown, the applied biological concepts 

resulted in measureable increases in energy efficiency.  

The benefits of these concepts stemmed from their 

inherent link to the site. Native biological systems 

respond solely to the resources available locally, and thus 

exist as clear indicators of appropriate architectural 

responses to climate. Like the diurnal patterns of leaf 

movements, the heliotrope represents a mixture between 

dia and paraheliotropism.  

 

The same process applies for the independent heliotrope 

movements between the sun-tracking pv-system and the 

live-work-core system when analysing the primary role 

of the leaf movements in order to regulate the amount of 

solar radiation incident of leaf, maximizing it in 

diaheliotropic leaves and minimizing it for 

paraheliotropic leaves. The dia and paraheliotropic 

process gives these plants an advantage in growth and 

seed production when compared to plants with stationary 
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leaves. The same pattern applies for the heliotrope and 

yields a unique condition where the envelope is 

continuously tuned to the climate conditions, thus 

delivering an adaptive passive solution that outperforms 

static designs. 

 

Given the attention to this biological information, 

architects and engineers hold an opportunity to gain key 

insight into the microclimate conditions at play, and the 

most prevalent resources available for their design.   

In order for biological precedents to find application in 

building design, architects and engineers need access to 

the information. Unfortunately, the availability of readily 

apparent examples is often limited by the lack of native 

habitat from pre-existing development, or the gap of 

knowledge in identifying adaptive natural systems. 

However, by collaborating with professionals with 

biological or bionic expertise, designers can incorporate 

new strategies for investigation that go beyond direct site 

survey and climate analysis.   

 

Additionally, more research is needed to advance 

building materials that can exhibit the adaptive 

behaviours found in living precedents.  By studying not 

only the physiology of plants, but also the biological 

processes that occur, new materials could be developed 

that have embedded response systems through chemical 

means.  While products such as PCMs can exhibit 

similarities to the changing states of biological 

membranes, they represent only a first step towards 

materials that respond to changing climatic and occupant 

conditions.  Responsive membranes hold the potential for 

buildings to continuously respond to diurnal or seasonal 

variation, changes in use, protection and healing, and 

other conditions that could affect both performance and 

durability.  

 

In generating a stronger bond between biology, bionics 

and building, our built environment may be modelled 

towards a greater balance of resource use that we need in 

the future to achieve carbon neutral buildings.  

Further research is needed to compare benchmarked built 

case studies in different climate zones. Both examples 

are parametrically 3D/4D-designed with an emphasis on 

control of energy flows through the building envelope 

combined with high thermal mass for low-exergy passive 

heating and cooling strategies. 
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