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Executive Summary 

RESYSTRA 
Towards Resilient Energy Systems! 
 
Two recent developments require a reorientation of the German Energiewende (“Energy 

Change” / “Energy Revolution”) as well as the accompanying and supporting research. On the 

one hand, the energy transition has reached a new phase: the formerly contested switch to re-

newable sources has by now become a widely accepted consensus, especially with regard to 

the electricity sector. Wind power, photovoltaics and, albeit to a lesser extent, biogas and hy-

dropower, are the basis for this transition. However, moving forward requires us to direct our 

attention from the technological aspects of power generation to the architecture of the entire 

energy system. Thus, systemic questions such as sector integration, sector coupling, security of 

supply and a necessary remodeling towards resilient energy systems are appearing increasing-

ly on the agenda. In addition to energy production (renewable) and consumption (efficient), en-

ergy conversion, storage, control, distribution as well as new business models are also included 

in this new agenda. In concrete terms that requires the development of intelligent forms of sec-

toral coupling (electricity, heat and mobility), contracting and regional marketing. Further, we 

believe synthetic fuels to play an important role in those areas of mobility that cannot be easily 

switched to electricity. 

Secondly, the Paris Climate Change Agreement reinforced an impetus of change that might 

serve to revive the energy transition in the heating and transport sector, where it was rather 

stagnating. We need a new dynamism in that field comparable to the changes in the electricity 

sector after the Renewable Energy Act. However, at the moment it remains unclear by what 

means this can be achieved. An important lever could be a drastic cost increase for emissions 

of fossil CO2 by raising certificate prices, or implementing a CO2 tax. 

The core of the project “RESYSTRA” was both to outline different transformation options to-

wards resilient energy systems and the analysis of the factors and impulses for a successful 

transition towards these options. We emphasized the role of civil society actors (participants) 

and in this context the important function of guiding concepts and visions.  

We distinguish guiding concepts like ‘Resilient System’ and ‘Resilient Energy System which 

take place at a medium abstraction level and illustrate the pursued direction from guiding design 

principles. They are specified and operationalized in view of a certain object and sphere of ac-

tivity (see figure 1). 
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Figure 1: Three-level model of guiding orientations (own representation) 

A guiding concept “resilient energy systems” was developed for the national level as well as 

more specific and operationalized concepts for ‘resilient regional energy systems’ of the admin-

istrative districts of Osterholz and Wolfhagen. “Resilient energy systems” are characterized by 

their ability to sustain their system services even in the face of unexpected events and turbulent 

external conditions. This can be achieved through certain capabilities (such as resistance, 

adaptability, innovation and improvisation) and distinct design principles and elements (such as 

diversity, redundancy, loose coupling and self-organization). Both ‘resilient regional energy con-

cepts’ put an emphasis on electricity. Yet, in order to foster the discussion on the hitherto rather 

neglected mobility sector, the project took up the concept “power-to-fuel” (P2F) and developed it 

further. 

The specified and operationalized resilient regional energy concepts, as well as the resilient 

energy concept based on power-to-fuel, where developed in cooperation with the respective 

actors (participants) in the fields. As for many of these participants the concept of “resilient en-

ergy systems” was new, this concept had to prove its capability to generate resonance and ac-

cess to their already established guiding principles like “regional self-sufficiency”, “local value 

added creation”, “100% Renewable Energy” or “Methane and Synthetic Fuels as Storage Op-

tions”. 

Guiding concepts and guiding design principles 

We distinguish guiding concepts, taking place at a medium abstraction level. They are ethically 

and emotionally fueled by world views (like ‘in tune with nature’ or ‘precaution’) which are at a 

higher abstraction level and obtain a more general validity. Guiding design principles are more 
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specific than guiding concepts and related to certain object areas like ‘the energy system of 

Wolfhagen’ or ‘synthetic fuels’, and they are highly operationalized.  

The formulation of the guiding concept “resilient energy system” and the specific guiding design 

principles was structured into four steps. Each of them integrated our findings based on different 

methods. In the first step, we apply “resilient energy system” to socio-technical systems and 

develop it as a biomimetic concept. The approach “learning from nature” tries to make the im-

possible possible in that it allows preparation for any kind of surprises. By definition, such pre-

caution cannot be based on experience. One possible way is to draw upon evolutionary pro-

cesses. Over millions of years, recurrent, random recombination and mutation produced a multi-

tude of design options for organisms, populations and ecosystems from which natural selection 

brought out the fittest. Thus, ecosystem and evolutionary theory offer some success strategies 

and design elements that help systems to prevail in complex and dynamic environments which 

are to a large extent uncontrollable by the specific organisms. (See figure 2). 

Diversity, redundancy, loose coupling and self-organization are crucial determinants for the 

success of organisms, populations and ecosystems. The relations between the organisms - and 

not only the food nets - are designed in such a way that losses can be absorbed and cascade 

effects can be avoided. Flow equilibria (homeostasis) are an example for a dynamic form of 

stability. Memory and self-organization allow learning (innovation). Modularity allows for the 

construction of complex systems and hierarchically structured materials. Generally, organisms 

use what is directly available in their surroundings as basis for life (water, CO2, low-exergy 

sources, lime, etc.). They use those resources efficiently, yet efficiency is not the dominant prin-

ciple. 

As a second step, principles for the design of resilient systems were taken from experi-

ence in risk-management: especially with respect to critical infrastructures (such as sup-

ply-chain management, energy systems, and IT and communication systems). The results 

are outlined in figure 3.  

Without any doubt, the integration of (human) participants and the principle of subsidiarity 

(i.e. devolving decisions to the lowest practical level of a system) are the major additions 

in comparison to figure 1. Of special interest are the topics that are missing in the experi-

ences of risk management: the capabilities of complex and dynamic systems, self-

healing, homeostasis, all of them regarding autopoiesis, the capability of self-creation and 

stabilization. Also missing are the cautious and humble aspects of dealing with complex 

systems that are expressed in the principles of resource opportunism and circular econ-

omy. Apparently, risk-management is still much too engaged in the reductionist attempt of 

domination and isolation. This is easy to understand: the issues of controllable technolo-

gies and technical containment have dominated discussions in risk-management over 
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decades. Even in risk-management publications dealing with resilience, the paradigm 

shift from control to guided self-organization has not taken place yet. 

 
Figure 2: Capabilities and biomimetic design principles for resilient systems (own representation) 

As a third step, the guiding concepts of “Resilient Systems” and ‘Resilient Socio-

Technical Systems’ were merged and further specified and developed into the guiding 

concept of “Resilient Energy Systems”. In the current debate, the concept of “cellular sys-

tems” points in a similar direction. An energy infrastructure in a demarcated area, which 

can be temporarily self-sufficient and self-regulated and follows the principle of subsidiari-

ty in regulating supply and demand at the lowest system level, shows several similarities 

with a ‘Resilient Energy Systems’. In this way, coupling to the main grid remains im-

portant but is not necessary at all times.  
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Figure 3: Capabilities and Design Principles for Resilient Socio-Technical Systems (adapted from 
risk management, own representation) 

During various expert interviews and workshops, the participants laid out their often-

diverging ideas for the future and it became apparent that one main divide appears along 

the line of centralization vs. decentralization. Further, it was evident that these debates 

do not focus on the need for extended security of supply. In this context, the guiding con-

cept ‘cellular system’ could bridge the divide. On the one hand, it relates to the available 

guiding concepts among the participants on the ground (self-supply with energy, self-

reliance) and, on the other hand, to the guiding concept "Resilient Energy System". The 

guiding concept is represented in figure 4. The proposed scheme already indicates that 

the different design principles and elements can be realized by concrete technical 

measures led by the guiding design principles. This includes different types of storage, 

local grid transformers, the role of power-to-fuel in coupling different energy sectors, 

marketing of ‘regional electricity’ and emergency drill.  
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Figure 4: Capabilities and design principles and elements forming the guiding concept “Resilient 
Energy System” (own representation) 

As a fourth and last step, guiding design principles for the different case studies were 

elaborated. First: the “resilient regional energy system for the administrative district of 

Osterholz” was developed along with the “resilient regional energy system for the admin-

istrative district of Wolfhagen”. Further, the concept of “Power-to-Fuel” was formulated for 

the aviation sector and heavy-duty traffic for which electric drive currently appears not to 

be feasible. Each conceptualization was based on the guiding concept of ‘Resilient Ener-

gy Systems’ on the one hand, and on the respective realities in the field on the other 

hand (system description, system analysis by means of modelling, actor analysis, scenar-

ios, recent and prospective supply chain analyses). Further, results of a partly-

prospective vulnerability analyses (either based on checklists or models) were incorpo-

rated. 

Figures 5 and 6 show possible guiding design principles for the regional energy systems 

in which the perspective of a cellular system was integrated. 

The differences between the two regions are not serious. They were chosen for the same 

reason: their strong involvement in energy self-reliance with focus on electricity. Wolfha-

gen was more successful in keeping the local value added within the region because of a 

higher degree of organization among the local participants, with the municipal energy sup-

plier and an energy cooperative in leading roles. In the region of Osterholz, the energy coopera-

tive still has to be founded and the cooperation with the municipal energy supplier and EWE 

needs to be improved. In Wolfhagen a Demand Side Management pilot project has already 
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started and the operation of a CHP plant for demand-peaks seems to be realizable in the mid-

range term. 

Figure 5: Guiding design principles for the “Resilient Regional Energy System Osterholz” 
(own representation) 

 
Figure 6: Guiding design principles for the “Resilient Regional Energy System Wolfhagen” 
(own representation) 

For the concept power-to-fuel, the guiding design principle already existed (see figure 7). 

The first task was to understand how to exploit its potential for an increased resilience 
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within the energy system. The second task was to understand and show how synthetic 

fuels can be integrated into the market. The integration of P2F into the energy system 

offers huge potentials to improve its resilience. If it is technically feasible to run the elec-

trolysers (and if needed the fischer-tropsch plants) in a dynamic way without serious 

losses in efficiency, they could very well be used in load-management (to absorb excess 

electricity). In addition, P2F offers interesting possibilities for coupling of the sectors elec-

tricity, mobility and heat. In an intelligent form of coupling, they could stabilize each other. 

Finally, the concepts of power-to-gas as well as power-to fuel offer interesting solutions 

for high-volume and long-term energy storage in already existing infrastructures (under-

ground gas reservoirs, fuel depots). The possibility to change gas or fuel back into elec-

tricity played a huge role in the beginning of the debate. It is confronted with high losses 

in efficiency. The role of this option will depend on the future design of the energy sys-

tem. 

 

 
Figure 7: Guiding design principles Power-to-Fuel (own representation) 

Critical factors for success of transformation 

In order to understand which factors are key to a successful and target-oriented transformation 

of energy systems, we focused on the long-neglected role of civil society participants in innova-

tion and transformation research. Besides their power to prevent and block through scandaliza-

tion, their potential to inspire change through guidance and commitment were investigated. In 

the course of the case studies, it was possible to show which configurations are particularly 

promising for a successful transformation. It was also possible to elucidate the fact that their 

role is subject to change during the transformation process. 

The analysis of the two regions (Osterholz County, City of Wolfhagen), showed that an expand-

ed regional production of renewable energy does not necessarily meet the regional parties’ ex-

pectation of increased value added in the region. In Wolfhagen, however, it was possible to 
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keep the newly established value added in the region. This was mainly due to certain partici-

pants’ who were able to promote initiatives and self-organization.  

In Wolfhagen the guiding concept “Resilient Regional Energy System” found much more sup-

port than in Osterholz. Furthermore, the guiding design principle ‘Resilient Regional Energy 

System in Wolfhagen’ and the guiding concept ‘cellular system’, which is currently debated as a 

preliminary step, found more support. In both cases, local parties’ readiness to embrace topics 

such as extended supply security and resilience was the key determinant for the level of sup-

port. The discussion on security of supply was a sensitive subject among those involved. Sup-

porters of the energy transition suspected a general attack and rejection of renewables by the 

concerns over the future security of supply. The volatility of renewable sources of energy and its 

potential threat to the security of supply have long been used as pretext to fend them off the 

energy market. The energy providers were emotionally affected since - according to their un-

derstanding – they are already keeping the promise of supply guarantee. The risk of future un-

certainties and possible surprises, for instance due to climate change, terror, cyber- crime or in 

the context of the upcoming systemic transformations in the energy sector, were ignored all too 

often. The idea of a “regional resilient energy system” could at least gain increasing support 

among the participants of Wolfhagen and Osterholz by showing how it relates to already exist-

ing principles such as local value added, and by working with the bridging concept of a cellular 

system.  

The methodological approaches to analyze the different cases ranged from value chain analysis 

and interview-based participant analysis to a structural vulnerability analysis. Additionally, dur-

ing the various workshops participatory processes were employed. Working with two actual 

models of innovation-research, the results show the crucial role which an alliance of civil society 

and an informed public can play in promoting systemic change and transformation. This holds 

true for the driving force of shared principles and beliefs (100% renewables, regional self-

sufficiency) as well as for the scandalizing power of organized protest (e.g. food vs. fuel debate, 

“monster transmission lines”, destruction of landscapes). Short descriptions of results, struc-

tured with the help of the ‘turtle model’ are shown in figures 8 and 9. The turtle model repre-

sents relevant determinants for the development of a more resilient energy system as 

push factors (tail, rear legs) and pull factors (forelegs and head) 
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Figure 8: Turtle model with impulses towards a resilient energy system in Osterholz (existing im-
pulses in black, required impulses in red) (own representation) 

As expected, the regional case studies showed that the potentials for controlling electrical ener-

gy at the regional level are very limited (grid management / energy balance). Therefore, the 

coupling of the regional to the major grid is of central importance. In addition, it was clear that 

federal regulations were and are paramount for the examined "self-supply regions". In the 

future, additional incentive systems are necessary. Against the background of the Paris 

decisions to limit climate change, a drastic increase in prices and levies for CO2 emis-

sions from fossil sources is likely to be a high priority. This is particularly clear for the 

implementation of power-to-fuel (see figure 10). However, the ability to act regionally 

should also not be underestimated, both for the development of regional economic poten-

tial and for the implementation of resilience strategies. A spatial congruence between 

county administrations and energy management areas is quite conducive to this; yet a 

spatial fixation of cell sizes is clearly ineffective. The cells in the 'cellular system' must be 

primarily defined functionally and not spatially. Within the scope of the case studies, we 

had to refer to the administrative boundaries for pragmatic reasons (e.g. data availability). 

Innovative steps towards a more resilient energy system at the regional level would be, 

for example, special tariffs for regional electricity, or for increased security of supply as 

well as the supply of critical infrastructures with regional electricity. (See figures 8 and 9)  
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Figure 9: Turtle with impulses towards a resilient energy system in the city of Wolfhagen 
(existing impulses in black, required impulses in red) (own representation) 

However, it has to be acknowledged that it was not easily feasible for civil society actors to 

adopt the guiding concept ‘Resilient Regional Energy Systems’ and put it into action. Part of the 

difficulty could be overcome with the help of the guiding concept of “Cellular Systems” which 

bridged the gap between the existing guiding concepts of a “Regional Energy Self-Sufficiency” 

towards a “Resilient Regional Energy System”. Eventually, a successful transformation in the 

energy sector will depend on which guiding orientations gain influence. The guiding concept 

“Resilient Systems” has received increasing public attention worldwide in the last years. How-

ever, the concept remains cumbersome and abstract. And the most controversial issue, namely 

the conflict between resilience and efficiency has yet to be addressed.  

In order to bring about a transformation of the socio-technical energy systems into “Resil-

ient Energy Systems” major changes in the external conditions, especially regarding in-

centives and legal regulations, are necessary. This became particularly apparent in the 

case study P2F. 

Due to a lacking political support or even impedimental regulation, the production of syn-

thetic fuels based on electricity is currently not profitable. Therefore, the potential of P2F 

to contribute to increased resilience (through load-management, intelligent sector cou-

pling, existing long-term storage and infrastructure) has not been pursued further. Yet in 

the light of the Paris Agreement, there is a growing consensus that electricity-based syn-
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thetic fuels are necessary to promote CO2-neutral mobility, especially in the aviation sec-

tor and heavy-duty traffic which cannot easily be switched to electricity. In order to under-

stand under which conditions the P2F technology could be guided from a technological 

and economic niche into a larger scope of application, we developed an agent-based 

model. Through simulations based on that model, we identified certain measures, config-

urations, and external conditions, which could bring about a successful market integra-

tion. At the starting point of the agent-based model, there were two models of innovation 

and transformation processes, which played a central role in the research project: on the 

one hand, the multi-level perspective helped to focus on the necessary path from the 

technological niche to the market. On the other hand, the turtle model served to structure 

relevant determinants for a successful market integration as push and pull factors (see 

figure 10).  

Figure 10: Determinants for the Establishment of Power-to-Fuel-facilities. (Existing impulses in 
black, required impulses in red) (Own representation) 

In a nutshell, our research approach to analyze the “energy transition” as a transfor-

mation, as well as systemic innovation process of socio-technical systems and thereby 

focus on guiding concepts and civil society actors, has proved to be very fruitful. The tur-

tle model made it possible to identify both the current and the future push and pull factors 

necessary in the respective innovation systems. Further, it served to promote understand-

ing between all parties at the different levels and to develop guidelines with respect to the 
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energy transition towards “Resilient Energy Systems". This also applies to the multi-level 

model, which, in the case of Power-to-Fuel, provided a possible roadmap for a market 

integration. 

The guiding orientations of the project demonstrate our ambition to take climate protec-

tion targets seriously for all energy sectors and to shed light on the structural require-

ments of a future energy system. Building on biomimetic design principles and principles 

extracted from risk-management in critical infrastructures, the guiding concept of “Resili-

ent Energy Systems” was developed. During three case studies, this guiding concept was 

specified and operationalized into guiding design principles in close cooperation with the 

local participants. Thereby we could demonstrate that the guiding concept "Resilient En-

ergy System" can be incorporated into existing initiatives through the mediating step of 

"cellular energy systems" and thus can generate resonance and support. Cooperation 

with all interested parties on the ground fosters further increased practical relevance of 

the guiding design principles.  
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