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Abstract 

The hydrothermal conversion of wet biomass into carbon-rich products is credited with a high 

potential. But in Germany corresponding large scale facilities have not been established yet. In 

order to investigate why this is the case, we have identified key factors for the development of 

hydrothermal processes (HTP) in Germany in previous works. Based on this, this study presents 

three scenarios of HTP development in Germany by 2030 that represent different combinations 

of key development factors considering high probability and relevance of occurrence as well as 

risks in case of factors non-occurrence. Using fuzzy cognitive mapping, connections between 

the factors are modelled. Further, the system is analysed on its reaction to the scenarios, so that 

important impacts can be identified. A punctual result is, that for the scenario including most 

relevant key factors, a normative and economic stabilization of the system is observable. This 

is above all reasoned in the assumed supporting legal framework. Thus, this path is the most 

suitable for a successful HTP development in Germany according to this analysis. 
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1. Introduction 

For the future establishment of a resource-efficient circular- and bio-economy, the most 

efficient use of biogenic residues is of great interest [1, 2, 3, 4, 5, 6]. Hydrothermal processes 

(HTP) are currently credited with a high potential to lead to a more efficient use of wet biomass. 

HTP are thermochemical processes that convert wet biomass under certain pressure and 

temperature conditions into bio-coal, bio-oil and biogas, which are suitable for energetic and 

material applications [7]. HTP are classified as shown in Table 1: 

Table 1  
Classification of hydrothermal reactions (based on [8], updated with current data) 

Hydrothermal 

reaction 

Temperature 

[°C] 

Pressure 

[bar] 

Residence time Main product References 

Hydrothermal carbonization (HTC) 

 190–230 10–30 30 min. up to 
several hours 

Bio-coal/char 9, 10, 11 

Hydrothermal liquefaction (HTL) 

Low 
temperature 

220–250 40–200 Several minutes Bio-oil 10, 12 

High 
temperature 

> 250–400 > 40–200 Several minutes Bio-oil (usually 
higher yields than 

for low-
temperature) 

11, 13 

Hydrothermal gasification (HTG) 

Sub-critical 280–374 < 221 Seconds up to 
several minutes 

Mainly CH4 8, 14, 15 

Supercritical > 374–800 > 221 Seconds up to 
several minutes 

CH4 at 
temperatures 

between 400-550 
°C and H2 at 

temperatures > 
550 °C 

14, 15 

Aqueous phase 
reforming 

200-280 15–50 Several hours H2, CO2 and 
alkanes from 
oxygenates 

8, 14  

Unlike solid residues, wet biomasses require expensive pre-treatment processes (e.g., drying 

and thickening) before they are suitable for most biomass conversion processes [7], which is 

why simple and less costly treatment paths (e.g., combustion) are usually applied [16]. 

Regarding resource efficiency, such conversion paths are not optimal, because they do not 

exploit the complete energetic and material substrate potential [1].  

Hence, HTP seems better suited to efficiently converting wet biomass into energy- and carbon-

rich products. However, the technology has so far not been successful in Germany [17]. In a 

previous study [18], we identified opportunities and risks of HTP development in Germany. 

The benefits of HTP include the lower carbon footprint and higher energy efficiency of the 

processes compared to alternative methods (e.g., anaerobic digestion). Barriers arise due to a 



3 
 

lack of experience in industrial continuous operation and constraints in the current legal 

framework (e.g., legal waste status of the solid product of HTC). We used these results to derive 

relevant key factors for HTP development in Germany until 2030 and their occurrence 

probabilities. Figure 1 gives an overview of the methodological process. 

 
Fig. 1. Methodological steps to identify and categorize key factors for HTP development in Germany [adapted 

from 17] 

The identification and categorization of the key factors was based on a SWOT analysis and 

expert workshop with impact analysis. From these analyses, a fuzzy cognitive map (FCM) was 

created (presented later in this study). Further, a Delphi survey with 51 European HTP experts 

was executed and evaluated using fuzzy-logic. Nevertheless, due to the qualitative nature of the 

methodology, uncertainties remain regarding the identified factors (e.g., regarding 

completeness, assessment of relevance and probability of occurrence). However, the authors’ 

preparatory work is the only source of information of this kind; so far, no comparable research 

results have been available. Various feedback loops and the consistent use of information 

ensured that all relevant factors were identified and assessed as far as possible. 

Based on the results of this process, a list of key factors for HTP development in Germany by 

2030 resulted [17]. Table 2 summarizes the factors and provides information about the factors’ 

estimated relevance for the future development of HTP (relevance of occurrence), risks in case 

of non-occurrence and probabilities of occurrence. Not all of the factors pose a development 

risk if they do not occur. In addition, some factors are not development drivers but rather risks. 

Corresponding factors are marked with asterisks and defined in the notes below the table.
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Table 2  

Important factors of HTP development in Germany [adapted from 17] 𝒙𝒊 Tagging Explanation 
Relevance of 

occurrence 

Risk in case of 

non-occurrence 

Probability of 

occurrence 

Political-legal factors 𝑥1 Regular fuel recognition 
HTP energetic products are recognized as standard fuels. This factor is 
strongly connected to the fourth factor as this represent an alternative 
requirement for the recognition of HTP products as standards fuels. 

High High Uncertain 

𝑥2 Investment and promotion 
Investment incentives and / or technology and research funding programs for 
HTP are being introduced or rather promoted. 

Uncertain Uncertain Low 𝑥3 “End of waste” regulation 
An end-of-waste regulation is being introduced for HTP products (i.e. 
products from bio-waste etc.).  

High Uncertain Uncertain 

𝑥4 Product certification 
Official recognition certificates for HTP products are introduced and issued 
accordingly by the competent authorities. This helps to reduce uncertainty for 
practice in terms of classification of HTP products as fuels. 

Middle Uncertain Low 

𝑥5 Thresholds 
Thresholds relevant to HTP (e.g. Federal Pollution Control Act) are relaxed 
as far as reasonably possible. 

Uncertain Uncertain Uncertain 𝑥6 Approval procedures 
Approval procedures for new HTP plants are accelerated which might save 
costs during the planning and construction phase. 

Uncertain Uncertain Uncertain 

𝑥7 Product standardization 
The quality of HTP products is standardized. This helps to reduce 
uncertainties on HTP product and sales markets (e.g. for product user) and 
enhances transparency. 

Middle High  Low 

𝑥8 Substrate standardization* 
The quality of HTP substrates is standardized. This helps to reduce 
uncertainties on HTP procurement markets (e.g. for substrate user) and 
enhances transparency. 

Low - Low 

𝑥9 Process standardization 
Process standards are introduced. This helps to reduce uncertainties for plant 
constructers and operators and enhances transparency. 

Low Uncertain Uncertain 

Economic factors 

𝑥10 Sales markets 
The competition on HTP relevant sales and product markets (e.g. energy 
carriers, fertilizers, substitutes for chemical products) decreases. Thus, the 
relative market share for HTP firms might be increase. 

Low Middle Middle 

𝑥11 Procurement markets 
The competition on HTP relevant procurement markets (e.g. animal excreta, 
sewage sludge) decreases. Thus, more usable substrates for HTP might be 
available, also near to the plant location. 

Uncertain Middle  Uncertain 
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𝑥12 Substrate availability 

The available and technically usable amount of substrates increases. Thus, in 
centralized concepts, plants might handle higher capacities. Or in 
decentralized concepts, more substrates will be available also near to the plant 
location assuming that substrate availability increases equally in Germany. 

Low Middle High 

𝑥13 Disposal costs 
Disposal costs for HTP substrates per mass unit (e.g. ton) are increasing. Thus, 
revenues for dispose such substrates might also increases which would 
generate additional income for HTP plant operators. 

Uncertain Uncertain High 

𝑥14 Material applications* 

HTP products are primarily used for material applications (e.g. as fertilizer, 
functional carbon). This could result if energy markets remain unprofitable 
due to legal barriers (missing recognition as regular fuels). Products for HTP 
might be primary applied on markets for bio-based products. However, this 
factors strongly depends on missing legal adjustments regarding fuel 
recognition according to expert opinions. 

Uncertain - Uncertain 

𝑥15 Foreign markets** 

HTP plant manufacturer and operators concentrate almost exclusively on 
foreign markets. This might be a result of missing market demand, an 
insufficient or rather braking legal framework, low relative market shares for 
HTP products on related markets or missing political incentives and 
willingness on promoting HTP in Germany. 

Uncertain Uncertain Uncertain 

Technological factors 

𝑥16 Process water treatment 

A cost-efficient and sustainable solution for process water treatment is being 
developed and applied nationwide. This might promote the overall economic 
(and ecological) performance of HTP as the polluted process water treatment 
is currently also a relevant cost (economic) factor which might make HTP 
concepts uneconomic. 

Middle Uncertain High 

𝑥17 System Integration 1* 

HTP plants are increasingly being integrated into bio-waste and wastewater 
treatment facilities. Thus, the location of substrate occurrence and treatment 
facility could be integrated optimally which leads to lower logistic costs. 
Other synergies might be generated, e.g. process water treatment directly by 
the wastewater treatment plant on site. 

High - Middle 

𝑥18 System Integration 2* 
HTP are increasingly being integrated into bio-refineries. This could also 
generate considerable synergies (e.g. cascade usage networks). 

Uncertain - Middle 

𝑥19 Nutrient recycling* 

The nutrient recovery is enhanced. Especially, nutrient recovery from the 
process water might be promising as the process water must be treated 
anyway. Due to political and legal frameworks (2017 amendment of sewage 
sludge ordinance) that especially require phosphorus recovery from sewage 
sludge, this might be a useful strategy. 

High - Uncertain 
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𝑥20 Learning effects 

The process understanding and knowledge increases (learning effects, for 
example through reference systems / business cases). According to learning 
curve effect theory this will especially reduce costs per unit of product which 
is why therefore a techno-economic factor [19]. 

High High  High 

𝑥21 Accidents** 
Accidents with existing facilities reduce trust in the safety of the technology. 
This might especially effect plant operator and society which is why this 
factor is strongly connected to social factors. 

Uncertain Uncertain Uncertain 

Ecological factor 

𝑥22 Life cycle performance* 

Research on climate and resource protection by HTP will be intensified. 
Results on this also successively improve the life cycle performance due to 
new insights. This might especially promote social acceptance into the 
technology. However, the LC performance is strongly connected to several 
other factors (e.g. reduced pollutants in process water after treatment) which 
is why this factor is just one part of promoting the LC performance. 

Uncertain Uncertain Uncertain 

Social factors 

𝑥23 Customer acceptance 

Customer acceptance of HTP increases. This might be the result due to 
technological progress, legal adjustments that promote HTP, higher 
transparency regarding HTP products quality (e.g. end-product customers), 
substrate quality and process performance (e.g. customer for facilities/plant 
operator). 

Uncertain Uncertain Uncertain 

𝑥24 Social acceptance 
Social acceptance on HTP increase or rather society takes HTP as resource 
efficient technology for future biomass conversion stronger into account. 

Uncertain Uncertain Uncertain 

Explanation of asterisks: 
* According to expert estimations, this factor is not considered as a risk if it not occurs. The corresponding field in the table is therefore filled with "-". 
** According to expert estimations, this factor solely represents a risk. Hence, occurrence will have a negative effect. 
Additional notes:  
1) For the relevance, risks and probabilities of the factors that are described as "uncertain", no expert consensus was reached in the mentioned Delphi survey [cf. 17], which is why these factors 
estimations were classified as uncertain. 
2) In the referenced study [17], the factors relevance and probabilities are classified by a ranking. In the present work, we use an easier understandable verbal classification based on this ranking, i.e. 
High (Rank 1-3), Middle (Rank 4-6), Low (Rank > 6).   
3) The underlying ranking was created for each individual category using the fuzzy Delphi method, which is based on an expert Delphi survey among 51 European HTP experts. There were two rounds 
of surveys (1st round: 27 responses; 2nd round: 12 responses). For all categories (i.e. “Relevance of occurrence”, “Risk in case of non-occurrence”, “Probability of occurrence”,) the factors in the 
original questionnaire were assessed using a Likert scale from 1 (e.g. less relevant) to 5 (e.g. high relevant) assessed by the experts. The results were transferred to a fuzzy scale [cf. 20], evaluated by 
FDM and transferred to a ranking according to the result (see footnote 2). According to the questionnaire sent, the categories mentioned here are defined as follows: 
• Relevance of occurrence: Events or factors that are considered to be particularly important, if the future development of HTP in Germany is to be pushed (e.g. construction of industrial plants). 
• Risk in case of non-occurrence: Events or factors whose non-occurrence is considered to be particularly problematic, if the future development of HTP in Germany is to be pushed. 
• Probability of occurrence: Events or factors that are estimated as particularly likely to occur by 2030. 
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Based on the information in Table 2, this work aims to map the system of factors and analyse 

their reaction on HTP scenarios, that are descriptions of possible future situations, combining a 

network of influencing factors. Scenarios depict possibilities and thus include a high degree of 

uncertainty in the assessment of future developments [21, 22, 23, 24]. To illustrate the 

contribution of the energetic use of biomass to the renewable energy system, for example, 

several scenario analyses have already been conducted in Germany [25, 26]. HTP has not been 

part of such studies. One reason is that the technology has not reached industrial maturity in 

Germany and therefore does not currently make any appreciable contribution to the renewable 

energy system. Nevertheless, a study by the German National Academy of Science and 

Engineering concludes that HTC and HTL could make an important contribution to the 

renewable energy system by 2023, closing the gap between combustion, gasification and 

pyrolysis and the microbiological processes [27].  

Apart from the mentioned study, there is hardly any research into the future of HTP in Germany. 

Instead HTP research currently focuses on process optimization [28, 29] and techno-economic 

and ecological analyses [30, 31, 32]. Predictions are therefore dependent on many uncertainties 

and driven by various assumptions. A trend projection based on historical data is not possible 

for HTP, as there are insufficient data. Nevertheless, scenarios can be useful to learn more about 

the overall system behaviour and important factors and patterns. Additionally, they can reveal 

relationships and possible developments. Hence, the results of this study can help not only to 

produce recommendations for decision-makers in politics, science, industry and civil society, 

but also to identify “hidden patterns” and self-reinforcing feedbacks in the system. 

2. Materials and Methods 

2.1 Fuzzy cognitive maps for system modelling 

The relationships and connections of the factors in Table 2 were modelled to illustrate the 

system relationships using FCM, which is a tool for representing the complex characteristics of 

non-linear dynamic systems, which may not be supported by a deterministic mathematical 

model [33]. Fuzzy signed graphs are used to model events and values as a collection of concepts 

(i.e., fuzzy sets that represent the factors), by forging a causal link between them [34, 35]. Due 

to their flexibility, adaptability and the intuitive way they are constructed, FCMs are 

increasingly used in various scientific disciplines [36, 37, 38] and are an important part of soft 

computing research [35]. An advantage of an FCM approach over hard computing approaches 

(e.g., system dynamics) is that it is tolerant of imprecision, uncertainty and approximation. Soft 
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computing approaches such as FCM are well suited to handling highly complex (non-linear, 

multimodal, high-dimensional, etc.), poorly structured or ill-defined problems [39].  

Another reason we decided to use this approach is that other studies have used FCMs to 

determine future technology development or have recommended them for this purpose. For 

example, Amer et al. applied FCMs to determine scenarios for the wind-energy sector in 

Pakistan to create a technology roadmap [40]. Jetter reviewed applications of FCMs and 

described them as being especially suitable for scenario planning and forecasting of technology 

trends [41].  

A standard FCM is defined by a set of functions (𝑋,𝑊, 𝐶, 𝑓) [32, 34]: 

• 𝑋 =  {𝑥1, 𝑥2, … , 𝑥𝑛}, which represents the set of 𝑛 concepts. They form the nodes of the 

graph. 

• 𝑊: (𝑥𝑖, 𝑥𝑗) → where 𝑤𝑖𝑗 is a function of 𝑋 × 𝑋 𝑡𝑜 𝐾 → [−1,1]  associating 𝑤𝑖𝑗 to a pair of 

concepts (𝑥𝑖, 𝑥𝑗), with 𝑤𝑖𝑗 denoting a weight of directed edge (magnitude) from 𝑥𝑖 𝑡𝑜 𝑥𝑗 , 𝑖𝑓 𝑖 ≠ 𝑗; otherwise, if 𝑤𝑖𝑗 is equal to zero, then 𝑖 = 𝑗. Thus, 𝑊 (𝑋 × 𝑋) = (𝑤𝑖𝑗) ∈𝐾𝑛×𝑛 is an adjacency matrix, denoted in the following as 𝐴. 

• 𝐶: 𝑥𝑖  →  𝐶𝑖(𝑡) is a function that computes the activation degree 𝐶𝑖 ∈ ℜ for each concept 𝑥𝑖 
referring to a discrete time 𝑡 = {1,2, … , 𝑇}.  

• 𝑓: ℜ → 𝐼 represents the transfer function, which represents the multiple causal impacts on 

a specific concept for the previously defined activation period. 

Depending on how the influence of one factor on the other is to be estimated, the weights 𝑤𝑖𝑗 
are set differently: 

• 𝑤𝑖𝑗 > 0, i.e., positive causality, 

• 𝑤𝑖𝑗 < 0, i.e., negative causality, 

• 𝑤𝑖𝑗 = 0, i.e., no causal relation. 

We used pentavalent logic for the weightings’ causalities with scalar values:  

• −1: strong negative causality,   

• −0.5: negative causality, 

• 0: no causality, 

• 0.5: positive causality, 

• 1: strong positive causality. 
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To calculate the concept values in progress, the following formula is used as activation rule: 

𝐶𝑗(𝑡+1) = 𝑓 (∑ 𝐶𝑖(𝑡)𝑤𝑖𝑗𝑛𝑖=1𝑖≠𝑗 )                        (1) 

where 𝑛 represents the number of concepts, 𝐶𝑖(𝑡) describes the activation degree of concept 𝑥𝑖   
at the 𝑡-th time step, 𝐶𝑗(𝑡+1) correspondingly represents the value of the concept 𝐶𝑗 at the time 𝑡 + 1 and 𝑤𝑖𝑗  represents the weighting of the causal connection of the corresponding concepts. 

For the preparation of the FCM, we used information on the relationships between the factors 

from previous work [7, 11, 17, 18]. Based on this, we carried out an expert workshop which 

was attended by six German scientists working on HTP. In a moderated group discussion, all 

influencing factors were evaluated regarding their effects on one another and themselves using 

an impact analysis [20]. An impact matrix developed during the workshop was verified based 

on the information from the previous work. On that basis, the FCM adjacency matrix 𝐴 was 

created. 

2.2 Scenario construction and consistency check 

The factors’ relevance of occurrence, risks in case of non-occurrence and probabilities were 

used to construct the scenarios for HTP development in Germany. Scenario 1 incorporates the 

factors with high probability according to Table 2, scenario 2 incorporates the factors with high 

relevance of occurrence, and scenario 3 considers the probable factors, excluding those with a 

high risk in the event of non-occurrence. The combinations of factors were selected to reflect 

the most likely positive development (scenario 1), the most desirable development (scenario 2) 

and the most likely negative development (scenario 3). 

To consider how independent the factors are in their appearance, the scenarios were checked 

for consistency. Consistency can range from total inconsistency (both projections never occur 

together) to absolute mutual support (both projections will most likely always coincide) [42]. 

For this check, a consistency matrix representing the impact values according to the FCM scalar 

values for the factor combinations was constructed. Table 3 shows the scale relations between 

the adjacency matrix and the consistency matrix. 

Table 3 

Scale adaption of FCM scale into consistency matrix scale 

Consistency matrix linguistic meaning Consistency 

scale 

FCM scale 

Total inconsistency: both projections never occur 
together. 

1 not detectable 
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Partial inconsistency; i.e., the two projections influence 
each other. Their common occurrence affects the 
credibility of the scenario. 

2 −0.5; −1 

Neutral or independent of each other; i.e., the two 
projections do not affect each other and their appearance 
does not affect the credibility of the scenario. 

3 0 

Mutual benefit; i.e., the two projections may well occur 
in a scenario. 

4 0.5 

Very strong mutual support; i.e., due to the occurrence 
of the one projection, the occurrence of the other 
projection can be expected. 

5 1 

To identify whether the scenario combinations are consistent, we calculate average consistency 

values per scenario. For this, the following steps were performed: 

(1) For every scenario, a consistency matrix 𝑪 representing the degree of consistence was 

created.  

(2) For every matrix, the relevant vectors 𝑐𝑖𝑗∗ = (𝑐𝑖𝑗…𝑐𝑛𝑗) ; 𝑖 > 𝑗, 𝑖 ∈ ℕ, 𝑖 ∈ ℕ were selected and the 

average consistency per vector was calculated as 𝑐𝑖𝑗̅̅ ̅ =  1𝑛∑ 𝑐𝑖𝑗𝑛𝑖=1              (2) 

(3) Finally, the overall average per scenario was calculated as 𝑐𝑜𝑛𝑠̅̅ ̅̅ ̅̅ =  ∑𝑐𝑖𝑗̅̅ ̅̅𝑛𝑗       (3) 

The procedure described above is in part based on suggestions from [22]. An average 

consistency value (𝑐𝑜𝑛𝑠̅̅ ̅̅ ̅̅ ) per scenario which is close to 3 indicates that the factor combinations 

are consistent. If no consistency is reached, the adjacency matrix may be adapted because it 

serves as the basis for the consistency matrix.  

2.3 Scenario-based system analysis 

Following the steps in sections 2.1 and 2.2, the scenarios were applied to the FCM to show how 

the system reacts. To illustrate the system reaction for each scenario, the factors can be set at a 

value between +1 (strong positive concept change) and −1 (strong negative concept change). 

Within this analysis, a strong impact (+1) was distinguished from a less strong impact (+0.5). 

Negative concept change was not applied, as all scenarios assume a positive concept change. 

The relative change in the system was displayed through a bar graph indicating how the system 

might react in a given scenario. We used the sigmoid function to generate the variations of 

concepts, because many complex systems show a progression from small values at the start that 

accelerate and approach a peak. It is usual for such system assessments to use sigmoid functions 

if an explicit mathematical model is absent [42]. Additionally, sigmoid FCMs are well suited 

to qualitative problems that require evidence of the increase, decrease or stability of a concept, 
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especially for strategic decisions based on scenarios [43], which is the case for this study. The 

system factor dynamics were calculated as follows [44]: 

(1) An adjacency matrix 𝐴 was created representing the concepts’ interconnections and 

intensity of causal interrelations: 

 𝐴 =           (𝑤11 ⋯ 𝑤1𝑚⋮ ⋱ ⋮𝑤𝑛1 ⋯ 𝑤𝑛𝑚)                  (4) 

 
(2) The initial vector state was denoted as follows: 𝑋⃗0= (𝑥1𝑜 𝑥2𝑜  …  𝑥𝑛𝑜)               (5) 

 
(3) The scenario-based values of the concepts (initial state changes) were calculated with an 

activation function (𝑓 (𝑥)), in this case the sigmoid function. For this, the initial concept 

states were varied according to the corresponding scenario: 

      𝑋⃗𝑡+1 = 𝑓(𝑋⃗𝑡+1 ∗ 𝐴) = (𝑥1𝑡+1  𝑥2𝑡+1   …   𝑥𝑛𝑡+1)           (6) 
 
(4) The state changed throughout the processes. The inference process stopped when stability 

was reached. The final vector state showed the effect of concept changes on the whole 

system of concepts.  

x1 

xn 

x1                    xm 
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3. Results 

3.1 FCM for HTP system factors 

Based on the process presented in Figure 1, we created the following adjacency matrix 𝐴 that represents the interconnections of the concepts. The 

matrix is based on assessments from the expert workshop in which six HTP experts from the German Biomass Research Centre and the corresponding 

author participated (cf. Fig. 1). In the workshop, the participants assessed the causalities between the individual factors qualitatively. Based on this, 

an impact matrix was created, which was finally transferred to the adjacency matrix shown in Table 4. Further details are described in [17]. 

Table 4  

Adjacency matrix: FCM factors and concepts relationships according to expert knowledge and relevant literature [own presentation] 𝑥𝑗𝑖  𝑥1 𝑥2 𝑥3 𝑥4 𝑥5 𝑥6 𝑥7 𝑥8 𝑥9 𝑥10 𝑥11 𝑥12 𝑥13 𝑥14 𝑥15 𝑥16 𝑥17 𝑥18 𝑥19 𝑥20 𝑥21 𝑥22 𝑥23 𝑥24 𝑥1 0 1 1 -1 1 1 1 0 0 -0.5 0 -0.5 -0.5 -0.5 -0.5 1 0 0 0 0 -0.5 0 0.5 1 𝑥2 0 0 0 0 0 0 0 0 0 -0.5 0 0 0 0 0 0 0.5 0.5 0 0.5 0 0 0 0 𝑥3 1 0 0 -1 1 0.5 0.5 0.5 0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 1 0 0 0 0 0 0.5 0.5 1 𝑥4 -1 0 -1 0 1 1 1 0 0 0 -0.5 0 -0.5 -0.5 -0.5 0.5 0 0 0 0 0 0 0 1 𝑥5 0 0 0 0 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 𝑥6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.5 0 0.5 0.5 0 0 0 0 0.5 0 𝑥7 0 0 0 0 0 0 0 0 0 -0.5 0 0 0 0 0 0 0 0 0 0 0 0.5 0.5 0.5 𝑥8 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0.5 0 0 0 0 0 0.5 0.5 0.5 𝑥9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.5 0.5 0.5 0.5 0.5 -0.5 0 0.5 0.5 𝑥10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.5 0 0 0 0.5 0 0 0 0.5 0 𝑥11 0 0 0 0 0 0 0 0 0 0 0 0 -0.5 0 0 0 0 0 0 0 0 0 0 0 𝑥12 0 0 0 0 0 0 0 0 0 0 0.5 0 0.5 0 0 0 0 0 0 0 0 0 0 0 𝑥13 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 𝑥14 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0.5 𝑥15 0 0 0 0 0 0 0 0 0 0.5 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 𝑥16 0 0 0 0 0 0.5 0 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0.5 0.5 𝑥17 0 0 0 0 0 0.5 0 0 0.5 0 0 0 0 0 0 0 0 0.5 1 0 0 0.5 0.5 0.5 𝑥18 0 0 0 0 0 0.5 0 0 0.5 0 0 0 0 0 0 0 0.5 0 1 0 0 0.5 0.5 0.5 𝑥19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.5 0.5 0 0 0 1 0.5 0.5 𝑥20 0 0 0 0 0 0.5 0 0 0.5 0 0 0 0 0 -0.5 0 0 0 0 0 0 0.5 1 0.5 𝑥21 0 0 0 0 0 -0.5 0 0 0.5 0 0 0 0 0 0 0 0 0 0 -0.5 0 0 -1 -1 𝑥22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.5 0.5 
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𝑥23 0 0 0 0 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 𝑥24 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
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The FCM also represents these interconnections, but in a visualized form. The map was created 

with the online software Mental Modeler [45]. For transparency reasons, we appended a 

description of how the model can be rebuilt based on the adjacency matrix using Mental 

Modeler (see Appendix).  

To give an impression of the complexity of the FCM, Figure 2 shows a part of the map for 

political-legal concepts. We decided to show this part of the FCM because the political-legal 

concepts have the highest impact of all the concepts on the overall system [45, 46, 47]. 

  
Fig. 2. FCM based on expert knowledge for political-legal concepts (own presentation) 

The numerical values represent the weight 𝑤𝑖𝑗 of the directed edge of each concept pair. It can 

be seen that “Regular fuel recognition” in particular has a strong influence on other concepts, 

indicated by the various relations marked “+1”. In general, the occurrence of this concept 

positively influences other system concepts. The weight “0”, which represents no causal 

relation between the concepts, is not visualized.  
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3.2 HTP development scenarios by 2030 

Based on the methodology described in section 2.2, the scenarios presented in Table 5 were 

created.  

Table 5  
HTP scenarios for Germany by 2030 

HTP Scenario Scenario factor combination and description 

Technological Action 

 𝑐𝑜𝑛𝑠̅̅ ̅̅ ̅̅  ≈ 3  
Consistent 

𝐹𝑎𝑐𝑡𝑜𝑟 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 =  {𝑥12;  𝑥13;  𝑥16;  𝑥20} 
The available and usable amount of substrates increases (𝑥12). Disposal costs for 
HTP substrates (e.g., sewage sludge) are increasing (𝑥13). A cost-efficient and 
sustainable solution for process-water treatment is being applied (𝑥16) and in 
general, learning effects can be observed (𝑥20).  

Legal and Technological 

Action 

 𝑐𝑜𝑛𝑠̅̅ ̅̅ ̅̅  ≈ 3.3 
Nearly consistent 

𝐹𝑎𝑐𝑡𝑜𝑟 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 =  {𝑥1;  𝑥3;  𝑥17;  𝑥19;  𝑥20} 
HTP energetic products are recognized as standard fuels, largely based on an end-
of-waste regulation for HTP products (𝑥1;  𝑥3). HTP plants are increasingly being 
integrated into bio-waste and wastewater treatment facilities (𝑥17). The nutrient 
recovery is enhanced (𝑥19), and, in general, learning effects can be observed (𝑥20).  

No Action 

 𝑐𝑜𝑛𝑠̅̅ ̅̅ ̅̅  ≈ 3.2 
Nearly consistent 

𝐹𝑎𝑐𝑡𝑜𝑟 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 =  {𝑥12;  𝑥13} 
The available and usable amount of substrates increases (𝑥12). Disposal costs for 
HTP substrates (e.g., sewage sludge) are increasing (𝑥13). Although the risk in non-
occurrence of an efficient process water-treatment is rated as uncertain, we 
excluded this factor here, because, based on discussions with experts, we see this 
as a serious risk. Learning effects are excluded, as their non-occurrence is seen as 
a serious risk.  

The respective factor combinations indicate which of the factors listed in Table 2 occur in the 

respective scenario. The first scenario includes mostly technological changes, and so it is 

referred to as the “technological action” (TA) scenario. The second scenario includes also legal 

changes and is thus named the “legal and technological action” (LTA) scenario. The substrate 

and disposal cost increases are factors that are not directly influenced by specific actions, which 

is why the last scenario is named the “no action” (NA) scenario.  

As mentioned in section 2, when considering the system reactions, we distinguish between 

strong (+1) and weak (+0.5) impacts of the factors. It should be noted that for factors that either 

occur or fail to occur, no distinction can be made between strong and weak impacts. In this 

study, this point concerns only the legal framework conditions, as these are either introduced 

or not; we cannot make a substantiated distinction between weak and strong impacts in the legal 

framework conditions. 
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The following matrices were used to calculate the average consistency value for each scenario 

(cf. 𝑐𝑜𝑛𝑠̅̅ ̅̅ ̅̅  in Table 5) according to formulas (2) and (3). 

 

𝐶𝑝𝑟𝑜𝑏𝑎𝑏𝑙𝑒 =             (3 4 3 33 3 3 33 3 3 33 3 3 3)       

 

𝐶𝑟𝑒𝑙𝑒𝑣𝑎𝑛𝑐𝑒 =            ( 
 3 5 3 3 35 3 3 3 33 3 4 5 33 3 3 3 33 3 3 3 3) 

 
 

 𝐶𝑟𝑖𝑠𝑘 =                       (3 43 3) 
  

𝑥12 𝑥13 𝑥16 𝑥20     

 
𝑥1 𝑥3 𝑥17 𝑥19 𝑥20      

 𝑥12 𝑥13     

 

𝑥1 𝑥3 𝑥17 𝑥19 𝑥20 

𝑥12 𝑥13 𝑥16 𝑥20 

 

𝑥12 𝑥13 
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3.3 FCM system reaction to scenarios 

We want to emphasize once again that the analysis is semi-quantitative and the results are 

primarily based on expert knowledge and not on quantitative data. The quantification step uses 

the mathematical procedure of the FCM explained in section 2. It should be noted that the 

variations represent corresponding changes until 2030, and some factors do not refer to the 

actual state. This is because certain factors are currently not observable. Figure 3 shows the 

system reaction per scenario. 

 
Fig. 3. FCM system factors variations for each HTP scenario assuming high factor (hI) and lower factor (lowI) 
impact.  
* For factors that are not listed (e.g., x1; x3; x19; x20), the change is “0” for all variants and scenarios, which is why 
they are not included in the figures.  
 

4. Discussion 

4.1 Interpretation of system reaction to scenarios  

The TA (hI) scenario has a relatively small impact on the system and affects just five factors. 

Thus, the system generally reacts robustly to this scenario, which suggests a stable development 

that, apart from the scenario factors and the factors influenced, corresponds to the status quo. 

The economic factors show the strongest reactions. The competition in the procurement markets 

is decreasing, which can be explained by the increasing amount of substrates. Due to the 

assumed largely positive technological development and the decreasing production costs per 

unit reasoned in the assumed learning effects, the willingness of the actors to concentrate on 

foreign markets is decreasing. However, this effect is quite small, as there is still a rather 

restrictive legal framework in Germany, that still hinders the energetic use of HTP products as 

standard fuels.  
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In the NA (hI) scenario, there are very few changes to the status quo, which is due to the fact 

that only two scenario factors occur. The competition in the procurement markets tends to 

decline, which is due to the increasing amount of substrate. The development of HTP according 

to this scenario is stagnant.  

The greatest number of effects can be observed in the LTA scenario. This is mainly due to the 

high impact of the assumed legal adjustments. As can be seen in Figure 2, “regular fuel 

recognition” has a high impact on the overall system and influences several factors directly. 

Approval of HTP products as energetic products provides legal certainty regarding energy use, 

which could have various effects. For example, the likelihood of investment and technology 

funding could increase, and the market for material applications could become less attractive 

as the energy market is now fully accessible for HTP products. Furthermore, the approval of 

HTP products as a standard fuel makes product certification largely obsolete, which is reflected 

in the negative value of this factor. The competitive situation in the procurement and sales 

markets is therefore exacerbated by the likely increase in the number of actors in the HTP 

branch. Foreign markets also lose their appeal as a result of the supporting legal framework. As 

HTP development gathers momentum, standardization processes could become more frequent. 

Planning and approval procedures could be also simplified. Technological development could 

also increase, probably due to development dynamics, as evidenced by the high likelihood of 

introducing a cost-effective process-water treatment.  

In the LTA (lowI) scenario, the difference to the high-impact case is very small, because it is 

still assumed that the legal changes are introduced. This clearly shows the high relevance of the 

legal factors.  

In the NA (lowI) scenario, the same system factors react as in the high-impact case, albeit with 

a much lower severity. The strength of the scenario factors therefore disproportionately affects 

the system factors in this scenario.  

Most of the differences between high and low-impact cases appear in the TA scenario. In the 

lower-impact case, for example, the probability of occurrence of process standards is reduced, 

which may be due to the less pronounced learning effects and technological advances in 

process-water treatment. As technological advances are less pronounced, it may be more 

difficult to achieve uniform process standards based on generally accepted best available 

techniques. This difficulty is also reflected in the fact that the factor “approval procedures” 

shows a negative value, and so it is less likely that approval procedures will be simplified in 
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this scenario. Interestingly, the factor “foreign markets” has a positive value. The lower factor 

impact in this scenario is not enough to reduce the interest of the branch in foreign markets. 

4.2 Comparison of results for Germany with those of other countries 

To the authors’ knowledge, there are no comparable studies for other countries. Nevertheless, 

some literature is available on current development potential and obstacles outside Germany. 

For example, [48] mentioned the potential for HTC in Europe as an innovative technology for 

the production of growing-media alternatives (e.g., peat). However, the study does not make a 

detailed assessment of other potentials and obstacles. [49] discussed future perspectives of 

hydrothermal conversion for the production of fuels and energy carriers, but without a 

geographical focus. In their opinion, the technology has reached industrial maturity; however, 

research into suitable and stable catalysts and handling of the liquid phase from HTC and HTL, 

for example, is still necessary for economic feasibility. [50] analysed the suitability of HTC for 

food waste treatment in China and recommended to use it for this purpose combined with 

anaerobic digestion.  

The results of the studies mentioned are consistent in individual points with the present study. 

However, the mentioned studies do not consider an overall system of factors. For international 

readers, this study can provide first hints about potentials and obstacles, because many factors 

apply not only to Germany. The legal problem of fuel approval applies to the whole of Europe. 

In addition, the central techno-economic problems and potentials apply beyond Germany (e.g., 

treating the process water). 

4.3 Limitations of this work and suggestions for further research 

This study is mainly based on expert knowledge and thus on qualitative information. This is 

because there is little reliable historical data for the development of the relevant system factors. 

Deterministic models, which mathematically describe the relationship of the factors to one 

another, do not exist. Previous studies have shown that the FCM is a method well-suited for 

such analyses as it does not require quantitative inputs and can provide helpful results based on 

qualitative descriptions and relationships. Although the results are largely based on qualitative 

expert assessments, through the broad participation process and the evaluation and analysis of 

information using fuzzy logic, they can be seen as reliable. 

The main contribution of this study is the systematic creation and comparison of different 

development paths for HTP until 2030. This contribution can help decision-makers in business, 

science, politics and civil society to identify bottlenecks for HTP in Germany. Future studies 
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could expand the system by including new factors that could be identified by further expert 

knowledge. The relationships between the factors can be updated based on potential new 

information. In addition, other scenarios (i.e., factor combinations) could also be considered 

with regard to their effect on the system to identify further correlations. Future studies should 

at least partially elaborate deterministic models and validate them with available data, as far as 

possible and reasonable. 

5. Conclusion and Recommendations 

The purpose of this study was to comprehensively map the system of factors in scenarios of 

HTP in Germany and analyse their reactions. This is unique because it attempts to describe the 

complete system of factors for the future development of HTP in Germany and their 

interactions. The study supports previous analysis of the with further findings.  

The legal factors have a large influence on the system. Based on this analysis, approval of HTP 

products as regular fuels is a prerequisite for creating legal certainty for the energetic use of the 

products. The model shows that this legal certainty in turn has various effects; for example, 

product certifications are less necessary, foreign markets lose relevance for domestic 

companies, technology funding and the establishment of substrate and process standards is 

more likely. A recommendation of this study is therefore that HTP products should be legally 

recognized as products, because the positive effects for the development of the technology are 

significant. Specifically, in EU or national waste law the legislator could specify the so named 

“End of waste” status of HTP products according to Article 6 Waste Framework Directive.  

Techno-economic factors (e.g., efficient process-water treatment, nutrient recycling, learning 

effects) also have an impact on the overall system, but less than the legal factors, which is 

shown by the different reactions in the TA and LTA scenarios. Nevertheless, these factors are 

also important for the development of HTP and they are to be implemented in conjunction with 

the legal factors. Hence, also technology funding is recommended, including the development 

of a cost-efficient process-water treatment, integrated approaches such as nutrient recycling, 

and the supporting of the construction of the facilities in industrial continuous operation in 

Germany.  

The methodological framework and analysis presented in this paper can support policy-makers 

regarding legislation and technology funding. The results are also useful for science because 

they allow for an improved prioritization of research. 
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The value added by this study lies in the fact that development paths for HTP were derived, the 

system effects were analysed through FCM analysis and thus the understanding of the system 

was increased. The influencing factors were previously known and prioritized, but their effects 

on one another had not been analysed. It is critical to note that the analysis does not offer 

objective accuracy and is based not on quantitative data but on qualitative expert statements. 

Nevertheless, the study presents trends and their effects, which can support future decisions. 
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Appendix 

Short manual for rebuilding the fuzzy-logic cognitive map and calculate the system reactions: 

1. Visit the website www.mentalmodeler.com. 

2. Create a login as described on the website. 

3. After you have access to the tool, activate your Flash Player. 

4. In the "Model" tab, enter all the factors listed in Table 1 (as boxes). The program 

automatically assigns "fuzzy set" values. 

5. Then switch to the tab "Matrix" and enter the values for the connections between the factors 

acc. Table 4. 

6. Then go to the tab "Scenario" and create the scenarios acc. Table 5. Select "sigmoid" as the 

calculation form.  

7. Now vary between high impact (+1) and lower impact (+0.5) cases. 

8. Mental Modeler will now give you the scenario values that should match with Figure 3. 
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