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Abstract 

A considerable amount of wet biogenic residues and waste has no resource-efficient use 

in several European countries yet. Hydrothermal processes (HTP) seem to be promising 

for treating such biomass as they best work with substrates with 70% to 90% water 

content. However, thus far the suitability of HTP for this purpose has not been 

sufficiently evaluated, for which this work aims to identify suitable multi-criteria 

analysis (MCA) methods that can be used to identify promising ways for the 

hydrothermal treatment of wet bio-waste. A review on 31 recent MCA studies in (bio-) 

waste management was conducted with the aim of comparing them to methodological 

requirements for evaluating HTP. Furthermore, a MCA approach for HTP based on the 

review findings is proposed. Results show that no observed MCA method is directly 

transferable for assessing HTP, for which a customized approach combining the 

Analytical Hierarchy Process and the Technique for Order Preference by Similarity to 

Ideal Solutions is proposed and preliminarily validated with literature data. These 

preliminary calculations indicate that hydrothermal gasification seems most promising 

under consideration of multiple criteria using the available average and exemplary data. 

However, needless to say there is still a long way to go to obtain the sufficient adequate 

data to validate and use appropriately the model, for which further studies are necessary 

to acquire more reliable data and to assess also future technology developments of HTP.  
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Introduction 

The efficient use of biogenic residues and waste can reduce costs and greenhouse gas 

emissions, save natural resources and promote climate protection (BMWi 2015). 

Besides, such a utilization can foster the progress towards a bio-economy (cf. BMEL 

2014, European Commission 2012) that aims a value-added treatment of biomass for 

producing materials, chemicals, fuels and energy in a sustainable manner and after 

providing sufficient food and feed for societal needs (Bezama 2016, Thrän & Bezama 

2017). However, a considerable part of biogenic residues and waste is inefficiently (e.g. 

energetic use despite of low heating values) or not even used yet (cf. Brosowski et al. 

2016, Pehlken et al. 2016, Tröger et al. 2013). A study that analysed twelve countries of 

the European Union focusing on the potential of biogenic residues for cellulosic biofuel 

production has shown that particularly France has high unused amounts of up to 60 

million metric tons dry matter per year. Forecasts for 2020 and 2030 even show that 

these quantities will increase for most of the observed countries (Searle & Malins 

2015). Considering this, the identification of suitable technological solutions for 

sustainably utilizing such bio-waste in future is of high interest for research and practice 

(cf. BMWi 2015, Tröger et al. 2013, Parawira et al. 2008). Previously, it was 

determined that especially the treatment of wet and sludgy substrates has gained rising 

attention in the last years (Reißmann et al. 2018). In contrast to solid bio-waste, wet and 

sludgy residues need an energy-intensive and cost-intensive pre-treatment (e.g. drying, 
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thickening) to be suitable for conventional biomass treatment paths which impedes their 

usage. However, some biomass conversion processes are generally applicable to treat 

these residual streams (Zhang et al. 2014). For example, biochemical processes like AD 

and thermo-chemical processes like pyrolysis (Poulsen et al. 2012, Han et al. 2016, 

Wzorek & Tańczuk 2015). Nonetheless, shortcomings are connected to the mentioned 

treatment paths which impede the decision for the optimal solution (e.g. difficulties due 

to high pollutant/nutrient contents) (Rulkens 2008, Saxena et al. 2009, Nielfa et al. 

2015, Prabhu & Mutnuri 2016). Besides, while most biomass with a high moisture 

content were treated via AD for energetic purposes in the past, requirements of the 

European Waste Framework Directive prior a material treatment before an energetic use 

since 2008 (European Union 2008). Thus, processes that include material fields of 

application are of certain interest. Due to these obstacles and requirements, substantial 

amounts of wet biogenic residues are not in use yet or will need new ways of treatment 

in future. Activities in research and practice indicate that HTP seem to be promising 

paths for transforming wet biomass into gaseous, liquid or solid carbon containing 

products by thermochemical conversion (Hallesche Stadt und Wasserwirtschaft 2015, 

Kruse et al. 2013, Libra et al. 2011, Lin et al. 2017). The procedure needs high water 

containing substrates for optimal processing, which is why materials like sewage sludge 

are particularly suitable (Greve et al. 2014). Depending on the process parameters 

(temperature, pressure and residence time) different HTP types occur (Tab. 1). 
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Table 1. Overview of HTP types (adapted from Reißmann et al. 2018) 

HTP type Brief definition Process 

characteristics 

HTC Coalification process converting biogenic materials 

into hydro-char (Fiori & Lucian 2017). Hydro-char 

is primary used for energetic purposes, material 

applications and in agriculture as fertilizer or soil 

conditioner (Lu et al. 2012).  

160 – 250 °C  

10 – 30 bar  

1 – 72 hours 

HTL Process transforming biogenic materials into 

chemicals and bio-oil (Zhang 2010). Bio-oil is used 

as liquid fuel for energy production and as 

substitute to crude oil for cosmetics and chemical 

industry (Kruse et al. 2013). 

180 – 400 °C  

40 – 200 bar 

10 – 240 minutes 

HTG Process converting biomass into gaseous materials, 

primary methane and hydrogen. The main products 

are used for energetic purposes and for applications 

in the chemical industry (Kruse 2009). 

350 – 500 °C  

230 – 400 bar 

< 10 minutes 

 

The suitability for the hydrothermal treatment of wet bio-waste has not been sufficient 

evaluated yet. Hence, there is a particular interest for a tailor-made assessment approach 

(cf. Reißmann et al. 2018, p. 248). A stakeholder workshop carried out in September 

2016 in Leipzig (cf. DBFZ 2016) showed the need of an assessment tool considering 

multiple attributes. Most stakeholders argued that the assessment of HTP by multiple 

criteria will help to reduce uncertainty for decision-making regarding funding and 

investment but also to identify research priorities for HTP. However, most current 

studies concentrate on single aspects like optimization of process parameters (cf. 

Aggrey et al. 2012, Elliot 2008, Klingler & Vogler 2010), economic assessment (cf. 
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U.S. Department of Energy 2016, U.S. Department of Energy 2014) or life cycle 

assessment (cf. Ahamed et al. 2016, Bennion et al. 2015). But to recommend promising 

technology development paths based on scenarios (e.g. increase of full-scale HTP plants 

in Europe due to implementation of cost-effective treatment for process water), a 

suitable multi-criteria assessment tool indicating if HTP are still promising based on 

computations with data on economic, environmental and technological aspects seems 

useful. Thus, the question that rises is how it will be possible to identify most suitable 

ways for the hydrothermal treatment of wet bio-waste by considering multiple 

attributes.  

This study wants to contribute to the solution of this question. Therefore, the goals of 

this work are: Providing an overview of MCA methods commonly used in (bio-)waste 

management research, defining necessary requirements to evaluate HTP in a systematic 

way, analysing if common used MCA methods fulfil these requirements and if not 

proposing a MCA approach to evaluate HTP for managing wet biogenic residues that 

fulfils all requirements. 

Materials and methods 

The work was organized in three steps as presented in Table 2.  

Table 2. Methodological sequence of the study 

Steps Aims Methods 
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1 

Review 

Identification of most common MCA 

methods in waste management and bio-

waste management. 

Search strategy based 

review.  

2 

Applicability 

check 

Proofing applicability of MCA methods 

for evaluating HTP. 

Checklist with 

methodological 

requirements for HTP 

assessment. 

3 

Methods 

development 

Proposing a tailor-made MCA procedure 

for HTP. Preliminarily validation of the 

proposed approach with data from 

literature. 

Adaption and/or 

combination of MCA 

methods within an 

assessment approach 

fulfilling the 

methodological 

requirements. 

 

Step 1: Review 

A literature review was executed to identify most common used MCA methods in 

(bio-)waste management research by applying a structured search strategy (Tab. 3). 

Table 3. Search strategy  

Category Specification Reason for specification 

Considered time 

period 

Sources not older than five 

years. 

Only most recent MCA 

methods should be 

identified. 

Considered sources Google, Google Scholar, 

Scopus, Science Direct. 

Most common search 

engines for scientific 

purposes. 

Considered 

document types 

Scientific articles, conference 

proceedings, books and book 

chapters. 

Most common document 

types for publishing 

scientific analysis. 
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Search terms Multi-criteria analysis waste 

management; multi-criteria 

analysis bio-waste management; 

multi-criteria decision-making 

waste management. 

Search terms were defined 

with respect to the aim of 

step 1. 

About 90 studies were identified. However, documents had to be excluded due to 

missing details regarding the used MCA methods and an insufficient focus on 

(bio-)waste management contexts. After all, 31 documents were reviewed with regard to 

the used MCA methods.  

Step 2: Applicability check 

The suitability of the identified methods is proofed by using a checklist on 

methodological requirements. For this, a point scale is used to assess the level of 

suitability, i.e. 2 points mean that the requirement is fulfilled, 1 point means that the 

requirement is in part fulfilled and 0 points mean that the requirement is not fulfilled.  

Step 3: Methods development 

If no considered MCA method fulfils all requirements, this means that no method is 

directly transferable for evaluating HTP. Hence, a tailor-made approach for HTP will be 

proposed. For this, most suitable MCA methods will be combined and/or adapted in an 

overall TA procedure.   
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Results and Discussion 

Review on multi-criteria assessment studies in (bio-)waste management  

31 studies were analysed of which four are review articles. Table 4 shows the thematic 

focus and applied MCA methods of the observed studies.  

Table 4. Thematic focus and MCA methods of observed studies 

Thematic 

focus 

Applied MCA 

method 

Corresponding studies Additional 

information 

General focus AHP Milutinović et al. (2017) - 

Achilles et al. (2013) 79 articles 

reviewed by 

this study 

Fuzzy AHP Zare et al. (2016) - 

PROMETHEE Makan et al. (2013) - 

VIKOR Opricovic & Miloradov 

(2016) 

- 

Municipal solid 

waste 

AHP Milutinović et al. (2014) - 

Antonopoulos et al. 

(2014) 

- 

Soltani et al. (2015) 68 articles 

reviewed by 

this study 

Thampi & Rao (2014) - 

Vučijak et al. (2016) - 

TOPSIS Nouri et al. (2014) - 

Jovanovic et al. (2016) - 

Klavenieks et al. (2017) - 
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Asefi & Lim (2017) - 

PROMETHEE Panagiotidou et al. 

(2015) 

- 

QFD Santos et al. (2017) - 

Combined method Herva & Roca (2013) Combination 

of AHP and 

PROMETHEE 

Industrial waste AHP Nouri et al. (2018) - 

Coelho et al. (2017) 260 articles 

reviewed by 

this study 

Combined method Mir et al. (2016) Combination 

of TOPSIS and 

VIKOR 

Chauhan & Singh (2016) Combination 

of fuzzy AHP 

and fuzzy 

TOPSIS 

Healthcare 

waste 

AHP Yap & Nixon (2015) - 

Mardani et al. (2015) 393 articles 

reviewed by 

this study 

Fuzzy VIKOR Liu et al. (2013) - 

Combined method Hariz et al. (2017) Combination 

of AHP, 

VIKOR and 

PROMETHEE 

Waste 

management 

issues 

VIKOR Liu et al. (2014) - 

AHP Ferreira et al. (2015) - 

Majumdar et al. (2017) - 

Fuzzy DEMATEL Wang et al. (2018) - 

Combined method Arıkan et al. (2017) Combination 
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of fuzzy 

TOPSIS and 

PROMETHEE 

Shahba et al. (2017) Combination 

of AHP and 

TOPSIS 

None of the assessed studies is focusing on bio-waste management which indicates the 

lack of MCA approaches for this field of study. In contrast, 39% of the studies focus on 

municipal solid waste management. Thus, in most studies bio-waste is at least partly 

regarded as it is a fraction of municipal solid waste. However, the management of wet 

and sludgy biogenic residues is not considered by the observed studies. For healthcare 

waste (13%), industrial waste (13%) and management issues (19%) like site selection, 

waste collection and paper waste management MCA methods are applied too. The 

review results show once more the necessity of a customized MCA approach for HTP, 

because even no appropriate MCA approaches exist for relative fields like the 

assessment of technologies for the management of wet bio-waste in general.  

Table 5. Descriptions of the MCA methods used by the observed studies 

MCA method Description Reference 

AHP Identification of preferences by pair-wise 

comparisons of criteria using a procedural 

sequence. Criteria are sorted hierarchical.  

Saaty, 1987 

DEMATEL Analysing and solving complex and intertwined 

problems by verifying interdependence between 

variables. Improving them by creating a specific 

chart to reflect interrelationships between 

Fontela and 

Gabus, 1976 
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variables. 

PROMETHEE Multi criteria decision making by building of an 

outranking between different alternatives. 

Brans et al., 

1986 

QFD Several quality criteria are combined within a 

QFD matrix to show correlations. Aim is to 

identify products and services that are desired by 

customers under consideration of multiple 

criteria. 

Akao, 1992 

TOPSIS The advantageousness of an alternative is 

assessed by determining the distance to the 

(virtual) best and worst alternative.  

Hwang & 

Yoon, 1981  

VIKOR Multi-criteria optimization of complex systems 

based on ranking and selecting from a set of 

alternatives considering conflicting criteria. The 

ranking is performed by comparing the measure 

of closeness to the ideal alternative. 

Opricovic, 

1998 

Fuzzy logic 

MCA 

MCA that deal with unclear information 

(fuzziness). Through fuzzy logic it is possible to 

precise unclear descriptions of criteria such as 

“good” or “bad”. In general, all of the above-

mentioned MCA can be enlarged with fuzzy 

logic.  

Abdullah, 

2013  

Combined 

methods 

The MCA combine two or more of the above-

mentioned methods within a common technology 

assessment procedure. 

- 

Most studies use the AHP (42%) which is also confirmed by the observed review 

articles (cf. Coelho et al. 2017, Soltani et al. 2015, Mardani et al. 2015, Achillas et al. 

2013). However, also combined methods are applied by 23% of the studies. Table 5 

describes the considered methods and combinations/adaptions briefly.  

Because none of the considered MCA is focusing on bio-waste management, this 

analysis will provide novel information on the suitability of MCA methods for bio-
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waste management especially for the hydrothermal processing of wet biogenic 

materials.  

Applicability check of identified MCA methods  

To check the applicability of the identified MCA methods for evaluating HTP, 

methodological requirements must be defined. General requirements are transparency, 

consistency and transferability (cf. Billig 2016, DFG 2013, Ganzevles & van Est 2012, 

Scheffzcik 2003). Besides, the following aspects have to be fulfilled by a suitable 

method for evaluating HTP.  

Holistic nature: Thermo-chemical and bio-chemical biomass conversion technologies 

and energetic as well as material treatment paths can be considered. 

Multi-dimensionality: Quantitative and qualitative techno-economic and environmental 

attributes can be considered simultaneously.  

Applicability: The method is easy to apply also without detailed background knowledge 

(e.g. for calculations).   

Objectivity: The selection and weighting of criteria involves stakeholder/experts to 

ensure transparency, relevance and objectivity of criteria. 

Adaptability: The procedure is iterative, to make steps repeatable and adaptable. 

Benchmarking: Target values considering certain requirements can be determined. 
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The identified MCA methods were checked with regard to the mentioned requirements 

(Tab. 6). Fuzzy logic MCA and combined methods were not considered as they do not 

represent own MCA methods but adaptions, extensions and combinations of them. As 

mentioned, a point scale from 0 to 2 was used to assess the MCA methods regarding 

requirement fulfilment. Details for the rating are described in the SI section. 

  



16 

Table 6. Comparison of MCA methods regarding requirement fulfilment  

 AHP DEMATEL PROMETHEE QDF TOPSIS VIKOR 

Holistic 

nature 

2 2 2 1 2 2 

Multi 

dimensionality 

1 2 1 2 1 1 

Applicability 2 1 2 1 2 1 

Objectivity 1 0 1 1 1 1 

Adaptability  2 1 2 1 2 2 

Benchmarking 1 0 1 0 1 1 

Degree of 

Fulfilment 

(absolute) 

9/12 6/12 9/12 6/12 9/12 8/12 

Degree of 

Fulfilment 

(relative) 

75 % 50 % 75 % 50 % 75 % 66 % 

Results show that no identified MCA method fulfils all requirements and is therefore 

directly applicable to HTP evaluation. Thus, a combined method including most useful 

elements of the considered MCA approaches must be developed to reach a higher 

degree of fulfilment. AHP, PROMETHEE and TOPSIS seem most suitable because 

they already reach high degrees of fulfilment. They fulfil the requirements holistic 

nature, applicability and adaptability. The requirement multi-dimensionality is in part 

fulfilled through these methods. Qualitative criteria are considered if they are 

measurable on an ordinal scale (i.e. a scale with similar distances). Hence, nominal 

values (e.g. “yes” or “no” attributes) cannot be considered by the methods. However, 
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most criteria values are at least ordinal. Regarding the requirement objectivity, the AHP 

seems more suitable because expert involvement is usually part of the criteria 

weighting. Further, a criteria selection or weighting procedure is not part of 

PROMETHEE and TOPSIS at all. Hence, for criteria weighting the AHP should be 

used. However, for determining criteria, AHP, PROMETHEE and TOPSIS include no 

expert involvement. This is why an own approach for a more objective criteria 

determination was previously developed. Regarding benchmarking, AHP, 

PROMETHEE and TOPSIS can be enlarged with a sensitivity analysis to determine 

potential thresholds or to test scenarios. Thus, the aimed method should also include a 

sensitivity analysis. Especially, because of its higher applicability and the more intuitive 

interpretability of the results compared to the AHP and PROMETHEE, TOPSIS will be 

used for the comparison of alternatives.  

Proposed MCA procedure for evaluating HTP  

Previous results indicate the lack on sufficiently suitable MCA methods for HTP 

assessment which is why a tailor-made procedure is proposed. This method will assess 

HTP to each other and relevant reference systems by considering multiple attributes for 

the first time. The following step-wise and iterative procedure was developed. Because 

the basic procedure is structured as a TA framework, the approach is in part transferable 

to comparable evaluations of biomass conversion processes. 



18 

 

Figure 1. Methodological sequence of MCA approach for assessing HTP 

The technology “fact sheet”: Setting the investigation framework and describing the 

considered technologies 

To get consistent, interpretable and transparent results, first it is necessary to set an 

investigation framework which defines evaluation purpose, system boundaries and 

considered time period. Further, most important technology characteristics must be 

described to enhance the transparency and thus the interpretability of the results. After, 

the system boundaries of the considered technologies must be set. The system can 

contain (1) feedstock provision & pre-treatment, (2) conversion & refinement, (3) 

products & by-products, (4) logistics & distribution, (5) product usage & (6) deposition 
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or re-use/recycling (end-of-life). This is especially important to define suitable reference 

systems, e.g. if no products are considered, reference systems must not necessarily 

operate on competitive product markets. Often it is not needed to consider all system 

components because of an already specific assessment purpose. In addition, the decision 

for including system components depends on data availability, which is why system 

boundaries are often limited. It is crucial to check data availability on system 

components and set them in context to the necessity of including them. Several TA 

studies recommend that effort and benefits of the analysis must be in balance to ensure 

the applicability (cf. Billig & Thrän 2017, Billig & Thrän 2016, Hall 2012). After 

defining the system boundaries, suitable reference systems must be determined to 

enhance the interpretability of results. For HTP, the determined reference systems 

should be competitors for the same substrates that could be utilized through HTP and/or 

operate at the same product markets. Depending on the analysis focus the general TA 

procedure can be adopted at this point (e.g. if specific conversion efficiencies are 

compared). However, the definition of reference systems depends on the assessment 

purpose and must consider the investigation framework, technology characteristics and 

system boundaries. In general, the comparability of the considered technologies must be 

carefully checked at this point. The results of this step can be summarized in a 

technology “fact sheet” (cf. SI).  

Developing and selecting technology-specific assessment criteria 
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Suitable assessment criteria are crucial to ensure significant results. Criteria must fulfil 

requirements like objectivity, consistency, adaptability, transparency and non-

redundancy. Also, reliable data should be available. The criteria shall represent the 

assessment object nearly in complete (Rohweder et al. 2015) and should have minimal 

influence to each other. However, a total independency cannot be reached in practice 

(Billig 2016). The development of metrics for MCA is usually carried out in a less 

structured way and through a limited number of primary internal experts (e.g. project 

team members). Although some guidelines and examples recommend selection factors 

which can be used, the integration of relevant stakeholder into criteria development is 

often limited to criteria prioritization (cf. Valenzuela-Venegas 2016, Akadiri & 

Olomolaiye 2012, Akadiri et al. 2013). To foster objectivity and transparency of criteria 

derivation, the authors recommend a structured process using instruments from strategy 

development for the transparent selection of dedicated assessment criteria (cf. Fig. 1, 

step 2). The derived criteria can be seen as “long list”. This means, depending on the 

specifications in the “fact sheet”, only a part of the criteria will be used for the actual 

assessment. It is recommendable to use a decision chart for the final selection of criteria 

which depends on the analysis case. Finally, only a selection of criteria from the “long 

list” are taken into account for the analysis.   

Multi-criteria decision-making and sensitivity analysis 
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To weight the selected criteria the AHP will be used. The basic procedure includes the 

following steps according to Saaty (1990): Creating the decision hierarchy, making 

pair-wise comparisons of decision-making parameters (criteria and alternatives), 

calculating priorities of decision-making parameters and check consistency. For the 

proposed procedure, an adapted AHP is used. This means, only the second and third 

step is executed. The first step is skipped, because the decision hierarchy is created 

through the previous steps of the overall procedure and evaluation criteria are already 

selected. The comparison of alternatives is part of TOPSIS and thus also excluded at 

this point. Thus, the AHP is primary applied for derivation of criteria weightings. It is 

recommendable to use expert estimations to generate the weightings. For this, pair-wise 

comparisons of all criteria 𝑐𝑖 to each other have to be carried out. To select the expert 

estimations a Delphi survey can be applied. The Delphi method is a systematic survey 

scheme with multiple steps containing feedback loops. The aim of this method is to 

reduce misjudgements of experts by applying the survey at least two times (Rowe & 

Wright 1999).  

After executing the AHP, the consistency of the weightings has to be checked. This 

means, if the criteria are ranked like A > B > C than also A > C must be valid (Saaty 

1987). However, this form of consistency is often not fulfilled if several criteria and 

criteria relations are part of the analysis. For this, Saaty (1987) has developed the 

Consistency Index (C.I.) and the Consistency Ratio (C.R.) which can be calculated with 



22 

AHP software by using the maximum eigenvalue ( 𝜆𝑚𝑎𝑥)  of the corresponding 

eigenvector. The following equation (eq. 1) must be used:  

 

R.I. means Random Index which is an average Consistency Index of randomly 

reciprocal matrices. The R.I. is given by Saaty (1987) with regard to the number of 

criteria.  

The weighted criteria are furthermore used in TOPSIS. In TOPSIS, a set of different 

decision alternatives are compared in relation to each other by using multiple criteria 

and taking the best-case and worst-case as benchmarks (Hwang & Yoon 1981). Thus, 

the best alternative in relation to other ones that are part of the analysis is calculated. 

This is why these types of MCA are also named multi-attribute decision-making with a 

discrete solution space (Geldermann & Lerche 2014). The more alternatives and criteria 

are applied the significance of TOPSIS’ results rises accordingly. However, also the 

effort for the application of this method rises with a higher number of alternatives and 

criteria which is why a useful balance between significance and effort must be 

considered regarding the assessment objectives. In comparison to classical MCA 

methods like utility analysis, TOPSIS is able to handle a high number of criteria if 
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preferences are not fully clear. Thus, this assumption of TOPSIS adequately represents 

reality and needs less information from the decision maker (Geldermann & Lerche 

2014). Further, TOPSIS needs just the criteria weightings as input from the decision 

maker which is why the procedure is relatively easy to apply in practice. TOPSIS is 

carried out according to Hwang & Yoon (1981). After calculating the efficiency values 

𝑐𝑖, the criteria values and/or the criteria weightings can be varied to show the sensitivity 

of these parameter on the results (ceteris paribus). Thus, thresholds and benchmarks can 

be calculated that indicate which values are optimal to reach the best-case frontier for a 

certain alternative. By creating scenarios that determine specific values for the future 

also the effects of this on the efficiency of the considered alternative can be shown by 

adapting the parameter in TOPSIS.  

Preliminary method validation 

To check the applicability of the procedure a preliminary method validation was 

executed. Because a large data survey was not carried out so far, the authors use average 

data on HTP archetypes identified by a literature review (cf. Reißmann et al. 2018, KIC 

InnoEnergy 2015, Klemm et al. 2009, Stafford et al. 2017). It has to be mentioned that 

this preliminary calculation was just carried out to validate the model and the results are 

not reliable so far. Especially, the comparability of calculations made for data on 

production costs or life cycle emissions need to be carefully proven for all considered 

technologies. For this exemplary case, such an extensive proofing was not carried out 
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which is why the first results are not scientifically reliable yet. For the criteria weighting 

an expert survey has to be carried out. Currently, the survey is not finished which is 

why “estimated” weightings have to be used for this validation. The estimated 

weightings result from literature information (cf. Reißmann et al. 2018) and first expert 

estimations made during a workshop in September 2016 in Leipzig (Germany) (cf. 

DBFZ 2016).  

First, the technology fact sheet was created for the observed HTP archetypes and the 

corresponding reference system (see SI). Second, relevant criteria (“long-list”) were 

derived through the approach described in section 3.3.2 (see SI). This “long-list” was 

further concentrated on suitable criteria using the illustrated decision chart (Fig. 3).  
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Figure 2. Decision chart for preliminary method application  

The resulting criteria and their corresponding weightings are shown in Table 7. 

Table 7. Selected criteria for preliminary method application 

Criteria Unit Weighting  

Production costs EURct/kWh 20 % Inputs  

 Life cycle emissions gCO2eq./MJproduct 18,5 % 

Technology 

Readiness Level 

- 40 % Outputs  

 

Material efficiency % kg 7,5 % 

Energy efficiency % MJ 9 % 

Calorific value of MJ/kg dry matter 5 % 
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end-product 

 

By using these criteria in TOPSIS for data of HTC, HTL, HTG and AD archetypes, 

following values for the relative distances 𝑐𝑖 result. The data are part of the SI. 

Rank 1: HTG - 𝑐𝑖-value of 0.66 

Rank 2: AD - 𝑐𝑖-value of 0.48 

Rank 3: HTC -  𝑐𝑖-value of 0.32 

Rank 4: HTL - 𝑐𝑖-value of 0.26 

The exemplary results show that HTG is most beneficial under consideration of 

multiple techno-economic and environmental attributes. This result seems robust 

because HTG has the best values regarding life cycle emissions and production costs. 

Both criteria have a relatively high weighting which shows the importance of these 

values. Although HTG has the lowest current TRL compared to the other alternatives, 

the MCA procedure indicates that this technology is still promising. However, 

especially the weightings are of high importance. Thus, they have to be chosen very 

carefully. Figure 4 illustrates the important influence of criteria weightings exemplary 

for TRL assuming a proportional increase of all corresponding criteria weightings 

(sensitivity analysis). 
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Figure 3. Sensitivity analysis for relative distance to ideal solution in relation to TRL    

Comparison of study findings to comparable work 

One particular issue about this field of work is that up to this date, no further multi-

criteria approaches have been developed for assessing the suitability of hydrothermal 

processing wet bio-waste. Thus, this work provides novel information on how to deal 

with this issue by using an assessment framework that considers multiple attributes and 

specific requirements on HTP. However, as already mentioned in the introduction 

section several other studies assessed the hydrothermal treatment of wet bio-waste and 

residues using different assessment approaches mostly concentrating on just one 

dimension (e.g. life cycle assessment, economic assessment). Such studies are important 
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for the proposed MCA approach, because generated data on economic or environmental 

assessment can be used as input for the calculations if they are comparable to each 

other. However, none of these studies assessed HTP in a multi-dimensional way.  

Only few recent studies proposed assessment approaches for biomass conversion 

systems considering multiple attributes. Suwelack & Wüst (2015) developed a unified 

appraisal framework for biomass conversion systems that includes a MCA approach 

based on standardized data and impact levels. The approach was tested on random data 

for three biomass conversion systems considering seven criteria on social, 

environmental and economic issues. In general, this approach can be used to assess HTP 

if reliable data is available. However, the framework is not customized for HTP which 

is why the criteria are more general and specific methodological requirements for HTP 

evaluation are not considered. For example, very important criteria for HTP, e.g. 

process water pollution levels, are missing. The study of Billig & Thrän (2016) 

proposed a MCA approach to assess different bio-methane technology options. Also 

this approach seems transferable to some HTP concepts, especially HTG which also 

produces bio-methane. However, also in this approach relevant attributes and 

requirements for HTP assessment are missing which further confirms the necessity of 

the tailor-made MCA framework proposed by this study. Other recent studies 

suggesting multi-dimensional assessment frameworks for biomass conversion 

technologies (Martínez & Narváez 2016, Fazlollahi & Maréchal 2013, Gassner & 
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Maréchal 2009) also lack on missing criteria and less consideration of requirements for 

HTP evaluation.  

Future perspectives and practical implications 

Only a few industrial scale applications of HTP plants have been implemented in 

Europe, which is particularly due to techno-economic difficulties (cf. Reißmann 2018). 

Hence, the primary aim is to use this MCA tool for a comparative evaluation of 

different scenarios that assume full-scale application of HTP under certain 

requirements. Using the MCA approach, these scenarios can be compared regarding 

several relevant criteria. By varying criteria values for these scenarios, efficiency ranges 

can be identified which further indicate promising target corridors for future technology 

development and research priorities. For example, these indications can help policy to 

decide on which solutions for HTP process water treatment public funding may focus. 

In addition, decisions on regulatory adjustments, e.g. for the standardization of HTP 

products, can be partly based on promising development paths indicated by the MCA 

(e.g. energy carrier or material application markets). For private investors, indications 

on promising future technology paths and corresponding criteria value ranges will help 

to decide on investments for certain technological solutions considering specific 

requirements. In practice, the tool can be used for HTP site decisions (e.g. in relation to 

substrate availability), decisions on plant scale and promising markets. However, the 
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tool will get more relevant for practice if more industrial scale plants are established. 

This is because the framework assumes that a functioning market exists and industrial 

scale plants operate under economic conditions.   

Conclusion  

This analysis proposed a MCA framework to assess the suitability of options for the 

hydrothermal treatment of wet bio-waste. To better validate the applicability of the 

method, exhaustive data computations have to be made. A major advantage of the 

procedure is that it needs relatively less input from the user. For example, developing 

the criteria “long list” and criteria weightings must usually executed just once and can 

be used for several analysis after. Thus, criteria derivation and weighting can be 

provided by experts before the user applies the approach for a case study or scenario 

analysis. TOPSIS is relatively easy to apply and the calculations can be made with 

Excel. However, the more criteria and alternatives are considered the complexity of 

calculations rises. Due to the relatively easy understandable approach, the results of the 

analysis are good to interpret and to communicate to the target audience. However, also 

some shortcomings are connected to the approach. A specific disadvantage of TOPSIS 

is that criteria must at least be ordinal measurable with similar distances on the 

measurement scale. This is sometimes not given and thus such criteria would not be 

applicable in TOPSIS. However, this problem can be solved by applying height 
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preferences (e.g. through utility functions). Further, data is sometimes not available for 

relevant criteria. This is especially reasoned in the novelty of the technologies that is 

connected to an insufficient data situation. Hence, it seems useful to enlarge the 

approach with fuzzy logic or by means of a complementary self-learning algorithm. 

Additionally, it is important to carefully check the primary data sources for the used 

criteria on their comparability (e.g. checking if comparable assumptions were made to 

calculate this data). 
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Supplementary Information (SI) 

 

Appendix A – Check of MCA methods on requirement fulfilment 

Analytical Hierarchy Process (AHP): 

Holistic nature Consideration of thermo-chemical and bio-chemical conversion paths: 

Yes – there are no assumptions of AHP that forbid this. 

Consideration of energetic and material treatment paths: 

Yes – there are no assumptions of AHP that forbid this. 

Multi 

dimensionality 

Consideration of quantitative techno-economic and environmental criteria: 

Yes – if data availability is given, all quantitative criteria can be considered.  

Consideration of qualitative techno-economic and environmental criteria: 

No/Yes – qualitative criteria can be used but must at least be measurable on an 

ordinal scale.  

Applicability Yes – the AHP is a relative complex method because mathematical knowledge 

is necessary to solve matrix calculations. However, several software programs 

can assist to solve the calculations. Because the AHP is often applied in science 

and practice the applicability must be given.   

Objectivity Involvement of expert feedback in criteria selection: 

No – the criteria selection is applied by the decision-maker, expert involvement 

is not an integral part. Also, current applications do not involve experts into the 

criteria selection. 

Involvement of expert feedback in criteria weighting: 

No/Yes – as suggested by Saaty, the original version of AHP does not need 

expert involvement for criteria weighting because this is made by the decision-

maker. Current applications try to the involve experts through surveys (e.g. 

Delphi surveys). 

Adaptability  Yes – the procedure is linear, but adaptions of previous steps can be made if 

necessary. 

Benchmarking No/Yes – benchmarking is not part of the classic AHP. However, subsequent 

sensitivity analysis are sometimes applied to interpret the results of AHP. 

Through this form of analysis also benchmarks can be generated. 
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Decision-Making Trial and Evaluation Laboratory (DEMATEL): 

Holistic nature Consideration of thermo-chemical and bio-chemical conversion paths: 

Yes – there are no assumptions of DEMATEL that forbid this. 

Consideration of energetic and material treatment paths: 

Yes – there are no assumptions of DEMATEL that forbid this. 

Multi 

dimensionality 

Consideration of quantitative techno-economic and environmental criteria: 

Yes –quantitative criteria can be considered. 

Consideration of qualitative techno-economic and environmental criteria: 

Yes – because DEMATEL primary measures the interdependencies between 

criteria through expert estimations, it is not necessary that all criteria are 

quantitative. Hence also qualitative criteria can be considered.  

Applicability No/Yes – the procedure itself is relatively simple and needs no in-depth 

mathematical knowledge to be applied. However, because expert involvement 

is needed to estimate the interdependencies of criteria the effort is relatively 

high.  

Objectivity Involvement of expert feedback in criteria selection: 

No – criteria selection is not a part of DEMATEL. Given criteria are checked 

regarding their independencies.  

Involvement of expert feedback in criteria weighting: 

No – also criteria weighting is no part of DEMATEL. 

Adaptability  No/Yes – after expert estimations have been made it is very difficult to adapt 

the procedure (e.g. through introducing of new criteria). However, further 

estimations can be made if necessary, but this increases the effort considerable.  

Benchmarking No – benchmarking is no part of DEMATEL. 
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Preference Ranking Organization Method for Enrichment Evaluations (PROMETHEE): 

Holistic nature Consideration of thermo-chemical and bio-chemical conversion paths: 

Yes – there are no assumptions of PROMETHEE that forbid this. 

Consideration of energetic and material treatment paths: 

Yes – there are no assumptions of PROMETHEE that forbid this. 

Multi 

dimensionality 

Consideration of quantitative techno-economic and environmental criteria: 

Yes – if data is available, all quantitative criteria can be considered. 

Consideration of qualitative techno-economic and environmental criteria: 

No/Yes – because PROMETHEE uses preference functions for all criteria also 

qualitative criteria can be considered. However, they must be at least ordinal. 

Applicability Yes – several software applications can assist to solve the calculations.  

Objectivity Involvement of expert feedback in criteria selection: 

No – criteria selection is not a part of PROMETHEE. Criteria must be already 

given.  

Involvement of expert feedback in criteria weighting: 

No/Yes – a weighting procedure is not defined by PROMETHEE and can be 

selected by the user. Hence, experts can be involved or not.  

Adaptability  Yes – the procedure is linear, but adaptions of previous steps can be made if 

necessary. 

Benchmarking No/Yes – benchmarking is not part of the PROMETHEE. However, subsequent 

sensitivity analysis are sometimes applied to interpret the results. Hence, also 

benchmarks can be generated. 
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Quality Function Deployment (QFD): 

Holistic nature Consideration of thermo-chemical and bio-chemical conversion paths: 

No/Yes – there are no assumptions of QFD that forbid this. However, the house of 

quality (as comparison matrix between attributes of alternatives) is only useful for 

very similar alternatives because customer requirements are maybe not 

comparable.  

Consideration of energetic and material treatment paths: 

No/Yes – there are no assumptions of QFD that forbid this. However, the house of 

quality (as comparison matrix between alternatives) is only useful for very similar 

alternatives because customer requirements are maybe not comparable. 

Multi 

dimensionality 

Consideration of quantitative techno-economic and environmental criteria: 

Yes – due to that QFD simply sorts the criteria within a matrix and seeks for 

correlation (house of quality) all kind of criteria can be considered in general.  

Consideration of qualitative techno-economic and environmental criteria: 

Yes – due to that QFD simply sorts the criteria within a matrix and seeks for 

correlation (house of quality) all kind of criteria can be considered in general. 

Applicability No/Yes – QFD is a relative simple analytical method which can be used without 

complex mathematics. Generally no software applications are necessary. 

However, because the analysis is primary based on customer product expectations, 

a high effort for market research is necessary. Next to this, creating the house of 

quality is hard without detailed background knowledge on the procedure of QFD.  

Objectivity Involvement of expert feedback in criteria selection: 

No/Yes – usually the internal project members define the product functions as one 

side of criteria and the customer define their requirements as another part of 

criteria. An objective expert feedback on this selection is normally no part of 

QFD. 

Involvement of expert feedback in criteria weighting: 

No/Yes – prioritization of criteria is usually done by the team members and also 

not verified through expert feedback. However, also the team members are experts 

in their fields.  

Adaptability  No/Yes – QFD is no flexible procedure, because it only depends on creating the 

house of quality. However, further customer estimations or product functions can 

be added which makes the procedure in part adaptable. Including further 

alternatives that are not competitive to the primary alternatives is difficult because 

product functions as well as customer expectations may not match which makes 

them not comparable.  

Benchmarking No – a benchmarking of weightings or criteria at it is intended for the HTP method 

is no part of QFD. Also subsequent sensitivity analysis are usually not applied 

after QFD. 
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Technique for Order Preference by Similarity to Ideal Solution (TOPSIS): 

Holistic nature Consideration of thermo-chemical and bio-chemical conversion paths: 

Yes – there are no assumptions of TOPSIS that forbid this. 

Consideration of energetic and material treatment paths: 

Yes – there are no assumptions of TOPSIS that forbid this. 

Multi 

dimensionality 

Consideration of quantitative techno-economic and environmental criteria: 

Yes – if criteria are measurable on a cardinal scale all kind of quantitative 

criteria can be used. 

Consideration of qualitative techno-economic and environmental criteria: 

No/Yes – criteria must be cardinally measurable which is often not given for 

qualitative criteria. However, this can be met by using height preferences for 

creating at least ordinal scales with similar distances.   

Applicability Yes – TOPSIS is a very intuitive and relative simple procedure. No complex 

mathematics are necessary. Software applications are available for extensive 

calculations. 

Objectivity Involvement of expert feedback in criteria selection: 

No – expert feedback for criteria selection is no necessary part of TOPSIS. 

Involvement of expert feedback in criteria weighting: 

No/Yes – a weighting procedure is not defined by TOPSIS and can be selected 

by the user. Hence, experts can be involved or not. 

Adaptability  Yes – the procedure is linear, but adaptions of previous steps can be made if 

necessary. 

Benchmarking No/Yes – benchmarking is not part of TOPSIS. However, subsequent 

sensitivity analysis are sometimes applied to interpret results. Hence, also 

benchmarks can be generated. 
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Vise Kriterijumska Optimizacija I Kompromisno. Resenje (VIKOR):  

Holistic nature Consideration of thermo-chemical and bio-chemical conversion paths: 

Yes – there are no assumptions of VIKOR that forbid this. 

Consideration of energetic and material treatment paths: 

Yes – there are no assumptions of VIKOR that forbid this. 

Multi 

dimensionality 

Consideration of quantitative techno-economic and environmental criteria: 

Yes – all kind of quantitative criteria can be considered by VIKOR.  

Consideration of qualitative techno-economic and environmental criteria: 

No/Yes – qualitative criteria can be considered if they are at least measurable 

on an ordinal scale. 

Applicability No/Yes – VIKOR is more complex and therefore harder to understand than 

other comparable MCA methods which reduce the intuitive interpretation of 

results. However, several software applications can assist to solve the 

calculations which reduces the effort at least in part.  

Objectivity Involvement of expert feedback in criteria selection: 

No – expert feedback for criteria selection is no necessary part of VIKOR. 

Involvement of expert feedback in criteria weighting: 

No/Yes – a weighting procedure is not defined by VIKOR and can be selected 

by the user. Hence, experts can be involved or not. Usually, weights are 

defined due to preferences of the decision-maker.  

Adaptability  Yes – the procedure is linear, but adaptions of previous steps can be made if 

necessary. 

Benchmarking No/Yes – benchmarking is not part of VIKOR. However, subsequent 

sensitivity analysis can be applied to interpret results and generate 

benchmarks. 
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Appendix B – Exemplary filled sample technology “fact sheet”  

Evaluation purpose Assess the suitability of fictive HTP concepts on the use of wet biogenic 

residues. 

Geographic framework Germany. 

Time period No specific time period, because several data sets with different time 

frames were used for the fictive concepts. 

Description of 

considered technology 

concepts 

(1) Hydrothermal Carbonization concept  

Parameter Specification 

Substrate(s) Lignocellulose residues, 

sewage sludge, animal excreta 

Reactor type Continuous flow system 

Reactor pressure range 10-30 bars 

Reactor temperature range 160-250 °C 

Reaction time range 1-72 h 

End-product Hydro-coal 
 

(2) Hydrothermal Liquefaction concept 

Parameter Specification 

Substrate(s) Lignocellulose residues, 

sewage sludge, animal excreta, 

algae 

Reactor type Continuous flow system 

Reactor pressure range 40-200 bars 

Reactor temperature range 180-400 °C 

Reaction time range 10-240 min. 

End-product HTL-oil 
 

(3) Hydrothermal Gasification concept 

Parameter Specification 

Substrate(s) Lignocellulose residues, 

sewage sludge, animal excreta 
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Reactor type Continuous flow system 

Reactor pressure range 230-400 bars 

Reactor temperature range 350-400 °C 

Reaction time range 5-10 min. 

End-product HTG-gas 
 

Reference system(s) Anaerobic Digestion (AD) as competitive system on substrate markets: 

 Parameter Specification 

Substrate(s) Lignocellulose residues, 

animal excreta 

Reactor type Continuous flow system 

Reactor pressure range Ambient pressure 

Reactor temperature range 32-65 °C 

Reaction time range 35-80 days 

End-product Biogas  
 

System boundaries (1) Feedstock provision & substrate pre-treatment → (2) Conversion & 

Refinement → (3) Products & By-products → (4) Product Usage 

Check on data 

availability 

Data from scientific studies and technical reports. Data refers to specific 

case studies (e.g. modelled plants, demonstration and pilot plants, and 

laboratory tests) and average values.  
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Appendix C – Criteria “long list” 

Criteria Definition  Unit Relevant process 

step 

K.O. criterion (Fulfillment must be given for every assessment alternative) 

Dry matter content of 

substrates  

The relation of organic dry 

matter to water content of the 

substrate. Recent studies 

recommend an organic dry 

matter content between 10 to 30 

% for optimal processing. If this 

range is not fulfilled the 

considered substrate is not 

suitable and hence the alternative 

may be excluded from the 

analysis (Reißmann et al. 2018a). 

Percent of organic 

dry matter content 

Feedstock provision 

Input metrics/costs (to be minimized) 

Production costs Raw material costs and 

manufacturing costs of the 

product (e.g. hydro-coal) 

(Bronner 2013). 

Euro per functional 

unit 

Feedstock provision 

and conversion/ 

refinement 

Distance to suitable 

substrates 

Transport distance of suitable 

substrates from place of 

occurrence to treatment plant. 

Kilometer (km) Feedstock provision 

Pollution of process 

water 

Share of organic substances in 

residual water that occurs after 

hydrothermal processing (Fettig 

et al. 2015). 

mgO2/L (COD 

value) 

By-products 

Life cycle emissions Pollutant emissions occurring 

through the process steps relating 

to the system boundaries (ISO 

2006). 

Global Warming 

Potential (CO2 

equivalent) 

All process steps 

Output metrics/benefits (to be maximized) 

TRL Classification of the level of 

development of a considered 

technology according to ISO 

16290 (ISO 2013). 

Assessed on a scale 

from 1 to 9 

All process steps 
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Material efficiency Relation of product output to raw 

material input (Eichhorn 2000). 

Percent of 

functional unit 

Conversion/ 

refinement 

Energy efficiency Relation of energy output to 

energy input (Eichhorn 2000). 

Percent of 

functional unit 

Conversion/ 

refinement 

Calorific value of 

product 

Maximum usable heat amount 

through the combustion of the 

end-product (coal, oil or gas) 

(Brandt 2004). 

Mega Joule (MJ) 

per functional unit 

Product Usage 

Carbon share of end-

product 

Share of carbon in HTC coal in 

relation to total mass volume. 

Percent Product Usage 

Share of recycled 

phosphorus 

Share of phosphorus that is 

recycled in relation to the total 

substrate feed-in. 

Percent Recycling 
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Appendix D – Applied data for preliminary calculations 

Definitions of data types 

• Specific data means that these values refer to exemplary processes and plants 

• Average data means that these values are the average of data from several (at least 

two) processes and plants 

• Generic data means that these values are the result of comprehensive meta studies 

and mostly typical for the whole process type 

 

Criteria Unit Data type Value(s) References 

Data on HTC 

Production costs EURct/kWh average 6.5 Reißmann et al. 2018 

Life cycle emissions gCO2eq./MJproduct specific 45 Reißmann et al. 2018 

TRL - generic 6.5 KIC InnoEnergy 2015 

Material efficiency % kg specific 16.5 GRENOL 2014 

Energy efficiency % MJ average 80 Klemm et al. 2009 

Calorific value of end-

product 

MJ/kg dry matter average 24.5 Reißmann et al. 2018 

Data on HTL 

Production costs EURct/kWh specific 11.8 Reißmann et al. 2018 

Life cycle emissions gCO2eq./MJproduct specific -5 Reißmann et al. 2018 

TRL - generic 7 Stafford et al. 2017 

Material efficiency % kg specific 80 Toor et al. 2010 

Energy efficiency % MJ average 78 Klemm et al. 2009 

Calorific value of end-

product 

MJ/kg dry matter average 35 Reißmann et al. 2018 

Data on HTG 

Production costs EURct/kWh specific 3 Reißmann et al. 2018 

Life cycle emissions gCO2eq./MJproduct specific -600 Reißmann et al. 2018 

TRL - generic 5 Vogel 2016 

Material efficiency % kg specific 26 Kumabe et al. 2017 

Energy efficiency % MJ average 76.5 Klemm et al. 2009 

Calorific value of end-

product 

MJ/kg dry matter specific* 21.65 Elsayed et al. 2015 

Data on AD 

Production costs EURct/kWh average 7.5 Bundesnetzagentur 2014 

Life cycle emissions gCO2eq./MJproduct average -140 Fehrenbach et al. 2009 

TRL - generic 9 Bundesregierung 2014 
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Material efficiency % kg specific 13 Volkmann 2009 

Energy efficiency % MJ average 48 Reißmann et al. 2018 

Calorific value of end-

product 

MJ/kg dry matter average 31.25 FNR 2014 

 

*) calculated with conversion factor of conventional natural gas.  
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