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1 Executive Summary 

The Techno-Economic Assessment of Biomass Pre-Processing (TEABPP) project compares the costs, 

efficiencies and GHG emissions of biomass supply chains “with” and “without” significant pre-

processing, to assess whether and how pre-processing steps can benefit UK bioenergy supply chains.  

Ten supply chains were selected for modelling and analysis in the project, two of which generate 

heat, and eight generating power. These are compared in groups according to their shared 

conversion technology, and all the chains are able to use a blend of Miscanthus and woody 

feedstocks (from 0-100%). Every chain is described in the gPROMS model by a set of 200+ input 

parameters, each with a base case value and a minimum to maximum range.  

High-level description of the 10 chains analysed in TEABPP 

Chain Pre-processing Storage step(s) Blending point 
Conversion 
technology 

End vector 

1 Screening Shed At conversion Underfeed stoker 
combustion 

boiler 

Heat 

2 Screening + field wash Shed At conversion Heat 

3 Screening Shed/tarp At conversion Bubbling 
fluidised bed 

(BFB) gasifier + 
syngas engine 

Power 

4 Water wash + pellet Shed/tarp, warehouse At pre-processing Power 

5 Screening Shed/tarp, warehouse At pre-processing Circulating 
fluidised bed 

(CFB) combustion 
+ steam turbine 

Power 

6 Pelleting Shed/tarp, silo At pre-processing Power 

7 Chemical wash + pellet 
Shed/tarp, warehouse, 

silo 
At pre-processing Power 

8 Pelleting Shed/tarp, silo At pre-processing 
Entrained flow 
(EF) gasifier + 
syngas CCGT 

Power 

9 Torrefy + pellet Shed/tarp, silo At pre-processing Power 

10 Pyrolysis Shed/tarp, tank At pre-processing Power 

 

Using the base case values for each input parameter, the chain results shown in Table 1.1 are 

derived1. At the base case, all the chains are relatively high cost compared to other renewable 

heating or power generation options in the UK (i.e. those outside of the TEABPP scope). In general, 

the chains with the least amount of pre-processing are the cheapest, most efficient and have the 

lowest GHG emissions within each grouping of similar chains. 

Chains 1 & 2 are efficient (as producing only heat) and have low GHG emissions due to the local 

supply of biomass, and adding field washing is relatively inexpensive. In contrast, water washing or 

chemical washing (then pelleting) adds significant costs and GHG emissions in Chains 4 and 7. Whilst 

most of the chains are well under UK regulatory GHG thresholds, Chain 7 might be at risk of 

exceeding post-2025 limits. Pyrolysis in Chain 10 is relatively inefficient and high cost, but has the 

advantage of low GHG emissions. The impacts of adding torrefaction in Chain 9 are relatively modest 

                                                             

1
 The chain net total levelised cost of energy (LCOE) is the key cost metric used in TEABPP. Gross chain efficiency = energy output divided 

by feedstocks collected, net chain efficiency = gross efficiency less other energy inputs to the chain (such as diesel used in trucking). The 
GHG emissions have been calculated on a basis compliant with UK regulations. 
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compared to Chain 8 pelleting, but using pelleting (in Chain 6) is still a step up in cost and GHG 

emissions compared to only using screened chips (in Chain 5). 

Table 1.1: Comparison of base case results for the 10 chains (th = heat, e = power)  

Chain 
LCOE 

(£/MWh) 
Net efficiency 

(%) 
Gross efficiency 

(%) 
GHG emissions 
(kgCO2e/MWh) 

1 - screen, boiler 53 [th] 78.9 83.1 33 [th] 

2 - screen, field wash, boiler 57 [th] 76.1 80.8 37 [th] 

3 - screen, BFB gasify 172 [e] 24.0 27.9 87 [e] 

4 - water wash, pellet, BFB gasify 197 [e] 18.1 25.9 175 [e] 

5 - screen, CFB combust 123 [e] 26.3 31.6 89 [e] 

6 - pellet, CFB combust 144 [e] 23.4 31.6 147 [e] 

7 - chem wash, pellet, CFB combust 164 [e] 22.0 30.5 199 [e] 

8 - pellet, EF gasify 124 [e] 29.8 38.0 122 [e] 

9 - torrefy+pellet, EF gasify 132 [e] 26.3 34.1 135 [e] 

10 - pyrolysis, EF gasify 182 [e] 17.9 21.7 100 [e] 

 

TEABPP also highlights the key modelling sensitivities using a series of cost component charts, 

sensitivity pie charts and spider charts for each chain in turn, allowing identification of which input 

parameters most strongly influence chain costs, efficiency and GHG emissions. This sensitivity 

analysis detailed in Section 4 shows that the final conversion technology CAPEX and efficiency 

typically have the greatest influence on chain costs. This leads to the conclusion that the CAPEX for 

the final conversion technologies, and the delivered feedstock cost, have to be low for successful 

application of these bioenergy chains in the UK. The final conversion technology efficiency and 

feedstock transport distances typically have the greatest impact on chain net efficiencies and GHG 

emissions, which suggests that to remain compliant with UK GHG regulations, final conversion 

efficiencies have to stay high and road transport distances stay relatively low. This recommendation 

is in conflict with some of the cross-over analysis, which shows very high transport distances are 

often required to see net LCOE benefits of pre-processing over chains with minimal pre-processing – 

but both these chains may then have GHG emissions that exceed UK GHG limits.  

Biomass characteristics, blending and pre-processing parameters only appear in some of the 

sensitivity charts, and typically do not dominate the top 5 most sensitive parameters in each chain. 

Those that do appear as key sensitivities vary by chain, but include: 

 The impact of feedstock ash content on pyrolysis efficiencies – i.e. minimising feedstock ash 

content will improve pyrolysis chains.  

 The LHV of torrefied pellets – i.e. higher energy densities will improve torrefaction chains 

due to less diesel used in trucking, and smaller silo stores. 

 High feedstock nitrogen contents require NOx mitigation in power generation, which usually 

entails urea use and its associated GHG emissions – particularly important if chemical 

washing is adding nitrogen to the feedstock. Low nitrogen biomass could therefore avoid 

urea use, but of all the pre-processing technologies characterised, only pyrolysis is expected 

to be able to lower nitrogen contents. 
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 The blending split between Miscanthus and woody feedstocks generally favours the use of 

cleaner woody feedstocks (despite their higher starting moisture content) over Miscanthus. 

Insights gained from the sensitivity analysis suggests that there is a rough order of priority in terms 

the biomass parameters that have the greatest influence on chain costs – noting that this list is 

generic, and there will be some differences between chains. Typically, the starting feedstock cost is 

the most important biomass parameter, followed by the feedstock energy density (i.e. combination 

of LHV and volumetric density, for transport costs), and then its moisture content (for conversion 

plant efficiencies). This is then usually followed by the total ash content (due to modest impacts on 

opex, efficiency and downtime), and then the Nitrogen content (if able to avoid SNCR kit and urea), 

followed by Chlorine and Alkali index (which can multiply into an effective Chlorine content for 

enhanced corrosion). Soil and stone contamination is only a part of the total ash, and then the 

remaining biomass parameters either have small impacts (e.g. Sulphur), or are assumed to have no 

impact at all (e.g. Calcium, Aluminium). 

Warning flags are raised in gPROMS if any biomass parameters cross their specified limits. gPROMS 

results are still calculated, but need to be treated with caution, as there could be implications for 

equipment lifetime, emissions permits, over-extrapolation of trends, or that a different supplier’s 

technology (with different costs/performance) is required in order to use the feedstock. At the base 

case blend of 50% Miscanthus, 50% woody, warning flags are raised for all the chains without pre-

processing. Only water washing, chemical washing and pyrolysis can clean the blended biomass far 

enough to avoid any warning flags – screening, field washing, pelleting and torrefaction+pelleting 

are too mild (or concentrate contaminants). This suggests that although water washing, chemical 

washing and pyrolysis are unable to lower overall chain costs and have few cross-overs, these pre-

processing technologies might be required by some plant operators to be able to use this 50% 

Miscanthus blend, and still meet their performance guarantees, expected lifetimes and/or gaseous 

emissions permits. The effectiveness of each pre-processing technology in removing (or adding to) 

each biomass contaminant is summarised in the D3 report. 

A “cross-over” occurs when by varying one input parameter, a chain with processing (one of Chains 

2, 4, 6-7 or 9-10) goes from being worse to being better than the comparator chain without 

significant pre-processing (Chains 1, 3, 5 or 8 respectively). This is a clear cross-over if 95% of the 

gPROMS scatter points show a clear separation, or an unclear cross-over if there are overlapping 

uncertainty ranges. Section 5 uses cross-over charts and Venn diagrams to show the parameter 

regions where the benefits or costs of adding pre-processing are clear or unclear. Table 1.2 

summarises the cross-over results for each chain pair. 
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Table 1.2: Comparison of the ability of chains to achieve cross-overs 

Chain pair LCOE delta Net efficiency delta GHG emissions delta 

2 vs. 1 No options No options No options 

4 vs. 3 
Few options, but none for a 

clear cross-over 
No options No options 

6 vs. 5 
Some options, and for a clear 

cross-over 
Some options, and for a 

clear cross-over 
No options 

7 vs. 5 No options No options No options 

9 vs. 8 
Some options, but none for a 

clear cross-over 
No options 

Few options, but none for a 
clear cross-over 

10 vs. 8 No options No options 
Many options, but none for a 

clear cross-over 

 

Most Venn diagrams show a clear or unclear preference for the chains “without” pre-processing, 

except in a few cases2 where wet or low density biomass is being trucked very long distances or 

stored for a long time, when some cross-overs do appear (but are still mostly unclear due to 

uncertainties). Trucking pellets instead of chips more than 800km gives the only clear cross-over in 

the TEABPP analysis, i.e. pelleting chains can out-perform screened chip chains – but the transport 

distances required are unlikely to ever be seen in the UK, and could have GHG emissions compliance 

issues. There are also some options for torrefaction + pelleting to potentially match pelleting on 

cost or GHG emissions at the base case distances (150km), or potentially out-perform pelleting if the 

transport distances were greater. In contrast, pyrolysis only has the potential benefits of low GHG 

emissions, and no chance of achieving cost or efficiency cross-overs.  

Other pre-processing options such as field wash and chemical washing do not have a significant 

chance of achieving chain benefits, and the benefits of water washing + pelleting over screening are 

dominated by the pelleting benefits, not the water washing. In general, all the washing chains (2, 4, 

7) show slightly enhanced pre-processing benefits when washing Miscanthus compared to when 

using cleaner woody feedstocks – i.e. washing is more beneficial to dirtier feedstocks. Even still, the 

added costs and often significant added moisture content from washing remain as downsides, and 

there are safety risks with storage of wet chips for extended periods of time. Co-location of washing 

and pelleting is expected to help overcome some of these barriers, and also help make some modest 

savings on pre-processing opex (in Chains 4 and 7), but the limit of 10 chains within TEABPP meant 

we could not also include chains with geographically separated washing and pelleting steps in order 

to do a full comparison of without and without co-location. 

For a selected number of technical innovations in the conversion and pre-processing steps identified 

by the TEABPP team, Section 6 assesses which of these innovations result in the largest chain 

improvements, to highlight where the biggest gains can be pursued through innovation (with specific 

innovation targets for each technology discussed in Section 6.5). Optimising all of these selected 

parameters together leads to a significantly improved set of chain costs, efficiencies and GHG 

emissions from the original base case values, as shown below in Table 1.3. 

                                                             

2
 Or when very small-scale/expensive pre-processing (i.e. screening or pelleting) is being used in the comparator chain – although this is 

not necessarily a fair comparison, given the scales of the steps in the different chains are independent parameters.  
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Table 1.3: Comparison of optimum case results for the 10 chains 

Chain 
LCOE 

(£/MWh) 
Net efficiency 

(%) 
Gross efficiency 

(%) 
GHG emissions 
(kgCO2e/MWh) 

1 - screen, boiler (heat) 35 [th] 95.1 97.3 19 [th] 

2 - screen, field wash, boiler (heat) 36 [th] 92.2 94.9 22 [th] 

3 - screen, BFB gasify 75 [e] 40.4 42.4 41 [e] 

4 - water wash, pellet, BFB gasify 97 [e] 33.4 39.2 92 [e] 

5 - screen, CFB combust 81 [e] 32.7 37.4 69 [e] 

6 - pellet, CFB combust 98 [e] 30.1 37.4 110 [e] 

7 - chem wash, pellet, CFB combust 104 [e] 28.4 35.8 128 [e] 

8 - pellet, EF gasify 71 [e] 50.3 57.1 68 [e] 

9 - torr+pellet, EF gasify 70 [e] 48.4 54.5 68 [e] 

10 - pyrolysis, EF gasify 74 [e] 44.5 48.0 24 [e] 

 

The optimum case chain costs are much more competitive in the UK renewables context, and all the 

chains are comfortably below even the post-2025 GHG thresholds, in part due to significantly 

higher chain efficiencies than in the base case. There are also a few changes in the ranking of chains 

(e.g. Chain 9 could just become cheaper than Chain 8, and with the same GHG emissions), and in 

general the gap between chains with and without pre-processing has reduced significantly. 

However, none of the pre-processing opportunities lead to clearly better chain costs – significant 

uncertainties remain with any cross-overs. This leads us to the conclusion that if pre-processing is 

to work in the UK, then significant work needs to happen to simultaneously improve a large number 

of pre-processing parameters (CAPEX, efficiencies, material/energy use, product quality), and reduce 

inherent uncertainties. 

Final conversion technology CAPEX and efficiencies still dominate the breakdown of optimum case 

costs, and these conversion parameters also dominate the innovation opportunities for Chains 1-5. 

However, in Chains 6-10, there are some pre-processing opportunities that offer greater potential to 

help close the cost gaps between chains: 

 Increased torrefied pellet LHV drives Chain 9 cost and efficiency savings, with lower 

electricity use also contributing to improved GHG emissions. 

 Pyrolysis efficiency is vital for making large improvements in all Chain 10 metrics, with 

pyrolysis electricity exports also giving a GHG credit. 

 Lowering the chemical washing output nitrogen content, and lowering alkali use, leads to 

lower costs and GHG emissions in Chain 7. 

 Reduction in pelleting electricity and binder use can provide modest GHG reductions in 

Chain 6. 

Qualitative criteria such as each technology’s commercial status and key development issues, UK 

actors, supply chain risks and barriers, and potential deployment opportunities within the UK are 

discussed in Section 7. Heat map summaries of the chain findings from the whole report are given in 

Section 8, and the following prioritised set of recommendations for further consideration for 

technology acceleration activities were then made: 
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 Conversion technology innovation improvements, especially CAPEX and efficiencies, result 

in dramatic chain improvements, and are worth exploring further as these will be required 

to increase the competitiveness of all of the TEABPP chains. Improvements in underfeed 

boilers and CFB combustion technologies can be achieved by existing actors in the near 

term, but developments in fluidised gasifiers and syngas engines for the near to mid-term, 

and EF gasifiers and syngas CCGT for the long-term will need more support given high risks 

and few developers. However, these conversion improvements do not fundamentally 

change the regions in which pre-processing pays off, and are not the primary focus of the 

TEABPP project. Some pre-processing improvements can further reduce conversion costs 

(e.g. avoiding SNCR kit); whereas others will reduce the scope or need for conversion 

technology improvements (e.g. plants are already operating more efficiently by using 

cleaner, drier feedstocks). High priority. 

 Torrefaction+pelleting plants should focus on increasing product LHV, optimising with 

energy crop/SRF feedstocks, and reducing electricity use. Given the potential (but slim and 

uncertain) cost and GHG emission benefits over pelleting if improvements are made, ETI, 

Supergen Bioenergy or the Research councils should investigate torrefaction developments 

and look to reduce uncertainties in the near-term. Medium-high priority. 

 Chemical washing plants, if developed, should focus on reducing output nitrogen content 

and lowering chemical use and GHG emissions, plus safely dealing with waste water 

disposal. ETI, Supergen Bioenergy or the Research councils could have a role in supporting 

this R&D in the mid-term, but scaling up will take time, and is dependent on further costs 

reductions and water washing success. Medium priority. 

 Water washing plants should focus on optimisation with forestry then perennial energy crop 

feedstocks, and compliance with combustion and gasification plant feedstock limits and non-

GHG emissions limits. Recommendation for ETI, Supergen Bioenergy or industry to carry out 

washed biomass testing in gasification plants in the near to mid-term. Medium priority. 

 Pyrolysis plants should focus on significantly improving bio-oil yields when using higher-ash 

energy crop/SRF feedstocks, and overall plant thermal integration. ETI, Supergen Bioenergy 

or the Research councils could have a role in supporting this R&D in the mid-term, and 

reducing technology uncertainties, but power generation via pyrolysis is still likely to remain 

expensive and only as a long term potential option. Medium priority. 

 Field washing plants should focus on ash and halide removal, and optimisation with 

biomass. However, the technology does not appear to offer significant benefits to warrant 

further work, and given its simplicity, could be delivered by the market in the near to mid-

term if required. Low priority. 

 Pelleting plants should focus on reductions in power consumption and binder use, 

potentially replacing starch with cheaper waste materials, to drive down GHG emissions. 

These changes will likely be driven by existing markets and actors in the near term if 

required, and do not need intervention. Pelleting was responsible for the only clear cross-

over in TEABPP, based on >800km distances. Low priority. 
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2 Objectives 

The objectives of this final report in the ETI’s TEABPP project are to highlight the key biomass supply 

chain sensitivities using the model (i.e. which parameters strongly influence the output metrics); to 

analyse the circumstances where the benefits or costs of adding pre-processing are clear or unclear 

(due to parameter uncertainties); and to assess which technical innovations give the largest benefits 

and which pathway choices are most optimal. The report will therefore provide a justified short-list 

of technologies recommended for further consideration for technology acceleration activities, 

thereby informing the ETI’s thinking, as well as a wider stakeholder community via the ETI. 

This final report will enable the ETI to understand those input parameters that drive chain outcomes 

(where their focus should be); the parameter regions in which the benefits of selecting one chain 

over another are clear (where it is safe to draw conclusions); and the impact of technical innovation 

on overall chain performance (what the future potential benefits are). It will also help the ETI 

appreciate why optimal routes exist and understand the level of certainty associated with these 

conclusions. 

The report includes for each chain: 

• Identification and discussion of the Base Case conditions; 

• Identification and justification of the most sensitive global factor; 

• Discussion of the impact of changing parameters (including feedstock characteristics, 

feedstock blending, transport distances, scales and conversion improvements) on chain 

output metrics (cost, efficiency and GHG emissions); 

• Identification and discussion of the Optimal Case conditions (varying only selected technical 

parameters); 

• Innovation impact: Determining (with justifications from the consortium and project 

literature review) which of the pre-processing and conversion improvements present the 

largest potential reductions in overall chain cost and improvement in performance and 

emissions, and so quantify (realistic) future targets for key parameters. The discussion will 

give brief examples of how these improvements could be achieved (e.g. what technical 

changes are assumed). 

The report also includes comparisons of chains: 

• Examination and explanation of situations where there are clear (or unclear) benefits of 

adding pre-processing, and the key trade-offs made; 

• Summary of Cross-Over points using Venn diagrams for a collection of key parameters; 

• Recommendations: Identification of which pre-processing technologies could most improve 

UK biomass supply chains and hence potentially lead to increased and more effective 

bioenergy deployment, and hence which routes should be the focus of (short and/or longer 

term) supported acceleration activities. 
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3 Introduction 

The report is structured as follows: 

Section 4 highlights which parameters drive the modelling, by identifying the key modelling 

sensitivities: 

• Section 4.1 and 4.2: discussion of the simplifications made to the chain architectures, and ranges 

allowed for each input parameter; 

• Section 4.3 and 4.4: identification and justification of the base case conditions for each chain, 

giving the chain architecture used, a chart with the breakdown of LCOE into chain components, 

and a comparison of net chain LCOE, efficiencies and GHG emissions across all chains at their 

base case conditions; 

• Section 4.5: identification and justification of the most sensitive global factors within each chain, 

using a series of sensitivity pie charts for the key output metrics (cost, performance and 

emissions); 

• Section 4.6: identification and discussion of the impact of changing key parameters (including 

feedstock characteristics, feedstock blending, transport distances, scales and conversion 

improvements) on the key output metrics (cost, performance and emissions) for each chain, 

using a series of spider charts. 

Section 5 compares the results of those chains that share the same conversion technology, in order 

to analyse the circumstances where the benefits or costs of adding pre-processing are clear or 

unclear (due to parameter uncertainties): 

• Section 5.1: examination and explanation of situations where there are clear (or unclear) 

benefits of adding pre-processing, and the key trade-offs made. This will use cross-over charts 

provided from MoDS, including scatter points to show the uncertainty in the results; 

• Section 5.2: summary of Cross-Over points using Venn diagrams, to show the conditions under 

which a collection of key parameters favour chains with pre-processing chains, without pre-

processing, or when the situation is unclear. 

Section 6 returns to the individual chains, assessing which technical innovations give the largest 

benefits and which pathway choices are therefore most optimal: 

• Section 6.1 and 6.2: selection of the parameters to be optimised, and examination of the 

optimum value within the min-max range for each parameter selected; 

• Section 6.3: identification and discussion of the optimal case conditions for each chain (only 

varying selected technical parameters), giving a chart with the breakdown of LCOE into chain 

components; 

• Section 6.5: assess (with justifications) which of the pre-processing and conversion 

improvements present the largest potential improvements in overall chain cost, performance 

and emissions, and hence quantify (realistic) future targets for key parameters. The discussion 

will give brief examples of how these improvements could be achieved (e.g. what technical 

changes are assumed). 
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Section 7 summarises and builds on key qualitative criteria collected from the D1 review report, 

such as technology status and issues, supply chain risks and barriers, UK actors and potential UK 

deployment opportunities: 

• Section 7.1: discussion of technology specific criteria, such as technology status and key issues, 

and UK actors; 

• Section 7.2: discussion of chain level criteria, including the issues and benefits of integrating the 

component technologies into one chain, supply chain risks and barriers, and potential UK 

deployment opportunities. 

Section 8 provides the final project recommendations, identifying which pre-processing 

technologies could most improve UK biomass supply chains and hence potentially lead to increased 

bioenergy deployment, and hence which routes should be the focus of (short and/or longer term) 

supported acceleration activities. This uses a “heat map” table to show how the various quantitative 

and qualitative criteria assessed compare across all the chains. 

3.1 Material included and excluded 

We have selected the most relevant charts and tables produced during the analysis for inclusion in 

the report. This required E4tech’s judgement to not simply provide the analysis for all charts, all 

metrics and all chains, but instead only focus on those charts and tables that offer the most insights. 

This means avoiding repetition where possible, prioritising information on LCOE where the emissions 

and efficiency charts tell the same story, and focusing on those most interesting charts (rather than 

e.g. hundreds of charts that do not show cross-overs). This decision making process took place 

during a series of working sessions between E4tech, CMCL and PSE during summer 2017. For each 

chart or table they produced, CMCL and PSE wrote up the accompanying interpretation of their 

findings under instructions from E4tech, with E4tech also taking the lead on messaging for each 

section, and the overall report structure. 

3.2 Integration of gPROMS model with MoDS 

The Model Development Suite (MoDS) software can be used to solve several model development 

and analysis problems, including generating and running experimental designs, and model 

calibration and optimisation. CMCL successfully linked the process libraries of gPROMS with the 

MoDS software, to allow multiple runs and analysis of the gPROMS model to take place. 

Within this project, MoDS’s one-factor-at-a-time experimental design feature has been used both to 

analyse the effect of setting each input parameter to its minimum and maximum values and to 

perform parameter sweeps, where the other parameters are held at their base case values. The pie 

charts shown in Section 4.5 were generated from the results of the simulations run at the minimum 

and maximum input parameter values. The spider charts in Section 4.6 were generated using the full 

sweeps. The minimum and maximum sampling has also played a crucial role in testing the validity of 

the underlying model by allowing us to observe the effect of increasing/decreasing each parameter 

on the key output metrics. 

MoDS is capable of setting up, running and collating the results of thousands of gPROMS model 

evaluations quickly and efficiently, whilst varying the values of the model’s input parameters. By 

simultaneously running chains that share a conversion technology, MoDS also ensures that the 
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results are comparable between the chains. This was important for generating the uncertainty 

scatters shown on the crossover charts in Section 5.1. The flexibility of MoDS also made it easy to 

perform the required low discrepancy sampling of the uncertain parameters, varying all parameters 

simultaneously, whilst also varying a single important user-defined parameter. 
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4 Sensitivity analysis 

This section will explain the chain architectures and parameter ranges chosen, before highlighting 

which input parameters drive the modelling for each chain. These are the input parameters 

(technology characteristics, design choices, logistics) that should be focused on if an operator is 

trying to improve a technology or supply chain, in light of their ability to significantly influence 

important output metrics. 

This sensitivity analysis is conducted by presenting the base case results for each chain, along with 

the pie charts (relative sensitivities) and spider charts (change in output metrics over the input 

parameter ranges) for each chain. 

4.1 Chain architectures 

Each supply chain starts with the input biomass feedstocks, and this biomass travels via a 

combination of various storage, transport and pre-processing steps, until it reaches the conversion 

technology, where electricity or heat are generated as outputs from the supply chain. A full 

description of how the supply chain models operate in gPROMS is given in the D5 User Guide. 

The supply chains pre-loaded in gPROMS are highly functional, and contain the full set of TEABPP 

feedstocks as possible inputs, along with the possibility of setting a user-defined “other” feedstock. 

However, these pre-loaded chains are not useful for the required analysis in this D6 report, as they 

contain too many feedstocks being blended and too many parameters – issues which the TEABPP 

team proved prevent the generation of any insights into whether UK pre-processing can add value.  

We therefore simplified the chain architectures used in the D6 analysis. One change was only having 

one blending module per chain (instead of two), in order to minimise the dilution of information 

from the pre-processing and upstream steps, but still include insights regarding blending costs and 

impacts in the analysis. Another change was only blending two biomass feedstocks3: Miscanthus, 

and a generic “Woody” feedstock that merges ETI’s Characterisation of Feedstocks (CoF) project 

data4 for the three similar woody feedstocks (SRF coniferous, SRF deciduous, SRC willow). Appendix 

B of the D5 User Guide shows that the biomass properties of these three woody feedstocks are 

sufficiently similar, and yet also sufficiently different to Miscanthus, to be appropriate to merge 

together5.  

In Chains 4-10, the blending of feedstocks happens at the front end of the centralised pre-processing 

plant, and after upstream storage and transport of the individual feedstocks has already happened. 

The blending module is therefore only an extra arrival area and handling equipment for a new 

feedstock stream arriving at the pre-processing plant – it does not involve pre-mixing of the different 

                                                             

3
 This approach also avoided having to replicate the whole sensitivity analysis four times for each feedstock on its own (and without any 

blending insights as required by ETI), or having to replicate the whole sensitivity analysis six times if pairs of feedstocks were blended, 
which would have required a significant reduction in the scope of the analysis conducted – or alternatively, also prevented two of the 
TEABPP feedstocks from being excluded from the analysis. 
4
 More information, including reports and data from the  CoF project are available here: 

http://www.eti.co.uk/programmes/bioenergy/characterisation-of-feedstocks  
5
 The impact of merging these three feedstocks is relatively limited in the analysis, because the woody base case values are selected to 

match the SRF deciduous base case values, and despite “woody” having a wider min-max ranges for the biomass contaminants (i.e. 
potentially slightly higher sensitivities) than if each feedstock were considered individually, these min-max ranges are still realistic for any 
of the feedstocks (given their similarities, and CoF uncertainties). Even with the slightly enhanced sensitivities, the “woody” biomass 
contaminant parameters do not appear as key sensitivities in the results in any of the following sections. 

http://www.eti.co.uk/programmes/bioenergy/characterisation-of-feedstocks
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feedstocks and storage of biomass at different densities and moisture contents (which would be 

problematic in terms of separation and self-heating issues). Due to the small scales and simple 

supply chains, Chains 1-3 do not blend the different biomass streams until being used in the final 

conversion plant – and these streams are all chips at reasonably low moisture contents (which will 

give rise to fewer issues). In other words, the blending step has zero storage time, and should be 

visualised as being merged with the following step.  

The final architecture of each chain analysed is described in detail below in Section 4.3.  

4.2 Selection of input parameter base cases and min-max ranges 

Using the new chain architectures, E4tech and CMCL collected base case, minimum and maximum 

values for every input parameter modelled, with the values for the technologies identified by B&V, 

Sheffield and ICON. These ranges either define the current uncertainty within the parameters, or for 

the user-defined variables (that have no uncertainty) the extent to which the supply chains can be 

feasibly altered in the UK context (e.g. 0-100% blending fractions, 0-100% backhaul, 1-3 shifts/day, 

5-15% discount rate, 0-800 km distances, 0-3 years storage).  

The generic “woody” feedstock uses the widest union of ranges from the underlying SRC willow, SRF 

conifer and SRF deciduous feedstocks to derive its min-max ranges. Further details regarding the 

feedstock ranges used are given in the D5 User Guide, as these are a mix of ETI Characterisation of 

Feedstock project data, and ECN Phyllis2 data6. 

Also, for pre-processing and conversion units, the ranges of some of the uncertain parameter inputs 

were widened by B&V, Sheffield and ICON to take into consideration possible future technology 

improvements (as discussed in Section 6.2). The assumptions behind each of these innovation 

improvements are given in the latest D2 Excel workbook, and the most important innovation 

improvements will be discussed further in Section 6.5. 

The base cases are the key starting point in all the sensitivity and optimisation analysis that follows. 

The min-max ranges determine both how far the output metrics (net chain LCOE, emissions, 

efficiency) vary over each input parameter range (i.e. the global sensitivity), as well as the 

robustness of the cross-over results under uncertainty. Each parameter is labelled with a parameter 

name (that matches the gPROMS code), a sanitised parameter name (for plotting in this report), plus 

an important label for whether the parameter is a ‘user-defined variable’ (does not contribute to the 

uncertainty scatter in the cross-over charts) or an ‘uncertain parameter’ (does contribute to the 

uncertainty scatter). The full lists of input parameter base case, minimum and maximum values for 

each chain are provided in a separate Excel workbook “Inputs ranges with innovation”.  

4.3 Base case results 

Using the base case values chosen, PSE have generated output charts and tables from the gPROMS 

interface for the 10 chains, using the base case values for each input parameter7. This step was 

necessary to provide a deeper understanding of the key cost, performance and emissions values for 

                                                             

6
 ECN (2017) “Phyllis 2”, available at: https://www.ecn.nl/phyllis2/  

7
 When outputting results, the gPROMS model does not calculate the optimum size of each component – it simply uses the user-defined 

scale, and does some very minor rescaling to get a whole number of units (e.g. the user-defined input of 100MWe for a CFB combustion 
plant becomes a 99.48MWe CFB combustion plant in order that there are exactly 27 of them to generate 20 TWhe/yr at the calculated 
efficiency and availability, which both depend on the biomass characteristics). 

https://www.ecn.nl/phyllis2/
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each chain – i.e. how much more expensive (or cheaper) are the chains with pre-processing than 

their counterfactual chains without pre-processing, if only looking at the base case assumptions. 

These base case results also act as the starting point for all the subsequent analysis in the report. 

Although the base case results do not provide direct information on parameter sensitivities, they 

nevertheless provide significant information on the relative importance of the different 

contributions (LCOE by unit, and by cost category) to the net LCOE for each chain, even if only 

locally. This is important context when proceeding to interpret the relative sensitivity of different 

parameters in the subsequent analysis.  

The chain schematics and LCOE chain breakdown results are presented for each chain in turn, before 

the net chain LCOE, efficiency and GHG emissions metrics are compared in Section 4.4. Note that in 

the following schematics “SRF_decid” is the gPROMS name for the “Generic woody” feedstock in 

MoDS – i.e. the Generic woody feedstock is effectively modelled in MoDS by expanding the ranges 

for the SRF_decid feedstock in gPROMS, and setting the other gPROMS feedstocks to zero % 

blending. Further details of how the 10 chains were set up and run in gPROMS, including setting the 

required output of 20 TWh/yr of heat or power, are explained in the D5 User Guide. 

4.3.1 Chain 1 – Underfeed stoker combustion boiler with screening 

As shown in Figure 4.1, Chain 1 comprises feedstock harvesting and collection, screening (which 

includes an initial chipping step), natural drying of chips during shed storage, then truck transport to 

a local-scale underfeed stoker boiler (generating heat). The base case assumes 15 wet tonnes/hr 

screening, storage for 20 weeks, 20km trucking, and a 0.44MWth boiler.  

Chipping & Screening  Underfeed stoker 

The following bioenergy chain schematic from the gPROMS interface shows the simplified Chain 1 

architecture used for the sensitivity analysis.  

 

Figure 4.1: Chain 1 architecture in gPROMS 
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Figure 4.2: Chain 1 base case LCOE component breakdown 

Table 4.1: Chain 1 base case LCOE component breakdown 

Costs 
(£/MWhth) 

Feedstock Storage Transport 
Pre-processing Underfeed 

stoker boiler 
Total 

Screening 

Feedstock 7.4 - - - - 7.4 

Co-products - - - 0 - 0.0 

Variable OPEX - 0.1 6.5 1.7 3.7 12.1 

Fixed OPEX - 0.3 - 2.1 5.5 8.0 

Levelised CAPEX - 0.7 - 1.4 23.9 26.0 

Total 7.4 1.2 6.5 5.2 33.1 53.4 

 

Figure 4.2 shows the component breakdown of the Chain 1 base case net chain LCOE. This highlights 

the importance of the heating conversion technology (underfeed stoker combustion boiler), which 

comprises roughly half of the chain’s total LCOE. In particular, the levelised CAPEX of the boiler 

accounts for over two thirds of the conversion costs. The other component costs further up the 

supply chain are much smaller by comparison, especially the storage costs (for a simple outdoor 

shed). Pre-processing costs are low, as the feedstock is only screened on the farm/in the forest, and 

transport costs are low due to the short transport distances assumed to a local boiler. Feedstock 

costs are a relatively modest contributor to the net chain LCOE, as the global gross efficiency (MWh 

of heat produced per MWh of biomass grown) of Chain 1 is high. 

4.3.2 Chain 2 – Underfeed stoker combustion boiler with screening and field washing 

As shown in Figure 4.3, Chain 2 comprises feedstock harvesting and collection, screening (which 

includes chipping), field washing, natural drying of chips during shed storage, then truck transport to 

a local-scale underfeed stoker boiler (generating heat). The base case assumes 15 wet tonnes/hr 

screening, 15 wet tonnes/hr field wash, storage for 20 weeks, 20km trucking, and a 0.44MWth boiler. 
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Chipping & Screening  Field wash  Underfeed stoker 

The following bioenergy chain schematic from the gPROMS interface shows the simplified Chain 2 

architecture used for the sensitivity analysis. 

 

Figure 4.3: Chain 2 architecture in gPROMS 

 

Figure 4.4: Chain 2 base case LCOE component breakdown 
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Table 4.2: Chain 2 base case LCOE component breakdown 

Costs 
(£/MWhth) 

Feedstock Storage Transport 
Pre-processing Underfeed 

boiler 
Total 

Screening Field wash 

Feedstock 7.7 - - - - - 7.7 

Co-products - - - 0 0 - 0.0 

Variable OPEX - 0.1 6.6 1.8 1.1 3.7 13.3 

Fixed OPEX - 0.4 - 2.2 0.2 5.6 8.4 

Levelised CAPEX - 0.8 - 1.4 1.0 24.0 27.3 

Total 7.7 1.4 6.6 5.4 2.3 33.3 56.6 

 

Figure 4.4 shows the component breakdown of the Chain 2 base case net chain LCOE. Compared to 

Figure 4.2, the conclusions for Chain 2 are very similar to Chain 1, demonstrating the importance of 

the heating conversion technology (underfeed stoker combustion boiler), which is roughly half of the 

chain’s total LCOE. The conversion costs and efficiencies are similar, as although field washing 

reduces the feedstock ash and halide content, these benefits are offset by the increased feedstock 

moisture content as a result of the field washing. 

The other upstream chain costs are still small, with pre-processing costs only marginally increased 

due to the addition of field washing on farm/in forest. Feedstock costs remain low due to high Chain 

2 gross efficiency. 

4.3.3 Chain 3 – BFB gasifier + syngas engine with screening 

As shown in Figure 4.5, Chain 3 comprises feedstock harvesting and collection, natural drying during 

on-farm shed storage/tarp storage in-forest, screening (which includes an initial chipping step), 

followed by large truck transport to an intermediate scale BFB gasifier + syngas engine (generating 

power). The base case assumes 20 weeks storage for Miscanthus or 78 weeks for woody, then 15 

wet tonnes/hr screening, 50km trucking, and a 5MWe (gross)BFB gasifier + syngas engine. 

Chipping & Screening  BFB gasifier + syngas engine  

The following bioenergy chain schematic from the gPROMS interface shows the simplified Chain 3 

architecture used for the sensitivity analysis. 
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Figure 4.5: Chain 3 architecture in gPROMS 

 

Figure 4.6: Chain 3 base case LCOE component breakdown 

Table 4.3: Chain 3 base case LCOE component breakdown 

Costs 
(£/MWe) 

Feedstock Storage Transport 
Pre-processing BFB gasifier + 

syngas engine 
Total 

Screening 

Feedstock 20.3 - - - - 20.3 

Co-products - - - 0 - 0.0 

Variable OPEX - 0.4 12.7 3.4 20.5 37.1 

Fixed OPEX - 0.9 - 4.5 35.5 40.9 

Levelised CAPEX - 1.9 - 3.4 64.0 69.2 

Total 20.3 3.2 12.7 11.3 120.0 167.5 
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Figure 4.6 shows the component breakdown of the Chain 3 base case net chain LCOE. This highlights 

the importance of the conversion technology (BFB gasifier + syngas engine), which is roughly two 

thirds of the chain’s total LCOE. In particular, the levelised CAPEX accounts for over half of the 

gasifier costs, with the fixed OPEX also contributing significantly. Upstream costs are still relatively 

small, due to limited pre-processing (screening), simple storage (outdoor sheds) and modest 

transport distances between the field/forest and the BFB gasifier. However, the feedstock costs are 

more prominent than in Chains 1 and 2, due to the low gross efficiency of Chain 3. 

4.3.4 Chain 4 – BFB gasifier + syngas engine with water washing and pelleting 

As shown in Figure 4.7, Chain 4 comprises feedstock harvesting and collection, natural drying during 

on-farm shed storage/tarp storage in-forest8, small truck transport to a water washing plant (which 

includes initial chipping and screening steps), natural drying of chips in a warehouse, then pelleting 

onsite before large truck transport to an intermediate scale BFB gasifier + syngas engine (generating 

power). The base case assumes 20 weeks storage for Miscanthus or 78 weeks for woody, then 30km 

trucking, 10 wet tonnes/hr water washing, 13 weeks warehouse storage, 14.3 wet tonnes/hr 

pelleting, 50km trucking, and a 5MWe (gross) BFB gasifier + syngas engine. 

Chipping & Screening & Water washing  Pelleting  BFB gasifier + syngas engine  

The following bioenergy chain schematic from the gPROMS interface shows the simplified Chain 4 

architecture used for the sensitivity analysis. 

 

Figure 4.7: Chain 4 architecture in gPROMS 

                                                             

8
 This initial storage step in Chain 4 is included to reduce feedstock transport costs and GHG emissions (less water moved), and to ensure 

consistency of chain architecture between Chains 3 and 4 (with sufficient storage times to allow for some of the seasonal var iation in 
harvesting). Water washing only adds 10% moisture content to the biomass, so there is still value in the initial storage step reducing the 
starting moisture content of (in particular) the woody feedstocks, so we expect this to be reflective of expected practice.  
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Figure 4.8: Chain 4 base case LCOE component breakdown 

Table 4.4: Chain 4 base case LCOE component breakdown 

Costs 
(£/MWhe) 

Feedstock Storage Transport 
Pre-processing BFB gasifier + 

syngas engine 
Total 

Water wash Pelleting 

Feedstock 21.8 - - - - - 21.8 

Co-products - - - 0 0 - 0.0 

Variable OPEX - 0.8 22.4 7.5 21.6 19.2 71.5 

Fixed OPEX - 3.1 - 2.5 2.5 26.7 34.8 

Levelised CAPEX - 6.5 - 4.3 5.8 52.2 68.8 

Total 21.8 10.5 22.4 14.3 29.9 98.0 196.8 

 

Figure 4.8 shows the component breakdown of the Chain 4 base case net chain LCOE. Compared to 

Figure 4.6, the conclusions for Chain 4 are somewhat different to Chain 3. The conversion 

technology (BFB gasifier + syngas engine) costs still dominate, but are reduced in Chain 4 by around 

£20/MWhe due to the higher conversion efficiency (using dry, clean pellets instead of wet, dirty 

chips). However, Chain 4 has significantly higher pre-processing costs due to water washing and 

pelleting (particularly their variable OPEX components), compared to screening. Transport and 

storage costs are also higher, due to the extra transport step (and greater total distance travelled – 

despite this being of higher density pellets), in addition to the extra warehouse storage in Chain 4. 

Feedstock costs are relatively unchanged, as although the gasifier step is more efficient, the 

efficiency losses in the extra pre-processing steps offset this gain.  

4.3.5 Chain 5 – CFB combustion boiler with screening 

As shown in Figure 4.9, Chain 5 comprises feedstock harvesting and collection, natural drying during 

on-farm shed storage/tarp storage in-forest, small truck transport to a screening plant (includes an 
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initial chipping step), storage of chips in a warehouse, then large truck9 transport to a large-scale CFB 

combustion plant (generating power). The base case assumes 20 weeks storage for Miscanthus or 78 

weeks for woody, then 30km trucking, 15 wet tonnes/hr screening, 13 weeks warehouse storage, 

150km trucking, and a 100MWe CFB combustion plant. 

Chipping & Screening  CFB combustion 

The following bioenergy chain schematic from the gPROMS interface shows the simplified Chain 5 

architecture used for the sensitivity analysis. 

 

Figure 4.9: Chain 5 architecture in gPROMS 

 

Figure 4.10: Chain 5 base case LCOE component breakdown 

  

                                                             

9
 Note that Chain 5 assumes a flat-bed truck for the transport of chips, whereas Chains 6 & 7 assume walking-floor trucks for the transport 

of pellets. Chip transport could also use walking-floor trucks, with their quicker loading/unloading times, and this would reduce the Chain 
5 transport costs by approximately £2/MWhe. 



Deliverable 6: Analysis and Recommendations report   29 

 

Table 4.5: Chain 5 base case LCOE component breakdown 

Costs 
(£/MWe) 

Feedstock Storage Transport 
Pre-processing CFB 

combustion 
Total 

Screening 

Feedstock 19.2 - - - - 19.2 

Co-products - - - 0 - 0.0 

Variable OPEX - 0.8 37.8 3.3 7.6 49.4 

Fixed OPEX - 2.2 - 1.3 4.3 7.8 

Levelised CAPEX - 4.7 - 1.0 41.0 46.6 

Total 19.2 7.7 37.8 5.5 52.9 123.1 

 

Figure 4.10 shows the component breakdown of the Chain 5 base case net chain LCOE. This shows 

the importance of the CFB combustion boiler (particularly the levelised CAPEX, with the OPEX 

components contributing very little), along with the significant transport costs in Chain 5 (which are 

for low-density chips, but now for a much longer distance than in Chains 1-4). Other costs are 

relatively small, due to limited pre-processing (screening run at high availabilities), and simple 

storage (outdoor sheds or tarp covers, and a central warehouse) used in Chain 5. The feedstock costs 

are a modest contributor to Chain 5, as the gross efficiency of Chain 5 is not particularly high. 

4.3.6 Chain 6 – CFB combustion boiler with pelleting 

As shown in Figure 4.11, Chain 6 comprises feedstock harvesting and collection, natural drying 

during on-farm shed storage/tarp storage in-forest, small truck transport to a pelleting plant (which 

includes initial chipping and screening steps), pellet storage in a silo, then large truck transport to a 

large-scale CFB combustion plant (generating power). The base case assumes 20 weeks storage for 

Miscanthus or 78 weeks for woody, then 30km trucking, 14.3 wet tonnes/hr pelleting, 13 weeks silo 

storage, 150km trucking, and a 100MWe CFB combustion plant. 

Chipping & Screening & Pelleting  CFB combustion 

The following bioenergy chain schematic from the gPROMS interface shows the simplified Chain 6 

architecture used for the sensitivity analysis. 

 

Figure 4.11: Chain 6 architecture in gPROMS 
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Figure 4.12: Chain 6 base case LCOE component breakdown 

Table 4.6: Chain 6 base case LCOE component breakdown 

Costs 
(£/MWhe) 

Feedstock Storage Transport 
Pre-processing CFB 

combustion 
Total 

Pelleting 

Feedstock 19.2 - - - - 19.2 

Co-products - - - 0 - 0.0 

Variable OPEX - 0.5 25.4 23.4 7.3 56.6 

Fixed OPEX - 5.3 - 2.3 4.2 11.9 

Levelised CAPEX - 11.3 - 5.3 39.8 56.5 

Total 19.2 17.1 25.4 31.1 51.3 144.2 

 

Figure 4.12 shows the component breakdown of the Chain 6 base case net chain LCOE. Compared to 

Figure 4.10, the conclusions for Chain 6 are somewhat different to Chain 5. Firstly, the costs in Chain 

6 are distributed more evenly across all the chain components, with no relatively insignificant 

components. The conversion technology (CFB combustion) costs still dominate, but are very slightly 

reduced in Chain 6 due to higher conversion efficiency (using dry, unwashed pellets instead of 

wetter, unwashed chips). However, compared to screening, the pelleting in Chain 6 has significantly 

higher pre-processing costs (particularly its variable OPEX, due to power consumption). Chain 6 

storage costs are also higher due to use of silos (particularly the silo CAPEX). However, Chain 6 

transport costs are significantly reduced due to moving high density pellets instead of chips in Chain 

5, and the use of walking floor instead of flatbed trucks10. Feedstock costs are relatively unchanged, 

as the pelleting losses and CFB combustion gains are similar.  

                                                             

10
 As discussed above, if Chain 5 were to also use walking-floor trucks instead of flatbed trucks, the Chain 5 transport costs could be 

approximately £2/MWhe lower than the current base case. Therefore, the large majority of the difference in transport costs between 
Chain 5 and Chain 6 is due to the difference in the biomass density (chip vs. pellets), and not the difference choice of truck type.  
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4.3.7 Chain 7 – CFB combustion boiler with chemical washing and pelleting 

As shown in Figure 4.13, Chain 7 comprises feedstock harvesting and collection, natural drying 

during on-farm shed storage/tarp storage in-forest11, small truck transport to a chemical washing 

plant (which includes initial chipping and screening steps), natural drying of chips in a warehouse, 

then pelleting and pellet silo storage, before large truck transport to a large-scale CFB combustion 

plant (generating power). The base case assumes 20 weeks storage for Miscanthus or 78 weeks for 

woody, then 30km trucking, 10 wet tonnes/hr chemical washing, 13 weeks warehouse storage, 14.3 

wet tonnes/hr pelleting, 13 weeks silo storage, 150km trucking, and a 100MWe CFB combustion 

plant. 

Chipping & Screening & Chemical washing  Pelleting  CFB combustion 

The following bioenergy chain schematic from the gPROMS interface shows the simplified Chain 7 

architecture used for the sensitivity analysis. 

 

Figure 4.13: Chain 7 architecture in gPROMS 

 

Figure 4.14: Chain 7 base case LCOE component breakdown 

                                                             

11
 This initial storage step in Chain 7 is included to reduce feedstock transport costs and GHG emissions (less water moved), and to ensure 

consistency of chain architecture between Chains 5, 6 and 7 (with sufficient storage times to allow for some of the seasonal variation  in 
harvesting). However, chemical washing soaks the biomass to at least 50% moisture content, so there might be opportunities for the user 
to explore different architectures that do not have initial storage. 
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Table 4.7: Chain 7 base case LCOE component breakdown 

Costs 
(£/MWhe) 

Feedstock Storage Transport 
Pre-processing CFB 

combustion 
Total 

Chemical wash Pelleting 

Feedstock 19.9 - - - - - 19.9 

Co-products - - - 0 0 - 0.0 

Variable OPEX - 0.8 25.7 13.6 19.6 5.9 65.7 

Fixed OPEX - 7.2 - 3.2 2.3 3.7 16.4 

Levelised CAPEX - 15.2 - 5.3 5.3 35.8 61.6 

Total 19.9 23.2 25.7 22.2 27.2 45.4 163.6 

 

Figure 4.14 shows the component breakdown of the Chain 7 base case net chain LCOE. This shows a 

somewhat similar picture to Figure 4.12, but with significantly higher pre-processing costs, due to 

the addition of chemical washing, which are now the largest cost component in the chain LCOE. The 

conversion technology (CFB combustion) costs no longer dominate, and are slightly reduced in Chain 

7 due to slightly higher conversion efficiency and lower variable OPEX (due to using washed, dry 

pellets instead of unwashed, dry pellets in Chain 6). Feedstock and transport costs are relatively 

unchanged from Chain 6, whereas storage costs have increased slightly due to the addition of 

warehouse storage between chemical washing and pelleting.  

4.3.8 Chain 8 – EF gasifier + syngas CCGT with pelleting 

As shown in Figure 4.15, Chain 8 comprises feedstock harvesting and collection, natural drying 

during on-farm shed storage/tarp storage in-forest, small truck transport to a pelleting plant (which 

includes initial chipping and screening steps), pellet storage in a silo, then large truck transport to a 

very large-scale EF gasifier + syngas CCGT (generating power). The base case assumes 20 weeks 

storage for Miscanthus or 78 weeks for woody, then 30km trucking, 14.3 wet tonnes/hr pelleting, 13 

weeks silo storage, 150km trucking, and a 300MWe (gross) EF gasifier + syngas CCGT. 

Chipping & Screening & Pelleting  EF gasifier + syngas CCGT 

The following bioenergy chain schematic from the gPROMS interface shows the simplified Chain 8 

architecture used for the sensitivity analysis. 
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Figure 4.15: Chain 8 architecture in gPROMS 

 

Figure 4.16: Chain 8 base case LCOE component breakdown 

Table 4.8: Chain 8 base case LCOE component breakdown 

Costs 
(£/MWhe) 

Feedstock Storage Transport 
Pre-processing EF gasifier + 

syngas CCGT 
Total 

Pelleting 

Feedstock 14.5 - - - - 14.5 

Co-products - - - 0 - 0.0 

Variable OPEX - 0.4 19.2 17.7 12.0 49.3 

Fixed OPEX - 4.0 - 1.8 13.7 19.4 

Levelised CAPEX - 8.5 - 4.0 28.3 40.9 

Total 14.5 12.9 19.2 23.4 54.0 124.1 

 

Figure 4.16 shows the component breakdown of the Chain 8 base case net chain LCOE. The 

conversion technology (EF gasifier + CCGT) costs make up the largest share of the chain costs, with 
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the levelised CAPEX constituting only approximately half of the conversion step costs (as the other 

conversion OPEX fractions are significant). Otherwise, the spread of the chain costs is somewhat 

similar to that in Figure 4.12, given the similar transport distances, storage times, storage types and 

pelleting to Chain 6. However, in general the upstream costs (including feedstock costs) are slightly 

lower than in Chain 6, due to the higher gross efficiency of Chain 8 (due to the higher conversion 

efficiency of the large-scale EF gasifier + CCGT plant). 

4.3.9 Chain 9 – EF gasifier + syngas CCGT with torrefaction + pelleting 

As shown in Figure 4.17, Chain 9 comprises feedstock harvesting and collection, natural drying 

during on-farm shed storage/tarp storage in-forest, small truck transport to a torrefaction + pelleting 

plant (which includes initial chipping and screening steps), torrefied pellet storage in a silo, then 

large truck transport to a very large-scale EF gasifier + syngas CCGT (generating power). The base 

case assumes 20 weeks storage for Miscanthus or 78 weeks for woody, then 30km trucking, 10 

odt/hr torrefaction+pelleting, 13 weeks silo storage, 150km trucking, and a 300MWe (gross) EF gasifier 

+ syngas CCGT. 

Chipping & Screening & Torrefaction + Pelleting  EF gasifier + syngas CCGT 

The following bioenergy chain schematic from the gPROMS interface shows the simplified Chain 9 

architecture used for the sensitivity analysis. 

 

Figure 4.17: Chain 9 architecture in gPROMS 
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Figure 4.18: Chain 9 base case LCOE component breakdown 

Table 4.9: Chain 9 base case LCOE component breakdown 

Costs 
(£/MWhe) 

Feedstock Storage Transport 
Pre-processing EF gasifier + 

syngas CCGT 
Total 

Torrefaction + pelleting 

Feedstock 16.3 - - - - 16.3 

Co-products - - - 0 - 0.0 

Variable OPEX - 0.4 19.5 18.4 11.0 49.3 

Fixed OPEX - 3.7 - 2.6 13.0 19.3 

Levelised CAPEX - 7.8 - 13.0 26.1 46.9 

Total 16.3 11.9 19.5 34.0 50.1 131.9 

 

Figure 4.18 shows the component breakdown of the Chain 9 base case net chain LCOE. As in Chain 8, 

the conversion technology (EF gasifier + CCGT) costs make up the largest share of the chain costs, 

with the levelised CAPEX constituting only approximately half of the conversion step costs (as the 

other conversion OPEX fractions are significant). However, the conversion costs are slightly lower in 

Chain 9 than in Chain 8, due to the higher EF gasifier efficiency (by using very dry torrefied pellets 

that grind easily, compared to wetter standard pellets that take significant parasitic electricity input 

to grind). Pre-processing costs are higher, particularly the levelised CAPEX component, due to the 

addition of torrefaction to Chain 9. Other chain costs, such as feedstock costs, storage and transport, 

are similar to Chain 9. 

4.3.10 Chain 10 – EF gasifier + syngas CCGT with pyrolysis 

As shown in Figure 4.19, Chain 10 comprises feedstock harvesting and collection, natural drying 

during on-farm shed storage/tarp storage in-forest, small truck transport to a pyrolysis plant (which 

includes an initial grinding step), pyrolysis oil storage in a tank, then large tanker transport to a very 

large-scale EF gasifier + syngas CCGT (generating power). The base case assumes 20 weeks storage 
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for Miscanthus or 78 weeks for woody, then 30km trucking, 10 odt/hr pyrolysis, 13 weeks tank 

storage, 150km tanker trucking, and a 300MWe (gross) EF gasifier + syngas CCGT. 

Grinding & Pyrolysis  EF gasifier + syngas CCGT 

The following bioenergy chain schematic from the gPROMS interface shows the simplified Chain 10 

architecture used for the sensitivity analysis. 

 

Figure 4.19: Chain 10 architecture in gPROMS 

 

 

Figure 4.20: Chain 10 base case LCOE component breakdown 
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Table 4.10: Chain 10 base case LCOE component breakdown 

Costs 
(£/MWhe) 

Feedstock Storage Transport 
Pre-processing EF gasifier + 

syngas CCGT 
Total 

Pyrolysis 

Feedstock 25.7 - - - - 25.7 

Co-products - - - -1.0 - -1.0 

Variable OPEX - 0.6 29.5 14.3 11.1 55.5 

Fixed OPEX - 4.7 - 8.2 13.4 26.2 

Levelised CAPEX - 9.9 - 36.1 30.1 76.1 

Total 25.7 15.2 29.5 57.5 54.6 182.5 

 

Figure 4.20 shows the component breakdown of the Chain 10 base case net chain LCOE. This 

highlights the importance of the pyrolysis costs in this chain, especially the levelised CAPEX, which 

are significantly higher than the pre-processing options used in Chains 8 and 9. The conversion costs 

(for EF gasifier + CCGT) are relatively unchanged compared to the costs in Chain 8 (as shown in 

Figure 4.16). The feedstock and transport costs have increased, due to the lower gross efficiency of 

Chain 10, due to the significant efficiency loss during pyrolysis. The storage costs have increased only 

slightly from Chain 8, due to the chain efficiency loss being moderated by the tank storage being 

slightly cheaper per MWh than a silo.  

4.4 Summary of base case findings 

Table 4.11 compares the key output metrics for all ten chains, with the results generated using the 

base case values of every input parameter. Note that the analysis below the table applies only to 

these base case results for the chain architectures selected, and may not universally apply across the 

whole parameter space (e.g. the findings could be very different if the chains were optimised as in 

Section 6.3, or different base cases or architectures were selected). As a reminder, the chain gross 

efficiency is the MWh of electricity or heating generated, divided by the MWh of feedstock 

collected. The chain net efficiency is the gross efficiency minus energy inputs to the chain, such as 

power, diesel or natural gas. 

The GHG methodology and system boundary used to calculate the chain GHG emissions is the same 

as defined under the RHI/RO GHG reporting guidance. The chain GHG emissions therefore exclude 

indirect land use change emissions, and for simplicity do not assume any direct land use changes or 

carbon stock changes have occurred. The chain GHG emissions include feedstock establishment, 

cultivation and harvesting (via a feedstock production GHG parameter input at the TEABPP model 

boundary), with storage, transport, pre-processing, and conversion step emissions then all modelled 

explicitly within TEABPP. Losses from electricity transmission & distribution are not considered, nor 

are thermal losses in hot water distribution – i.e. the supply chain ends at the output sold from the 

conversion plant. 
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Table 4.11: Comparison of base case results for the 10 chains 

Chain 
LCOE 

(£/MWh) 
Net efficiency 

(%) 
Gross efficiency 

(%) 
GHG emissions 
(kgCO2e/MWh) 

1 - screen, boiler (heat) 53 [th] 78.9 83.1 33 [th] 

2 - screen, field wash, boiler (heat) 57 [th] 76.1 80.8 37 [th] 

3 - screen, BFB gasify 172 [e] 24.0 27.9 87 [e] 

4 - water wash, pellet, BFB gasify 197 [e] 18.1 25.9 175 [e] 

5 - screen, CFB combust 123 [e] 26.3 31.6 89 [e] 

6 - pellet, CFB combust 144 [e] 23.4 31.6 147 [e] 

7 - chem wash, pellet, CFB combust 164 [e] 22.0 30.5 199 [e] 

8 - pellet, EF gasify 124 [e] 29.8 38.0 122 [e] 

9 - torrefy+pellet, EF gasify 132 [e] 26.3 34.1 135 [e] 

10 - pyrolysis, EF gasify 182 [e] 17.9 21.7 100 [e] 

 

Compared to Chains 3 – 10, Chains 1 and 2 have high efficiencies, low costs and low GHG emissions, 

due to using local supply chains to only generate heat (hence figures given are per MWhth, as 

indicated by the [th]). By contrast, Chains 3 – 10 use longer supply chains and only generate power12 

(for which figures are given in per MWhe, as indicated by the [e]). Chains 1 and 2 therefore need to be 

analysed separately to Chains 3 – 10.  

For the chains that produce heat via an underfeed stoker boiler (Chains 1 and 2), the addition of field 

washing technology (to achieve a cleaner feedstock) is unable to reduce the boiler costs enough to 

offset the extra costs of the field washing technology. Moreover, there is a modest decrease in the 

overall net chain efficiency, due to the decrease in biomass LHV caused by the gain in moisture from 

the washing process, as well the addition of electricity required for the field washing. The same 

factors lie behind the modest increase in chain GHG emissions, but both chains would be well within 

the current UK thresholds for chain GHG emissions were the boiler operators applying for the 

Renewable Heat Incentive13.  

Comparing the chains which use a BFB gasifier + syngas engine conversion technology (Chains 3 and 

4), the addition of the water washing and pelleting technologies in Chain 4 does lead to a noticeable 

decrease in the conversion costs. However, there is a sizeable increase in the pre-processing costs, 

which more than offsets the reduction in conversion costs, leading to the increased costs of Chain 4 

seen in Table 4.11 above (Chain 4 is actually the most expensive power generation chain in TEABPP). 

The gross efficiency of Chain 4 is lower than Chain 3 by about 2%, due to losses during water 

washing and pelleting more than offsetting the conversion efficiency gains from using dry pellets. 

The net efficiency of Chain 4 is 5.9% lower than Chain 3, due to the extra energy requirements in 

water washing and pelleting (particularly power consumption), as well as the additional transport 

fuel consumed for the longer distance. As a result of these extra inputs and the slightly lower gross 

                                                             

12
 Note that the use of waste heat for e.g. district heating could be an option for some these power generation technologies. Combined 

heat and power (CHP) plants therefore might be able to improve chain economics and GHG emissions, through allocation of some of the 
costs and GHG emissions to the heat. However, the net impacts would depend strongly on the heat demand profile and temperatures, 
heat revenues, scales, CHP vs. power only plant efficiencies and costs. Analysis of CHP chains was not within the scope of the TEABPP 
project, as CHP options were scoped out in early 2016, as reflected in the D3 report. 
13

 The current GHG emissions threshold under the RHI is 34.8 gCO2e/MJ of heat, which equates to 125.3 kgCO2e/MWhth. Source: Ofgem 
(2017) “Sustainability self-reporting guidance”, available at: https://www.ofgem.gov.uk/system/files/docs/2017/01/sustainability_self-
reporting_guidance_jan_2017.pdf  

https://www.ofgem.gov.uk/system/files/docs/2017/01/sustainability_self-reporting_guidance_jan_2017.pdf
https://www.ofgem.gov.uk/system/files/docs/2017/01/sustainability_self-reporting_guidance_jan_2017.pdf
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chain efficiency, the GHG emissions for Chain 4 are double those of Chain 3 – the water washing and 

pelleting units alone account for 98 kgCO2e/MWhe, compared to screening in Chain 3 producing only 

11 kgCO2e/MWhe. Chain 3 has the lowest GHG emissions (at the base case) of all of all the TEABPP 

power generation chains, due to the short transport distances and minimal chain inputs. 

For the chains which use CFB combustion boiler conversion technology (Chains 5-7), adding more 

pre-processing (pelleting, and then additionally, chemical washing) does not reduce the conversion 

costs sufficiently to offset each increase in the pre-processing costs. Chain 5 using only screening 

remains the cheapest chain within this grouping (and the cheapest power generation chain overall in 

TEABPP at the base case conditions), while Chain 7 combining chemical washing and pelleting is the 

most expensive chain within this grouping. The gross chain efficiency for Chains 5 and 6 is equal; 

meaning roughly the same amount of feedstock is needed to generate the same amount of power. 

Chain 7 on the other hand has a smaller gross efficiency due to the drop in biomass LHV in the 

chemical washing unit. There is also a significant drop in net efficiency from Chain 5 to 6, and from 

Chain 6 to 7, as a result of the increasing energy input demands for the pre-processing technologies. 

These additional inputs and lower chain efficiencies lead to higher chain GHG emissions, with 

screening in Chain 5 only responsible for 9 kgCO2e/MWhe, whereas pelleting in Chain 6 accounts for 

76 kgCO2e/MWhe, and chemical washing + pelleting in Chain 7 accounts for 121 kgCO2e/MWhe. The 

various chemical and power inputs result in Chain 7 having the highest GHG emissions of any 

TEABPP chain at the base case, and so some power plant operators applying for Renewable 

Obligation Certificates or operating under a Contract for Difference may struggle to comply with UK 

thresholds for GHG emissions post-2025 if using chemical washing14. 

Comparing the group of chains which use an EF gasifier and CCGT turbine conversion unit (Chains 8-

10), Chain 8 is the cheapest chain in this group, followed by Chain 9 (using torrefaction + pelleting), 

and Chain 10 is the most expensive chain in this group. Looking at the efficiencies, Chain 8 using 

pelleting has the highest gross and net efficiencies of any TEABPP power generation chain, whilst 

Chain 10 is the least efficient power generation chain in TEABPP (on both measures, gross and net 

efficiency). Chain 9 still has a relatively high overall efficiency, despite the addition of torrefaction. 

Whilst Chain 10 has the lowest efficiency, the inputs to this chain are small (e.g. the pyrolysis unit is 

self-sufficient), and hence Chain 10 has the lowest GHG emissions in this group. Chain 9 only has 

modestly higher GHG emissions than Chain 8, due to the slightly lower overall efficiency of Chain 9 

plus the additional power use in torrefaction. 

4.4.1 Warning flags raised at the base case 

Warning flags are raised in gPROMS when the input biomass parameters to a module within a chain 

are above a specified maximum limit (or below a specified minimum limit). A warning flag means 

that chain operation is still possible, and gPROMS results for the chain are still calculated, but the 

input material to that module lies outside the usual operating range specified by the representative 

                                                             

14
 New build dedicated biomass power plants (with or without CHP) need to meet 240 kgCO2e/MWhe from April 2014-March 2020, then 

200 kgCO2e/MWhe from April 2020-March 2025, and then 180 kgCO2e/MWhe from April 2025-March 2030. This is set out in DECC (2013) 
“Government Response to the consultation on proposals to enhance the sustainability criteria for the use of biomass feedstocks under the 
Renewables Obligation (RO)”, available at: 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/231102/RO_Biomass_Sustainability_consultation_-
_Government_Response_22_August_2013.pdf  

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/231102/RO_Biomass_Sustainability_consultation_-_Government_Response_22_August_2013.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/231102/RO_Biomass_Sustainability_consultation_-_Government_Response_22_August_2013.pdf
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equipment suppliers characterised within TEABPP 15 . Warning flags are therefore useful in 

highlighting where there is a risk that: 

 the equipment lifetime or warrantees could be compromised, and/or  

 the gaseous emissions of PM, NOx etc. might be higher than allowed permit limits, and/or 

 the model parameterisations may no longer hold (i.e. relationships are being extrapolated 

too far from the original datasets, and the relationships are not as well understood beyond 

the warning flags), and/or  

 a different conversion technology is required to be chosen in order to be able to use the 

feedstock, but this choice of suitable conversion technology may lie outside those 

represented in the TEABPP modelling16.  

Therefore results from chains that raise warning flags should be treated with caution. 

As a reminder, the parameterised relationships between biomass contaminants and conversion 

plant efficiency, opex and availability are summarised in the D3 report. Appendix A of the D5 report 

also sets out tables of which input parameters influence the capex, opex and efficiency of each 

conversion and pre-processing technology. Therefore across all the chains, additional costs are 

already incurred within the model as biomass contaminants increase. However, the additional costs 

(slopes and/or steps) parameterised in gPROMS do not necessarily kick in, jump or accelerate at 

each of the gPROMS warning flag limits – the additional cost formulae in D3 were derived separately 

to the warning flag limits for each technology.  

Some biomass contaminants are also assumed to not have any impact on the chain results due to a 

lack of data, even though they have a warning flag limit in gPROMS (for example, Aluminium, 

Calcium). For some species such as Silicon, Bromine and Fluorine, their impact was agreed in D3 to 

already be sufficiently parameterised via another input parameter (respectively, Ash, Chlorine and 

Chlorine), so again these species do not impact the chain results, even though they have a warning 

flag limit in gPROMS. 

Table 4.12 shows which warning flags are raised at the base case for each chain, which as a reminder 

uses a 50:50 mix of Miscanthus and Generic woody (SRF deciduous) feedstocks. These warning flags 

are only raised at the conversion technology steps (with all the flags shown due to exceeding 

maximum specified limits, not the minimum limits), as the majority of the conversion technologies 

are nominally designed for relatively clean, long rotation forestry feedstocks, rather than higher ash 

energy crops such as Miscanthus. No warning flags are raised at the pre-processing units. 

For the comparator chains “without pre-processing” (Chains 1, 3, 5, 8), ETI selected these chains in 

the D3 report, before the CoF feedstock data was available – these chains were not “selected” by 

                                                             

15
 Although much of the commercial technology data used in TEABPP was derived from number of suppliers, the universe of all poss ible 

equipment suppliers was not assessed, and so the representative technology data and feedstock limits in TEABPP were derived from the 
data available to the consortium. It is therefore entirely possible that some equipment manufacturers might be able to supply conversion 
technologies that do not raise warning flags – for example, heating boilers capable of using only unprocessed Miscanthus that are 
designed for high ash, chlorine and alkali metals. However, the costs and efficiencies of these different systems could be significantly 
different to the selected technologies modelled in TEABPP. 
16

 For example, if the user inputs biomass composition data into the gPROMS “other” feedstock module that corresponds to low quality 
waste wood or very high ash Miscanthus, it should not be surprising that the flags raised would indicate that conversion technologies 
specifically designed for using waste wood or high ash Miscanthus need to be chosen instead of those currently within TEABPP.  
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the gPROMS model. All of these chains raise warning flags, suggesting that there are risks of 

operating these chains with the selected base case feedstock blend.  

As shown, only Chain 4 (with its water washing), Chain 7 (with its chemical washing) and Chain 10 

(with pyrolysis) are able to clean the biomass far enough to avoid all the conversion technology flags 

within these chains. This suggests that although water washing, chemical washing and pyrolysis are 

unable to lower overall chain costs, these pre-processing technologies might be required by some 

plant operators to be able to use this base case mix of feedstocks, and yet still meet their 

performance guarantees, expected lifetimes and/or gaseous emissions permits. 

Screening, field washing, pelleting or torrefaction+pelleting are unable to avoid the flags at the base 

case settings, as these pre-processing techniques are relatively mild, and without the ability to 

remove a significant fraction of the inherent biomass elements. Torrefaction is actually expected to 

increase the concentration of many elements, hence the additional warning flag in Chain 9. 

Table 4.12: Warning flags raised in gPROMS at the base case for the 10 chains 

Chain 
Unit where flags 

raised 
Variables above their specified limit 

1 - screen, boiler (heat) Underfeed stoker 
Ash, alkali index, nitrogen, silicon, chlorine, 
potassium, sodium, calcium 

2 - screen, field wash, boiler (heat) Underfeed stoker 
Ash, alkali index, nitrogen, silicon, chlorine, 
potassium, sodium, calcium 

3 - screen, BFB gasify BFB gasifier Ash, chlorine, potassium 

4 - water wash, pellet, BFB gasify (None) - 

5 - screen, CFB combust CFB combustor Ash, chlorine, bromine, potassium 

6 - pellet, CFB combust CFB combustor Ash, chlorine, potassium 

7 - chem wash, pellet, CFB combust (None) - 

8 - pellet, EF gasify EF gasifier Chlorine 

9 - torrefy+pellet, EF gasify EF gasifier Chlorine, bromine 

10 - pyrolysis, EF gasify (None) - 
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4.5 Pie chart sensitivities 

Using the automated link between gPROMS and MoDS, CMCL have run the gPROMS model at the 

maximum and minimum values for each parameter in turn (including all the user-defined variables 

and all the uncertain parameters), holding the rest of the parameters at their base case. The change 

in the net chain LCOE, efficiency and emissions metrics at each maximum and minimum was then 

calculated, and reviewed by E4tech to check that the first pass of the sensitivity results made sense.  

Using the delta in the key output metrics when varying between the maximum and minimum input 

values, CMCL calculated the absolute sensitivity for each input parameter individually. These 

sensitivities were then normalised for each key output metric (net chain total LCOE, efficiency and 

GHG emissions), and then plotted as a pie chart for each chain. This process visualises the relative 

importance of the parameter sensitivities to the model outcomes. 

In each of the charts below, all of the input parameters were included for the simulations, but the 

pie charts only explicitly plot at least the top five most sensitive parameters plus all those 

parameters with a relative sensitivity of more than 5%. The “Other” segment represents the 

combined contribution of all of the less important parameters that are not explicitly plotted. 

Note that every single one of the parameters plotted on the pie charts is an independent input, the 

value of which does not rely on any of the other parameters plotted. ‘Multipliers’ are parameters 

that sit at the start of some gPROMS formulae, and generally have a base case = 1.00. For example in 

Figure 4.22, the Underfeed stoker efficiency = Underfeed stoker efficiency multiplier * (other 

parameterisations involving the impact of feedstock moisture, ash, Cl, S, alkali index).  

4.5.1 Chain 1 – Underfeed stoker combustion boiler with screening 

As an explanation of how to read the first pie chart below (Figure 4.21) – it can be seen that the 

Miscanthus chips transport distance is the input parameter to which the Chain 1 LCOE is most 

sensitive. The relative sensitivity value of 21% written within the pie chart slice for the Miscanthus 

chips transport distance was calculated by: 

 Subtracting the value of the LCOE output from the gPROMS model when the Miscanthus 

chips transport distance was set to its minimum value (0km) from the value of the LCOE 

output with it set to its maximum value (800km), with other values held at their base case. 

The absolute difference in LCOE between min and max Miscanthus chips transport distances 

was 128 – 51 = 76 (in units of £/MWhth) 

 This absolute difference is then divided by the sum of the absolute differences between the 

LCOE values output at the minimum and maximum for all of the Chain 1 input parameters, 

which in this instance equals 365 (i.e. repeating the first step for each of the parameters 

individually, and summing the result). This gives a normalised value of 76 / 365 = 21%. 

So, when a parameter appears as important on the pie chart, it will likely have a large range 

between min and max input values, and have an important influence on the model behaviour. Bear 

in mind that these sensitivities are for the chosen chain architectures, and are run one parameter at 

a time for the base case, so do not explore the whole of the parameter space (varying multiple 

parameters at the same time) – but do give a good indication of the simple sensitivities that the 

model exhibits (and indeed would correspond to global sensitivities if the chain model were linear). 
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Figure 4.21: Chain 1 LCOE sensitive parameters pie chart 

 

 

Figure 4.22: Chain 1 net efficiency sensitive parameters pie chart 

 

 

Figure 4.23: Chain 1 GHG emissions sensitive parameters pie chart 

Discount rate [-]

5%

45%
Other

Chain1 net total LCOE

Woody screening unit inlet mass rate [wet tonnes/hr]

8%

Woody chips transport distance [km]

10%

Underfeed stoker unit inlet

capacity [MW]
11%

Miscanthus chips transport distance [km]

21%

7%

Blending split [kg (wet) woody/kg (wet) feedstock]

Woody chips transport distance [km]

8%

Woody chips storage time [weeks]

8%

6%

time [weeks]

Miscanthus chips storage

Woody chips storage moisture loss

[kg/kg (wet)/month]

12%

26%

Other

Miscanthus chips transport

distance [km]
15%

Underfeed stoker efficiency multiplier [-]

19%

Underfeed stoker input electricity

multiplier [MWh/MWh]

14%

Chain1 net chain GHG emissions

5%

emissions [kgCO2e/odt]

Miscanthus production GHG

Woody chips transport distance [km]

18%

4%[kgCO2e/odt]

Woody production GHG emissions

21%

Other

Miscanthus chips transport

distance [km]

37%



Deliverable 6: Analysis and Recommendations report   44 

 

These Chain 1 pie charts show that the Miscanthus chip transport distance is the most important 

parameter for the LCOE and the GHG emissions. This makes sense given that the density of chipped 

Miscanthus is very low, and the trucks assumed are reasonably small, and hence a very large number 

of trucks will be needed to transport the Miscanthus chips (at high cost, and with high diesel GHG 

emissions). The woody chips transport distance is also important, though not as important as the 

Miscanthus chip transport distance, due to the higher density of woody chips. The boiler capacity 

and screening mass rates influence the chain LCOE, but do not impact the chain net efficiency or 

GHG emissions (as the efficiencies of these technologies do not change with scale). 

Between them, these two transport distance parameters make up over half of the total variation in 

the GHG emissions, with the other important parameters relating to the GHG emissions of the 

starting feedstock, and the power input required by the boiler. In contrast to the other Chain 1 pie 

charts, the LCOE pie chart has a very large “Others” segment, showing that many parameters have a 

relatively small effect on the LCOE results. 

For the net chain efficiency, the underfeed stoker efficiency multiplier is the most important 

parameter. However, the net chain efficiency is strongly affected by a number of parameters, mainly 

relating to storage and transport. The blending split between Miscanthus and woody feedstock also 

has some impact, due to the differences in contaminant levels, and their differing densities 

impacting the amount of diesel consumed in transport (which lowers the net chain efficiency). 

4.5.2 Chain 2 – Underfeed stoker combustion boiler with screening and field washing 

The LCOE sensitivities for Chain 2 are very similar to those for Chain 1, except that the “Other” 

category is slightly larger, and the key sensitivities have slightly lower normalised %s – which is to be 

expected based on the addition of the field washing parameters. For example, in Figure 4.21, the 

Miscanthus chips transport distance parameter makes up 21% of the total variation in Chain 1 LCOE, 

whereas in Figure 4.24, this same parameter only makes up 19% of the total variation in Chain 2 

LCOE – mainly as the total variation in Chain 2 is higher. 

For the Chain 2 net efficiency sensitivities, there is also a similar picture to Chain 1, with the boiler 

efficiency the most important parameter. However, the Woody chips storage moisture loss 

parameter has risen in relative importance, due to the field washing adding moisture to the biomass, 

which means that the rate at which the biomass dries out is now more important to Chain 2 (since 

slower drying rates would mean that the biomass would arrive wetter at the boiler than in Chain 1, 

significantly reducing its efficiency). 

The GHG emissions sensitivities for Chain 2 are similar to those for Chain 1, with transport distances 

dominating. There is also an additional small sensitivity due to the Woody field wash unit inlet mass 

rate, which is not present in Chain 1, since larger field washing units will consume proportionally less 

input electricity per tonne of biomass. 
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Figure 4.24: Chain 2 LCOE sensitive parameters pie chart 

 

 

Figure 4.25: Chain 2 net efficiency sensitive parameters pie chart 

 

 

Figure 4.26: Chain 2 GHG emissions sensitive parameters pie chart 
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4.5.3 Chain 3 – BFB gasifier + syngas engine with screening 

 

Figure 4.27: Chain 3 LCOE sensitive parameters pie chart 

 

 

Figure 4.28: Chain 3 net efficiency sensitive parameters pie chart 

 

 

Figure 4.29: Chain 3 GHG emissions sensitive parameters pie chart 
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These Chain 3 pie charts show that the BFB gasifier + syngas engine unit gross output (i.e. the 

conversion unit capacity) is the most sensitive parameter for both the LCOE and the net efficiency. 

This is expected given the high component LCOE of the conversion step, the relationship between 

conversion unit capacity and CAPEX, and the relationship between syngas engine capacity and its 

efficiency. The impact of the conversion unit capacity on the conversion efficiency also explains its 

impact on the chain GHG emissions pie chart (as it impacts the per MWhe emissions of all the chain 

components). The high cost of the conversion unit also explains the presence of the BFB gasifier 

total installed CAPEX multiplier, and the discount rate, on the LCOE sensitivity pie chart. 

As in Chains 1-2, Miscanthus chips transport distance is a key sensitivity for GHG emissions, as well 

as impacting net chain LCOE and efficiency, due to the costs and diesel use in trucking very low 

density Miscanthus chips. However, the trucks in Chain 3 are larger and more efficient than in Chains 

1-2, explaining the smaller relative sensitivities, and the reduced sensitivity of wood chip distance. 

Notable in the net chain efficiency pie is the presence of three sub-unit parameters17 directly 

determining the BFB gasifier, syngas clean-up and syngas engine efficiencies (these also appear in 

Chain 4). Combined, these three parameters would actually have a larger impact than the conversion 

unit capacity, suggesting that opportunities for system integration within the plant will be important. 

Woody logs storage time appears as a minor sensitivity for the Chain 3 efficiency, as the degradation 

over 4 years (the maximum storage time assumed) can be relatively significant. 

The Miscanthus nitrogen content is important to the GHG emissions in Chain 3, as unlike in Chains 1-

2, urea is used to treat the conversion plant NOx arising from the biomass nitrogen content18, and 

urea has a high GHG emissions factor. The diesel used in BFB gasifier start-ups also has an impact. 

4.5.4 Chain 4 – BFB gasifier + syngas engine with water washing and pelleting 

Compared to Chain 3, BFB gasifier + syngas engine unit gross output (i.e. the conversion unit 

capacity) is now the most sensitive parameter for all three pie charts, followed by the Miscanthus 

bales transport distance. This is for taking bales to the centralised pre-processing plant, not for chip 

transport direct to the BFB gasifier (as in Chain 3).  Although Miscanthus bales have a slightly higher 

density than Miscanthus chips, and the maximum distances are equal, Chain 4 is using much smaller 

trucks for this new initial transport step compared to the large, efficient flatbed trucks in Chain 3. 

This explains the relatively higher importance of the Miscanthus bales transport distance in Chain 4.  

The initial Woody logs transport distance (which uses a similar small forestry truck) appears in all 

three pie charts, however logs are much denser than bales, hence the sensitivity is lower. The pellet 

transport distance only appears as a minor sensitivity for the chain efficiency and GHG emissions, as 

this final transport step is using large, highly efficient walking floor trucks. 

The addition of more parameters in Chain 4 has pushed the relative contribution of the Miscanthus 

nitrogen content to the GHG emissions pie chart below the threshold for contributions shown – this 

is not due to water washing removing any nitrogen, as the urea is still used. 

                                                             

17
 The BFB gasifier efficiency multiplier and the syngas engine efficiency multiplier are used in gPROMS formulae to calculate the BFB 

gasifier and syngas engine efficiencies. There is no gPROMS formula for the syngas cleanup efficiency – this is set by the parameter value. 
18

 The economic scales for all the power generation plants in TEABPP would have an Emissions Limit Value (ELV) that would likely need NOx 
mitigation (particularly with increasing emission constraints in the UK), so a generic formula was used to convert feedstock nitrogen 
content into a urea consumption to provide for this NOx mitigation, as set out in the D3 report. Different technologies will have different 
conversion rates of feedstock nitrogen to NOx, but if the feedstock nitrogen content is low enough, it is also assumed that the SNCR 
equipment can be removed, saving on capex and opex, and no longer requiring any use of urea.  
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Figure 4.30: Chain 4 LCOE sensitive parameters pie chart 

 

 

Figure 4.31: Chain 4 net efficiency sensitive parameters pie chart 

 

 

Figure 4.32: Chain 4 GHG emissions sensitive parameters pie chart 
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4.5.5 Chain 5 – CFB combustion boiler with screening 

 

Figure 4.33: Chain 5 LCOE sensitive parameters pie chart 

 

 

Figure 4.34: Chain 5 net efficiency sensitive parameters pie chart 

 

 

Figure 4.35: Chain 5 GHG emissions sensitive parameters pie chart 
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The transport distances of both raw feedstocks and of the blended screened chips are very 

important for all three major metrics in Chain 5, accounting for 35-49% of the total variation. The 

prominence of Miscanthus bales and screened chip distances are due to their low density, whereas 

woody logs have a much higher density. These sensitivities are also driven by the 0-800km min-max 

range chosen – smaller ranges would result in accordingly smaller sensitivities. 

The other prominent parameters that impact the Chain 5 LCOE pie chart relate to the scale of the 

CFB combustion unit, and its CAPEX scaling factor – which is explained by the relative importance of 

the CFB costs to the overall chain LCOE, and the scaling relationship between CFB combustion unit 

size and the total installed CAPEX. The CFB combustion unit scale19 also influences the efficiency of 

the CFB combustion plant, which explains the presence of the CFB scale and the efficiency multiplier 

on the efficiency pie chart. 

Warehouse storage time appears as a minor sensitivity on the Chain 5 efficiency pie chart, as the 

degradation of high surface area chips over 2 years (the max storage time assumed) can be relatively 

significant. The blending split between Miscanthus and woody feedstock also has some impact, due 

to differences in contaminant levels, and their differing densities impacting the amount of diesel 

consumed (and so the net chain efficiency). 

Similar to Chain 3, the Miscanthus nitrogen content results in a corresponding urea use to mitigate 

conversion plant NOx emissions, and so appears on the GHG emissions pie. 

4.5.6 Chain 6 – CFB combustion boiler with pelleting 

The sensitivities for Chain 6 are similar to those for Chain 5, with the main exception that throughout 

all three pie charts, the Screened chips transport distance is no longer present (as this does not 

occur in the Chain 6 architecture), and has been replaced by a much less sensitive Pellet transport 

distance for Chain 6. This lower sensitivity is mainly due to the high density of pellets compared to 

chips, as well as the quicker-to-unload walking floor trucks in Chain 6, compared to the flatbed 

trucks in Chain 5. 

The CFB combustion CAPEX scaling factor and efficiency multiplier still impact the plant CAPEX and 

efficiency respectively, and the CFB combustion unit scale still impacts both. The expense of building 

storage silos means that at the maximum storage time, silo costs are significant enough to account 

for 8% of the total LCOE variation. Warehouse storage is not used in Chain 6, so no longer appears in 

these pie charts, with Woody logs storage time appearing instead in the efficiency pie chart, due to 

degradation over a maximum of 4 years. 

There have been no shifts in biomass characteristics with pelleting instead of screening, so no new 

elemental parameters have appeared. Miscanthus nitrogen content remains on the GHG emissions 

pie chart due to the urea use. Although Miscanthus and SRF deciduous feedstocks have similar base 

case Nitrogen contents, Phyllis2 data gives a wider min-max range for Miscanthus (up to 1.8%) than 

for the Generic woody feedstock (up to 1.2%), and it is these maximum values and their influence on 

the model that determine the parameter sensitivities. 

                                                             

19
 As mentioned at the start of Section 4.5, every single one of the parameters plotted on the pie charts is an independent input, the value 

of which does not rely on any of the other parameters plotted. For example, there is no dependency between the CFB scale and the 
feedstock transport distance – see footnote 21 for further discussion of this ETI choice. CFB combustion plant efficiency is an intermediate 
parameter calculated within TEABPP, and is not an independent input parameter (unlike the CFB combustion plant efficiency multiplier, or 
the Miscanthus chlorine content, which are both independent input parameters that impact the CFB combustion plant efficiency). 



Deliverable 6: Analysis and Recommendations report   51 

 

 

Figure 4.36: Chain 6 LCOE sensitive parameters pie chart 

 

 

Figure 4.37: Chain 6 net efficiency sensitive parameters pie chart 

 

 

Figure 4.38: Chain 6 GHG emissions sensitive parameters pie chart 
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4.5.7 Chain 7 – CFB combustion boiler with chemical washing and pelleting 

 

Figure 4.39: Chain 7 LCOE sensitive parameters pie chart 

 

 

Figure 4.40: Chain 7 net efficiency sensitive parameters pie chart 

 

 

Figure 4.41: Chain 7 GHG emissions sensitive parameters pie chart 
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The sensitivity pie charts for Chain 7 share many similarities with Chain 6. In particular, the net chain 

efficiency pie charts are almost identical, with the only explicit difference being the last/least 

important parameter shown before the cut-off (blending split instead of woody logs storage time). 

The similarities are explained by the fact that the additional chemical washing step in Chain 7 does 

little to impact the chain efficiency (minor losses balanced by some efficiency benefits for the CFB 

combustion plant). 

However, the scale20 of the chemical washing unit does have a relatively strong influence on the 

LCOE, given the scaling relationship between the chemical washing unit scale and CAPEX, and the 

large costs added by chemical washing. Those “Other” parameters that individually contribute less 

than 5% to the LCOE variation together contribute to more than 50% of the LCOE variation – this is 

partly to do with the very large number of parameters and complexity present in Chain 7. 

The Miscanthus nitrogen content has a greater relative effect on the GHG emissions pie chart than in 

Chain 6, because the chemical washing step will increase the biomass nitrogen content, requiring 

more urea to be consumed in the CFB combustion plant – and hence Chain 7 is more sensitive to the 

Miscanthus and Woody nitrogen contents (the Woody nitrogen contribution is just under 5%, so not 

explicitly shown). 

4.5.8 Chain 8 – EF gasifier + syngas CCGT with pelleting 

The Chain 8 pie charts show that the EF gasifier + CCGT unit gross output (i.e. the conversion unit 

capacity) and the Miscanthus bales transport distance are the two most sensitive parameters across 

all three metrics. 

This makes sense given the high LCOE component cost of the conversion unit, the scaling 

relationship between conversion unit capacity and CAPEX, and the relationship between the size of 

the syngas CCGT and its efficiency. The impact of the conversion unit capacity on the conversion 

efficiency also explains its impact on the chain GHG emissions pie chart. As in Chain 6, the transport 

distance for the Miscanthus bales is more important than for the Woody logs, which is more 

important than the pellet transport distance, due to the ordering of the densities and truck sizes.  

The expense of building storage silos means that at the maximum storage time, silo costs are 

significant enough to account for 7% of the total LCOE variation. Like Chain 7, the LCOE for Chain 8 

has the majority of its variation explained by less sensitive parameters. 

The efficiency multipliers for the individual conversion sub-units (EF gasifier, syngas clean-up and 

CCGT) contribute roughly evenly to the net chain efficiency and also the GHG emissions. There are 

no biomass element parameters explicitly shown on any of the pie charts, so whilst the conversion 

unit still uses urea, the Miscanthus and Woody nitrogen contents now contribute <5% to the chain 

GHG emissions. 

                                                             

20
 Note that in any chain, the scale of the pre-processing unit is an independent user-defined variable in the gPROMS model (with a base 

case value and min-max range), and is not calculated based on the scale of the conversion plant, which is a separate user-defined variable 
in the gPROMS model (with its own base case and min-max range). For reference, the scales of the chemical washing unit and CFB 
combustion plant are listed in the separate Excel workbook “Inputs ranges with innovation”. 
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Figure 4.42: Chain 8 LCOE sensitive parameters pie chart 

 

 

Figure 4.43: Chain 8 net efficiency sensitive parameters pie chart 

 

 

Figure 4.44: Chain 8 GHG emissions sensitive parameters pie chart 

Other
53%

Pellet transport distance [km]

5%

Woody logs transport distance [km]

7% Silo/tank storage time [weeks]

7%

EF gasifier and CCGT unit

gross output [MW]11%

Chain8 net total LCOE

Miscanthus bales transport distance [km]

17%

9%

7%

Woody logs transport distance [km]

EF gasifier efficiency multiplier [-]

10%

32%

Other

CCGT efficiency multiplier [-]

11%

Miscanthus bales transport

distance [km]
14%

Syngas cleanup efficiency [MW/MW]

Chain8 net chain efficiency

EF gasifier and CCGT unit gross output [MW]

19%

Syngas cleanup efficiency [MW/MW]

6%
5%

EF gasifier efficiency multiplier [-]

Pellet transport distance [km]

6%

37%

Other

CCGT efficiency multiplier [-]

6%

Woody logs transport distance [km]

8%

EF gasifier and CCGT unit

gross output [MW]16%

Chain8 net chain GHG emissions

Miscanthus bales transport distance [km]

17%



Deliverable 6: Analysis and Recommendations report   55 

 

4.5.9 Chain 9 – EF gasifier + syngas CCGT with torrefaction + pelleting 

 

Figure 4.45: Chain 9 LCOE sensitive parameters pie chart 

 

 

Figure 4.46: Chain 9 net efficiency sensitive parameters pie chart 

 

 

Figure 4.47: Chain 9 GHG emissions sensitive parameters pie chart 
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The sensitivity pie charts for Chain 9 are very similar to those of Chain 8.  

The only differences in the LCOE pie chart are a slightly lower sensitivity for the silo storage time, 

which is due to the higher energy density of the torrefied pellets requiring less silo volume and so 

less CAPEX, plus the disappearance of the pellet transport distance below the 5% cut-off, which will 

be due to the higher energy density of the torrefied pellets making Chain 9 less sensitive to the 

pellet transport distance than Chain 8. 

The Chain 9 efficiency pie chart is very similar to Chain 8, but now also includes the Torrefied 

pelleting LHV multiplier as a minor sensitivity, which makes sense as a higher energy density pellet 

translates into less diesel use in trucking. The efficiency of the torrefaction+pelleting step itself does 

not appear, as this is defined by the input and output biomass moisture and LHVs (the mass and 

energy balance of the pre-processing plant), and does not have a multiplier parameter. The EF 

gasifier parasitic power required for grinding torrefied pellets is very low, and so will not appear 

explicitly as a key sensitivity. 

The GHG emissions pie chart for Chain 9 is relatively similar to Chain 8. The most sensitive 

parameters are still the Miscanthus bales and woody logs transport distances plus EF gasifier + CCGT 

unit gross output, and the efficiency multipliers for the individual conversion sub-units (EF gasifier, 

syngas clean-up and CCGT) are still present. The pellet transport distance does not appear above the 

5% cut-off, as torrefied pellets have a higher energy density than standard pellets, and therefore 

Chain 9 uses a lower amount of diesel in trucking than Chain 8, reducing the relative sensitivity of 

the Chain 9 GHG emissions results to the final pellet transport distance compared to Chain 8. The 

GHG emissions of Chain 9 are only slightly higher than those in Chain 8, so the sensitivity of Chain 9 

to torrefaction parameters such as the torrefaction+pelleting plant availability, output pellet LHV 

and fire suppressant use are below the pie chart thresholds. 

4.5.10 Chain 10 – EF gasifier + syngas CCGT with pyrolysis 

For the LCOE and GHG emission sensitivity pie charts, the Miscanthus bales transport distance 

remains the most sensitive parameter. However, in contrast to Chains 8 and 9, the Miscanthus 

inherent ash content is now the most important parameter for chain efficiency, and second most 

important for LCOE and GHG emissions. This is due to the very strong inverse relationship between 

feedstock ash content and the pyrolysis plant efficiency, and since Miscanthus has a wider range of 

min-max inherent ash content than the generic Woody feedstock. The Woody inherent ash content 

parameter does appear on the efficiency pie chart as being responsible for 8% of the total variation. 

The relative LCOE sensitivity of the conversion unit capacity is also slightly reduced, as the CAPEX of 

the conversion unit is reduced in Chain 10 (due to removal of solids handling and grinding sections 

by using pyrolysis oil). However, the pyrolysis unit scale also impacts the chain LCOE, as the 

minimum scale pyrolysis plants will have very high levelised CAPEX, and the pre-processing 

component already added significant costs to the chain. 

The conversion unit capacity (which changes the CCGT efficiency) and the pyrolysis efficiency 

multiplier are both strong contributors to the variation in the net chain efficiency, and also impact 

the GHG emissions. Transport distances for the raw feedstocks appear explicitly on the pie charts, 

but not the transport distance for the pyrolysis oil, as this is at a high densities in a large tanker. 



Deliverable 6: Analysis and Recommendations report   57 

 

 

Figure 4.48: Chain 10 LCOE sensitive parameters pie chart 

 

 

Figure 4.49: Chain 10 net efficiency sensitive parameters pie chart 

 

 

Figure 4.50: Chain 10 GHG emissions sensitive parameters pie chart 
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4.6 Spider chart sensitivities 

Using the automated link between gPROMS and MoDS, CMCL have run the gPROMS model using 20 

different values for each parameter. This process goes from the minimum of the parameter values, 

through the base case, and ending up at the maximum of the parameter values, whilst holding the 

rest of the values at their base case.  

The net chain LCOE, efficiency and GHG emissions have been recorded at each input point, with the 

MoDS interface then gathering the collected information to allow CMCL to plot the three key output 

metric spider charts for each chain. These spider charts only plot a limited number of the most 

sensitive parameters, for ease of viewing – these are the same parameters that were explicitly 

shown as being sensitive in the pie charts in the previous section (so using the same 5% cut-off or 

top 5 approach). 

Spider charts show the variation in an output metric as a number of input parameter series are 

independently varied. Note that every single one of the parameters plotted on the spider charts is 

an independent input, the value of which does not rely on any of the other parameters plotted. 

The base value is always plotted at 0 on the x-axis, to make all diagrams converge/cross at the 

default base value, and the min and max values are normalised along the x-axis relative to the base 

case value. 

The values on the x-axis in the spider charts have been computed as x‘= (x - xbase)/(xmax - xmin), in order 

to be able to show those parameters that have a base case = 0. This means if the base case is at the 

minimum of the input range, then the line on the spider chart for that parameter will extend from 0 

to +1 on the x-axis. And vice versa, if the base case is at the maximum of the input range, then the 

line on the spider chart for that parameter will extend from -1 to 0 on the x-axis. The normalised x-

axis input range approach therefore shows where the base case value lies in relation to the min and 

max values for each input parameter, based on how far left or right the lines extend from the base 

case. As a reminder, the underlying absolute values of the base case, minimum and maximum for 

each parameter can be found in the separately provided Excel workbook. 

On the spider diagram, the gradient of each line at a given point represents the local sensitivity to 

changes in the particular input parameter at that point. The steeper the gradient, the more sensitive 

the input parameter is, and the more important that parameter is to the overall chain (critical 

impact) – and vice versa, the flatter the line, the less sensitive the input parameter is, and the less 

important that parameter is to the overall chain (minimal impact). The sign of the gradient also gives 

the direction of the influence (e.g. negative or positive LCOE impact by increasing the input 

parameter).  

The curvature of the lines in different regions also gives valuable information as to regions in which 

each input parameter becomes more or less sensitive (e.g. due to non-linear or discontinuous 

functions, of which there are many in gPROMS). A straight line would indicate that the local 

sensitivities around the base case apply across the parameter space, whereas highly curved lines or 

lines with steps indicate more complex underlying behaviour, and different local sensitivities 

depending on the region of the parameter space. 
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4.6.1 Chain 1 – Underfeed stoker combustion boiler with screening 

As an explanation of how to read the first spider diagram (Figure 4.51), take for example the 

discount rate green line. Since we can observe that the discount rate line runs between -0.5 and +0.5 

on the x-axis, we know that its input minimum and maximum values are equally distributed from its 

input base case value. This is correct, as the base case discount rate = 10%, with a min-max range of 

5-15%. By looking at the left-hand end of the green line, we can read the LCOE value that is achieved 

at the minimum discount rate, and vice versa with the right-hand end. As this green line is relatively 

flat, we know that the Chain 1 LCOE is not very strongly dependent on the discount rate parameter. 

And given the slope is up to the right (gradient is positive), this means that a higher discount rate 

leads to higher Chain 1 LCOE. 

Taking another example in the same chart, the Miscanthus chips transport distance parameter (blue 

line) goes from just below 0 to almost 1, reflecting that its input base case value (20km) is close to its 

minimum value (0km), and far from its maximum (800km). This blue line is much steeper, reflecting 

the fact that the Chain 1 LCOE is strongly dependent on this parameter. The line is also very straight, 

showing that the LCOE is linearly dependent on the Miscanthus chips transport distance. 

In contrast, the underfeed stoker unit inlet capacity (red line) and woody screening unit inlet mass 

rate (purple line) have a non-linear relationship with LCOE. The screening mass rate causes the LCOE 

to increase rapidly as it approaches its minimum value (0.7 wet tonnes/hr), since very small plants 

have very high levelised CAPEX values. 

Note that, for example, the underfeed stoker unit inlet capacity and the Miscanthus chips transport 

distance are not directly correlated or linked – both parameters are independent inputs, and the 

transport distance does not depend on the scale of the conversion technology21. 

                                                             

21
 This is an assumption made in TEABPP, given ETI wished to have user control of the conversion technology scale and of the transport 

distances. In reality, larger plants might on average source their biomass from further afield, but as TEAPP is not geographically specific, 
there is no formulae implemented that attempts to calculate the average collection radius for different scale facilities given local biomass 
yields and road tortuosity etc. However, the base case values for the final transport distances in Chains 1 - 2 are only 20km (for an 
underfeed boiler base case of 0.44 MWth), in Chains 3 - 4 are 50km (for a BFB gasifier+syngas engine base case of 4.7 MWe), and in 
Chains 5 - 10 are 150km (for base cases of 100MWe for CFB combustion and 270MWe for EF gasifier+CCGT), so the larger base case 
conversion plant scales are reflected in the choice of larger base case transport distances for the analysis.  The full list of independent 
input parameters, and their base cases and min-max values, for each chain are given in the separate Excel workbook “Inputs ranges with 
innovation”. 
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Figure 4.51: Chain 1 LCOE sensitive parameters spider chart 

Decreasing the discount rate and increasing either the underfeed stoker boiler or woody screening 

capacities reduces the Chain 1 LCOE, with the largest improvement in LCOE to be made from scaling 

up the underfeed stoker boiler capacity22. Very small screening units (below ~5 wet tonnes/hr) likely 

have to be avoided due to their high costs, but much larger screening units provide relatively little 

benefit over the base case of 15 wet tonnes/hr. The LCOE results are highly sensitive to the chip 

transport distances, so these should be kept low – however, the gains to be made from reducing 

these distances below their base case values (of 20km) are limited, as there is very little difference in 

chain LCOE between 0-20km. 

                                                             

22
 Note that a larger underfeed stoker boiler will have lower levelised CAPEX and OPEX, but is not assumed to have higher efficiency. 
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Figure 4.52: Chain 1 net efficiency sensitive parameters spider chart 

It is clear that for Chain 1, the underfeed stoker efficiency multiplier is the most important 

parameter for increasing the net chain efficiency. Increasing the fraction of woody feedstocks 

(thereby decreasing the usage of Miscanthus) also leads to higher efficiencies, due to the impact of 

the Miscanthus chemical properties on boiler performance. A shorter storage time for Miscanthus 

chips would also slightly improve the chain efficiency, due to less degradation. All three of these 

parameters have fairly linear effects. 

The rest of the parameters plotted will typically reduce the net chain efficiency if changes are made 

from the base case, particularly with increases in the chip transport distance. 

The two parameters relating to the woody chips storage, the moisture loss rate and storage time, 

show non-linear behaviour. The moisture loss line (in yellow) shows that above a certain input value, 

which is just below the base case value, the feedstock reaches the equilibrium moisture content 

within the base storage time, and the chain efficiency is unchanged from the base case. But if the 

moisture loss rate is low, then the biomass remains wet, and boiler efficiency suffers. 

The woody storage time (in purple) shows a peak (at 16 weeks) just below the base case value (20 

weeks) where the effects of moisture loss and degradation are optimally balanced. If the woody 

storage time is too short, the biomass remains wet, and boiler efficiency is low. However, if the 

woody storage time is too long, then there is no additional drying beyond the equilibrium moisture 

content, and degradation impacts mount up (losing biomass and so chain efficiency) – eventually 

reaching a plateau at a maximum degradation level. 
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Figure 4.53: Chain 1 GHG emissions sensitive parameters spider chart 

All of the main parameters contributing to the Chain 1 GHG emissions obey linear relationships. The 

electricity required by the underfeed stoker boiler is the parameter which has the greatest potential 

for reducing GHG emissions, were this electricity input minimised. As expected, both the chip 

transport distances should be kept low, but with little scope for GHG emissions improvement below 

the base case. The GHG emission contributions from the production of the feedstocks do not have a 

major impact, with that of growing Miscanthus being slightly more sensitive (slightly less flat) than 

growing the generic Woody feedstock. All the single parameter variations considered would still be 

compliant with the current RHI GHG emissions threshold (125 kgCO2e/MWhth), suggesting plenty of 

headroom for different supply chain options/parameter values to be considered. 
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4.6.2 Chain 2 – Underfeed stoker combustion boiler with screening and field washing 

 

Figure 4.54: Chain 2 LCOE sensitive parameters spider chart 

This Chain 2 LCOE spider diagram is very similar to the Chain 1 LCOE spider diagram (which is to be 

expected, given the very similar pie charts). The greatest improvements in LCOE are available from 

moving to larger boilers and screening units, and achieving lower discount rates (i.e. cheaper 

financing as the technology becomes more established, or with more certain policy). 

 

Figure 4.55: Chain 2 net efficiency sensitive parameters spider chart 
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Compared to same net efficiency spider chart for Chain 1, maximising the boiler efficiency and 

minimising the use of Miscanthus (and avoiding long transport distances) remain the key methods of 

maximising Chain 2 net efficiency.  

However, due to the addition of moisture via field washing, several of the storage parameters have 

shifted or become more sensitive. In Chain 2, the Miscanthus chips are now best stored to dry out 

naturally for 2 weeks after field washing before use in a boiler – whereas in Chain 1, the Miscanthus 

chips are best used immediately, to avoid any degradation. The woody chip optimum storage time is 

now slightly later (now happens to be at the base case value of 20 weeks). Shorter storage times 

lead to a rapid drop-off in efficiency (biomass is too wet), and the wetter biomass also means the 

degradation rate is slightly higher, as seen for long storage times. Furthermore, the woody chips only 

reach the equilibrium moisture content (20% moisture) at a higher moisture loss rate, which makes 

sense due to the wetter starting point. 

 

Figure 4.56: Chain 2 GHG emissions sensitive parameters spider chart 

The sensitive parameters for GHG emissions in Chain 2 include the same linear parameters as in 

Chain 1, except for explicit inclusion of the woody field wash unit capacity. This parameter 

introduces a non-linear relationship, with little potential for optimisation at larger scales, but with a 

relatively strong increase in GHG emissions at scales below ~5 wet tonnes/hr (due to proportionally 

higher power use as equipment scale is reduced towards the minimum of 0.5 wet tonnes/hr). The 

greatest benefit are still achieved by minimising the underfeed stoker boiler power use, and starting 

feedstock production GHG emissions. All the single parameter variations considered would still be 

compliant with the current RHI GHG emissions threshold (125 kgCO2e/MWhth), still suggesting plenty 

of headroom for different supply chain options/parameter values to be considered. 
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4.6.3 Chain 3 – BFB gasifier + syngas engine with screening 

 

Figure 4.57: Chain 3 LCOE sensitive parameters spider chart 

It can be seen that the contribution of the BFB gasifier + engine unit gross output (i.e. conversion 

unit capacity) is a particularly strong driver of Chain 3 LCOE. Due to its exponential scaling, small 

conversion units will have high levelised CAPEX, and low efficiencies, leading to extremely high chain 

costs. Conversely, larger conversion units have considerable potential to reduce LCOE. For context, 

the base case gross unit capacity is 5MWe, with a min-max range of 0.2 – 10MWe (although the 

parasitic power losses need to then be subtracted from this value).  

Other beneficial changes to the Chain 3 LCOE include minimisation of the BFB gasifier CAPEX, and 

discount rate. High transport distances and low screening capacities also need to be avoided. 
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Figure 4.58: Chain 3 net efficiency sensitive parameters spider chart 

The efficiencies of the three conversion technology sub-units (yellow, purple and green lines) all 

have a very similar linear effect on the Chain 3 net efficiency, and each of these need to be 

maximised to achieve the highest Chain 3 net efficiencies. As discussed above for the LCOE spider 

chart, the conversion unit capacity is the main driver of the net chain efficiency with a particularly 

severe reduction in efficiency occurring at lower scales (in part due the syngas engine efficiency 

falling with scale, and in part due to still needing to meet parasitic loads onsite which do not fall with 

scale as quickly). 

If woody logs were stored for slightly longer (106 weeks instead of 76 weeks), then the chain 

efficiency would be higher, as the moisture equilibrium limit (at 20% moisture) would then be 

reached. Long transport distances consume significant amounts of diesel, lowering the net chain 

efficiency. 
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Figure 4.59: Chain 3 GHG emissions sensitive parameters spider chart 

The largest reduction in the GHG emissions for Chain 3 can be achieved by reducing the amount of 

diesel required by the BFB gasifier unit for start-up cycles23, and by minimising the GHG emissions 

associated with growing the Miscanthus and woody feedstocks (either by minimising the inputs and 

machinery used, and/or maximising yields). In order to keep GHG emissions low (for example, below 

an arbitrary value of 120kgCO2e/MWhe), it is also important to avoid small conversion unit capacities 

(<~0.65MWe) and to avoid high transport distances (>~420km for Miscanthus). 

The Miscanthus nitrogen content could potentially be significantly higher than its base case value, 

leading to substantial increases in chain GHG emissions due to extra urea use – however, the ability 

to make GHG savings by minimising the Miscanthus nitrogen content below the base case is limited. 

All the single parameter variations considered would still be compliant with the current RO GHG 

emissions threshold (240 kgCO2e/MWhe), and even with the post-2025 threshold (180 

kgCO2e/MWhe), suggesting plenty of headroom for different supply chain options/parameter values 

to be explored. 

                                                             

23
 TEABPP models plant availability, and opex is correlated to downtime, but the number of start-up cycles is not explicitly modelled. 

-1 -0.5 0 0.5 1
60

80

100

120

140

160

Sensitive inputs (rescaled) [-]

C
h
a
in

3
 n

e
t 
c
h
a
in

 G
H

G
 e

m
is

s
io

n
s
 [

k
g
 C

O
2
e
/M

W
h
]

Miscanthus chips transport distance [km]

BFB gasifier and engine unit gross output [MW]

Miscanthus nitrogen content [kg/kg (dry)]

Woody chips transport distance [km]

BFB gasifier input diesel multiplier [MWh/MWh input]

Miscanthus production GHG emissions [kgCO2e/odt]



Deliverable 6: Analysis and Recommendations report   68 

 

4.6.4 Chain 4 – BFB gasifier + syngas engine with water washing and pelleting 

 

Figure 4.60: Chain 4 LCOE sensitive parameters spider chart 

The LCOE spider chart for Chain 4 is similar to the one for LCOE for Chain 3, except now the gradients 

for the transport distance parameters are now much steeper (due to the smaller truck size used in 

Chain 4 for the initial aggregation to the pre-processing plant). In order to keep LCOE low (for 

example, below the base case LCOE of 197 £/MWhe), it is also important to avoid small conversion 

unit capacities (<5MWe) and to avoid small water washing unit capacities (<10tonnes/hr). Larger 

conversion units (>5MWe) and lower discount rates (<10%) have considerable potential to reduce 

the Chain 4 LCOE. 
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Figure 4.61: Chain 4 net efficiency sensitive parameters spider chart 

The Chain 4 net efficiency spider chart (Figure 4.61) is very similar to the equivalent chart for Chain 

3, except that the pellet transport distance is now also present, and the transport distances for the 

raw feedstocks have increased (as explained above). 

 

Figure 4.62: Chain 4 GHG emissions sensitive parameters spider chart 

The increased importance of the transport distances in Chain 4 means that the relative importance 

of other parameters (feedstock nitrogen content, diesel start-up use in the BFB gasifier, and the GHG 

emissions from Miscanthus and woody feedstock production) are no longer shown explicitly on this 

chart – but still are important to Chain 4. The smallest chain GHG emissions are achievable at large 
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conversion unit scales, and with high syngas engine efficiencies – noting that the syngas engine 

efficiency also increases with scale. 

Small conversion systems or chains with long transport distances would struggle to be compliant 

with the current RO GHG emissions threshold (240 kgCO2e/MWhe), and especially after 2020 or 2025 

when the threshold falls to 200 and then 180 kgCO2e/MWhe. This post-2025 threshold is only just 

above the current Chain 4 base case GHG emissions value of 175 kgCO2e/MWhe, suggesting limited 

headroom for different supply chain options to be considered, or that improvements in Chain 4 may 

be necessary, unless there is rapid UK grid decarbonisation24.  

4.6.5 Chain 5 – CFB combustion boiler with screening 

 

Figure 4.63: Chain 5 LCOE sensitive parameters spider chart 

From this Chain 5 LCOE spider chart it can, again, be seen that the transport distances must be kept 

low to keep the LCOE reasonable. Reducing the CFB combustion CAPEX scaling factor (i.e. effectively 

minimising the CFB combustion CAPEX at a given scale), and increasing the scale of the CFB plant are 

the best ways to reduce chain LCOE – for context the base case CFB plant scale is 100MWe, but could 

go up to 400MWe. The 150km distance assumed for transporting the screened chips could also be 

reduced as a way of lowering chain LCOE. 

                                                             

24
 Note that as the TEABPP project is only scoped to look at current costs, emissions and performance, we have not looked at future UK 

power grid decarbonisation scenarios in particular years (e.g. 2030). Lower grid GHG intensities will lower Chain 4 GHG emissions to some 
extent, giving some extra headroom, but this has not been quantified.  
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Figure 4.64: Chain 5 net efficiency sensitive parameters spider chart 

The two parameters most able to most improve the Chain 5 net efficiency are large conversion unit 

capacity (as this drives higher plant efficiencies), and a high efficiency multiplier (i.e. towards the top 

end of the uncertainty range in CFB plant efficiencies available).  

Choosing woody over Miscanthus feedstocks also increases net chain efficiency, due to the diesel 

use in transporting bales or Miscanthus chips, compared to logs and woody chips (higher densities), 

as well as some CFB combustion benefits25. The warehouse storage time can also be optimised for 

the feedstock blend, choosing 4 weeks instead of the base case 13 weeks to best balance drying of 

the 50:50 blended feedstocks with degradation losses. 

                                                             

25
 Note that some of the efficiency gain when choosing woody over Miscanthus is however to do with LHV efficiency accounting – if you 

start with a much wetter feedstock, and allow natural drying, this storage step can have an efficiency of 120% (or higher), because the 
drier output biomass has a much higher LHV. Effectively, you are getting the sun’s energy for free in driving off the woody moisture during 
storage – but this benefit is not available to already dry Miscanthus. 
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Figure 4.65: Chain 5 GHG emissions sensitive parameters spider chart 

The blending split also has an impact on the Chain 5 GHG emissions, with a strong preference for 

woody over Miscanthus feedstocks if looking to minimise GHG emissions. This is partly to do with 

the slightly higher base case GHG emissions in producing Miscanthus, but mostly to do with the 

efficiency impacts discussed above (particularly the diesel use in transporting bales). For similar 

reasons, high transport distances need to be avoided to keep GHG emissions low. 

At high feedstock nitrogen contents, a large amount of urea is required, adding to the GHG 

emissions. However, at very low feedstock nitrogen contents (assumed at <0.3%26), the SNCR kit is 

assumed to no longer be required to control NOx, and hence there is no urea use. This discontinuity 

is seen in the purple line for Miscanthus nitrogen content. Were only 100% Miscanthus used, this 

purple line would likely be twice as steep, i.e. would be a more important impact (due to no blending 

dilution of feedstock parameter effects).  

Only chains with very long transport distances and high use of Miscanthus bales might struggle to be 

compliant with the post-2025 RO GHG emissions threshold (180 kgCO2e/MWhe), but otherwise the 

current base case is well below the thresholds, suggesting plenty of headroom for different supply 

chain options/parameter values to be considered. 

                                                             

26
 0.3% is the feedstock nitrogen content limit below which SNCR kit is assumed to not be required, resulting in 7% capex and opex savings. 

This was suggested by ETI reviewers in 2016, based on the I2 pellet standard, and implemented as agreed with ETI. 

-1 -0.5 0 0.5 1
60

80

100

120

140

160

180

200

Sensitive inputs (rescaled) [-]

C
h
a

in
5
 n

e
t 

c
h

a
in

 G
H

G
 e

m
is

s
io

n
s
 [

k
g
 C

O
2

e
/M

W
h

]

Miscanthus bales transport distance [km]

Screened chips transport distance [km]

Woody logs transport distance [km]

Miscanthus nitrogen content [kg/kg (dry)]

Blending split [kg (wet) woody/kg (wet) feedstock]

http://www.laborelec.be/ENG/wp-content/uploads/2012/05/120427-IWPB-Industrial_pellets_specifications_KJ_YR-2.pdf


Deliverable 6: Analysis and Recommendations report   73 

 

4.6.6 Chain 6 – CFB combustion boiler with pelleting 

 

Figure 4.66: Chain 6 LCOE sensitive parameters spider chart 

The effects of the input parameters on the LCOE of Chain 6 are similar to those in Chain 5, with the 

main differences being that the silo storage time should be kept as short as possible (to minimise silo 

costs), and the transport distance of the pellets should also be kept short. Reducing the CFB 

combustion CAPEX scaling factor (i.e. effectively minimising the CFB combustion CAPEX at a given 

scale), and increasing the scale of the CFB plant are still the best ways to reduce chain LCOE. 

 

Figure 4.67: Chain 6 net efficiency sensitive parameters spider chart 

-1 -0.5 0 0.5 1
100

150

200

250

300

Sensitive inputs (rescaled) [-]

C
h
a

in
6
 n

e
t 

to
ta

l 
L

C
O

E
 [

G
B

P
/M

W
h

]

Miscanthus bales transport distance [km]

CFB combustion CAPEX scaling factor [-]

Silo storage time [weeks]

Woody logs transport distance [km]

CFB combustion unit scale [MW]

Pellet transport distance [km]

-1 -0.5 0 0.5 1
10

15

20

25

30

Sensitive inputs (rescaled) [-]

C
h
a

in
6
 n

e
t 

c
h

a
in

 e
ff
ic

ie
n

c
y
 [

%
]

Miscanthus bales transport distance [km]

CFB combustion efficiency multiplier [-]

Woody logs transport distance [km]

CFB combustion unit scale [MW]

Pellet transport distance [km]

Woody logs storage time [weeks]



Deliverable 6: Analysis and Recommendations report   74 

 

The blending split has a smaller effect on the Chain 6 net efficiency than it does in Chain 5, as it no 

longer shows explicitly above (did not make the sider chart cut-off). This is because Chain 5 is 

transporting blended chips 150km (with a significant difference in density between Miscanthus chips 

or woody chips), and this change in diesel use impacts chain net efficiency. By contrast, Chain 6 

transports uniform, high density pellets over 150km, and so the impact of the blending split on the 

chain net efficiency is small. 

The two parameters most able to most improve the Chain 6 net efficiency are still a large conversion 

unit capacity and a high efficiency multiplier. Long distances (particularly Miscanthus bales) need to 

be avoided. 

Similar to Chain 3, the woody log storage time, and therefore moisture content of the logs does have 

a small impact, and could be stored for longer to improve chain efficiency. 

  

Figure 4.68: Chain 6 GHG emissions sensitive parameters spider chart 

The results for the Chain 6 GHG emissions are also similar to those for Chain 5, although with the 

CFB combustor efficiency being slightly more important than the blending split (which is now not 

shown explicitly), albeit having a similar effect – i.e. achieving high conversion efficiencies is the best 

way to minimise chain GHG emissions. There is a similar discontinuous step for the Miscanthus 

nitrogen content, as in Chain 6. 

Only chains with long transport distances might struggle to be compliant with the post-2025 RO GHG 

emissions threshold (180 kgCO2e/MWhe), but otherwise the current base case is comfortably below 

the thresholds, suggesting headroom for different supply chain options/parameter values to be 

considered. 
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4.6.7 Chain 7 – CFB combustion boiler with chemical washing and pelleting 

 

Figure 4.69: Chain 7 LCOE sensitive parameters spider chart 

The main difference between Chains 7 and 6 regarding the LCOE is that for Chain 7, chemical 

washing plants that are smaller than the base case should be avoided to keep costs down. Reducing 

the CFB combustion CAPEX scaling factor (i.e. effectively minimising the CFB combustion CAPEX at a 

given scale) is still the best way to reduce chain LCOE – increasing the scale of the CFB plant would 

also decrease costs, but is not explicitly shown here (as it does not meet the 5% cut-off). 

 

Figure 4.70: Chain 7 net efficiency sensitive parameters spider chart 
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Similar to Chains 5 and 6, the two parameters most able to most improve the Chain 5 net efficiency 

are still a large conversion unit capacity and a high efficiency multiplier. Long distances (particularly 

Miscanthus bales) need to be avoided. Choosing woody over Miscanthus feedstocks also increases 

net chain efficiency, as in Chain 5 (and Chain 6, just not explicitly shown). 

Since there is no moisture loss from pellets stored in silos, and degradation rates are very low, the 

silo storage time does not appear on this chart (compared to the warehouse storage time appearing 

the Chain 5 efficiency spider chart). 

 

Figure 4.71: Chain 7 GHG emissions sensitive parameters spider chart 

The Chain 7 GHG emissions spider chart shows that both larger CFB conversion unit scale and higher 

conversion efficiencies have an important role in lowering GHG emissions. 

The Miscanthus nitrogen content (in the starting feedstock) is much more sensitive than in Chain 5 

or 6, with a steeper gradient (note the y-axis goes up to much larger values than in the equivalent 

Chain 5 or 6 charts). This is because chemical washing increases the biomass nitrogen content. This 

also means that the step for which SNCR and urea are no longer required has been significant shrunk 

– it is now only the very smallest starting feedstock nitrogen contents that can avoid the urea GHG 

emissions hit. 

Chains with long transport distances would struggle to be compliant with the current RO GHG 

emissions threshold (240 kgCO2e/MWhe). However, after 2020 or 2025 when the threshold falls to 

200 and then 180 kgCO2e/MWhe, Chain 7 will be at severe risk of being non-compliant, as the 

current base case is 199 kgCO2e/MWhe. In the absence of rapid UK grid decarbonisation, this 

suggests that only certain chain options/parameter options can be considered, and significant work 

may have to go into decreasing various chemical and energy inputs. 
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4.6.8 Chain 8 – EF gasifier + syngas CCGT with pelleting 

 

Figure 4.72: Chain 8 LCOE sensitive parameters spider chart 

From this Chain 8 LCOE spider chart it can, again, be seen that the transport distances must be kept 

low to avoid high LCOE values. As in Chain 6, silo storage time should be kept as short as possible (to 

minimise silo costs). Increasing the scale of the EF gasifier + CCGT conversion plant is the best way to 

reduce chain LCOE – for context the base case conversion plant gross output is 300MWe, but could 

go up to 755MWe (before parasitic loads are then considered). Smaller plants <100MWe are to be 

avoided, given the high levelised CAPEX and lower CCGT efficiency. 

 

Figure 4.73: Chain 8 net efficiency sensitive parameters spider chart 

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1
100

150

200

250

300

Sensitive inputs (rescaled) [-]

C
h
a
in

8
 n

e
t 
to

ta
l 
L
C

O
E

 [
G

B
P

/M
W

h
]

Miscanthus bales transport distance [km]

EF gasifier and CCGT unit gross output [MW]

Silo/tank storage time [weeks]

Woody logs transport distance [km]

Pellet transport distance [km]

-1 -0.5 0 0.5 1
15

20

25

30

35

40

Sensitive inputs (rescaled) [-]

C
h
a
in

8
 n

e
t 
c
h
a
in

 e
ff
ic

ie
n
c
y
 [
%

]

EF gasifier and CCGT unit gross output [MW]

Miscanthus bales transport distance [km]

CCGT efficiency multiplier [-]

EF gasifier efficiency multiplier [-]

Syngas cleanup efficiency [MW/MW]

Woody logs transport distance [km]



Deliverable 6: Analysis and Recommendations report   78 

 

Regarding the net chain efficiency for Chain 8, the scale of the conversion unit is very important, as 

the efficiency drops off rapidly as the scale is decreased below the base case value.  

Increasing the efficiency of the CCGT and EF gasifier sub-units would lead to the greatest overall 

improvement in net chain efficiency. The assumed base case value for the efficiency of the syngas 

clean-up (the third sub-unit) is relatively high, as shown by the shift to the left of the green line, and 

so there is less potential for improvement. 

Overall, this chart is fairly similar to the equivalent chart for Chain 3, although in general the 

efficiencies shown are higher for Chain 8 than in Chain 3. 

 

Figure 4.74: Chain 8 GHG emissions sensitive parameters spider chart 

Achieving low GHG emissions for Chain 8 requires a similar set of conditions or improvements as 

discussed for the Chain 8 net efficiency spider chart – this GHG emissions chart is effectively the 

efficiency chart but turned upside down (higher efficiencies mean lower GHG emissions). The 

presence of pellet transport distance requires minimising where possible. 

Only chains with long transport distances might struggle to be compliant with the post-2025 RO GHG 

emissions threshold (180 kgCO2e/MWhe), but otherwise the current base case is comfortably below 

the thresholds, suggesting headroom for different supply chain options/parameter values to be 

considered. 
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4.6.9 Chain 9 – EF gasifier + syngas CCGT with torrefaction + pelleting 

 

Figure 4.75: Chain 9 LCOE sensitive parameters spider chart 

The trends here are very similar to those in the Chain 8 LCOE spider chart, and increasing the scale of 

the EF gasifier + CCGT conversion plant is the best way to reduce chain LCOE. There is one (explicit) 

addition to the chart, with a lower discount rate shown to be able to reduce the LCOE. Discount rate 

reductions are also important to Chain 8, but do not quite meet the 5% cut-off to be shown. The 

pellet transport distance still has an impact in Chain 9, but this impact is reduced to less than the 5% 

cut-off due the higher energy density of the torrefied pellets. 

 

Figure 4.76: Chain 9 net efficiency sensitive parameters spider chart 
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Overall, this Chain 9 net efficiency spider chart is fairly similar to the equivalent chart for Chain 8. 

The conversion unit scale and conversion sub-unit efficiencies have the same impacts as in Chain 8, 

and should all be maximised in order to maximise the Chain 9 net efficiency. In addition, the 

torrefied pelleting LHV multiplier27 shows a linear relationship, as the higher LHV of the pellets 

translates into less diesel use in trucking, and hence higher net chain efficiency. 

   

Figure 4.77: Chain 9 GHG emissions sensitive parameters spider chart 

Almost all of the parameters plotted on the Chain 9 net efficiency spider chart appear here 

(inverted) on the Chain 9 GHG emissions spider chart. The conversion unit scale and conversion sub-

unit efficiencies have the same impacts as in Chain 8, and should all be maximised in order to 

minimise the Chain 9 GHG emissions. However, as discussed for the Chain 9 pie charts, the torrefied 

pelleting LHV multiplier and the pellet transport distance are not plotted on the Chain 9 GHG 

emissions spider chart, since the torrefied pellets reduce the final transport step GHG emissions 

from diesel consumption enough that the sensitivities to the torrefaction+pelleting plant parameters 

and pellet transport distance are sufficiently reduced to now no longer be explicitly plotted.  

Only chains with very long transport distances or very small conversion plant capacities might 

struggle to be compliant with the post-2025 RO GHG emissions threshold (180 kgCO2e/MWhe), but 

otherwise the current base case is comfortably below the thresholds, suggesting headroom for 

different supply chain options/parameter values to be considered. 

                                                             

27
 This multiplier is a parameter at the start of the formula that calculates the output torrefied pellet LHV based on the input feedstock LHV 

(in GJ/odt), and reflects uncertainty and variability in torrefaction+pelleting operating conditions. The base case for the multiplier = 1.09, 
i.e. torrefied pellets in the base case have an LHV that is 9% higher than the input feedstock LHV. So, taking a new value of 1.199 for the 
multiplier creates a torrefied pellet LHV that is 19.9% higher than the input feedstock LHV, and is (1.119/1.09 – 1 =) 10% above the base 
case torrefied pellet LHV. 
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4.6.10 Chain 10 – EF gasifier + syngas CCGT with pyrolysis 

 

Figure 4.78: Chain 10 LCOE sensitive parameters spider chart 

For Chain 10, the ash content of the Miscanthus feedstock has a very large and exponential effect on 

the chain LCOE, due to higher ash content reducing the pyrolysis efficiency (yields of bio-oil are 

significantly reduced in favour of biochar/solid fractions). The ash content of the woody feedstock 

will also impact, but given its min-max range is smaller than that of Miscanthus, it is not significant 

enough to meet the 5% cut-off for plotting. Minimising the feedstock ash content that goes into the 

pyrolysis unit is therefore an effective way to reduce LCOE. 

Increasing the scales of the EF gasifier + CCGT conversion plant and of the pyrolysis unit are also 

important methods to reduce the chain LCOE, and small unit scales should be avoided – as should 

high transport distances. 
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Figure 4.79: Chain 10 net efficiency sensitive parameters spider chart 

The inherent ash contents of both feedstocks are important when looking at the Chain 10 net 

efficiency, and show a linear relationship (as parameterised in the pyrolysis module). These ash 

contents need to be minimised if looking to maximise the chain net efficiency – which is starting 

from a lower base case than the rest of the TEABPP chains. The importance of the pyrolysis 

efficiency to Chain 10 is confirmed by the chart showing that the largest efficiency improvements 

come from increasing the pyrolysis efficiency multiplier28.  

The conversion unit scale and CCGT efficiencies also have important impacts. It is noticeable that the 

y-axis goes down as far as only 5% net chain efficiency – i.e. there are several parameters choices 

that could leave Chain 10 generating little more in electricity than it consumes in other energy inputs 

– and this is without TEABPP quantifying the energy used in feedstock production29 (as explicit 

modelling of the feedstock production step is outside of the TEABPP scope). 

                                                             

28
 This multiplier is a parameter at the start of the pyrolysis efficiency formula that reflects the uncertainty and variability in pyrolysis unit 

efficiencies. The base case for the pyrolysis efficiency multiplier = 1.00. So, taking a new value of 1.10 for the multiplier increases the 
pyrolysis unit efficiency by 10% (not %-points) above the base case pyrolysis unit efficiency. 
29

 Each feedstock enters the TEABPP model system boundary at the farm/forest gate, accompanied by their physical and chemical 
characteristics, a single cost value, and a single GHG emissions factor (that encompasses establishment, cultivation and harv esting of that 
feedstock, following the RHI/RO methodology). “Feedstock production” is therefore everything upstream of the TEABPP model. The 
TEABPP model therefore does not have any parameters corresponding to inputs (e.g. diesel) to the feedstock production step, and so 
TEABPP cannot quantify how much energy is consumed in producing each feedstock. The chain net energy efficiencies for generating 
power or heat in TEABPP are therefore calculated from the farm/forest gate, and not from the rhizome/cutting/sapling. However, the 
chain GHG emissions in TEABPP encompass the whole chain from planting to end vector, and are consistent with the RHI/RO GHG 
methodology, due to the use of a feedstock GHG emissions factor (from the Ofgem/E4tech Solid & gaseous biomass carbon calculator). 
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Figure 4.80: Chain 10 GHG emissions sensitive parameters spider chart 

In many ways, this chart is similar to the Chain 10 LCOE spider chart, although instead of the 

pyrolysis unit scale being shown, the pyrolysis efficiency multiplier is plotted, as this has a more 

direct role on the chain efficiency, and hence GHG emissions. 

Significant GHG emission savings can be made by maximising the conversion unit scale and pyrolysis 

efficiency, and minimising the feedstock ash content, as all these work to increase the chain 

efficiency, and reduce GHG emissions. The transport distances have more absolute impact on GHG 

emissions in Chain 10 than in Chains 8 and 9, because the lower chain efficiency acts as a multiplier, 

enhancing all the costs and GHG emissions, particularly for those components furthest upstream in 

the chain. 

Only chains with very long transport distances or extremely high ash contents might struggle to be 

compliant with the post-2025 RO GHG emissions threshold (180 kgCO2e/MWhe), but otherwise the 

current base case is comfortably below the thresholds, suggesting headroom for different supply 

chain options/parameter values to be considered. This is because although the chain gross efficiency 

is low, the pyrolysis unit is mostly self-sufficient (provides its own drying etc.), and therefore has few 

materials or energy inputs, which keeps GHG emissions low. 
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5 Cross-over conditions  

The analysis in Section 4 has been conducted for each chain in turn, but now the analysis starts 

explicitly comparing results between chains with the same conversion technology. This analysis is 

done by calculating the difference between the chains “with” pre-processing and the chain 

“without”30 pre-processing (i.e. the groups are Chain 2 vs. 1, Chain 4 vs. 3, Chains 6 & 7 vs. 5, and 

Chains 9 & 10 vs. 8). There are therefore four chain group comparison exercises in this section of the 

report.  

For most chain groups and base case values, as shown in Section 4.4, the chain without pre-

processing is “better” (lower cost, emissions or higher efficiency) than the chain with pre-processing. 

A “cross-over” is defined as occurring when by varying one input parameter, a chain with 

processing goes from being worse than the chain without pre-processing, to being better than the 

chain without pre-processing. Cross-overs can, and typically do, happen for the net chain LCOE, 

efficiency or GHG emissions metrics independently – i.e. varying one parameter might cause a cross-

over to occur in the GHG emissions difference between two chains, but not a cross-over in the LCOE 

difference between the same two chains. 

At some base case values, chains have already crossed-over, in which case the “with” processing 

chain is already better than the “without” pre-processing chain. An example would be the base case 

GHG emissions for Chain 10 already being considerably lower than the base case GHG emissions in 

Chain 8. However, it is still worth exploring when these chains might cross-over back over, e.g. the 

conditions under which Chain 10 has higher GHG emissions than Chain 8. 

This cross-overs section examines and explains the situations where there are clear (or unclear) 

benefits of pre-processing, and the key trade-offs made – and hence where it is safe to draw 

conclusions.  

5.1 Cross-over charts 

The following cross-over charts show how the most relevant input parameters affect the difference 

in output metric values between chains that share the same conversion technology. The y-axis plots 

the difference in LCOE, difference in net efficiency or difference in GHG emissions between the two 

chains. The x-axis gives the absolute values of the input parameter being examined.  

Graphically, a cross-over occurs when by varying the parameter on the x-axis, you go from above the 

y=0 line to below it (or vice versa). As the y-axis values are calculated as ychain with pre-processing - ychain 

without pre-processing, the with pre-processing chain is better in terms of LCOE or GHG emissions when the 

y-axis value is negative, and better in terms of net chain efficiency when the y-axis value is positive. 

There are hundreds of input parameters that could have been plotted on the x-axis for each chart, 

but a selection process was used to calculate the differences between each pair of chains and take 

forward (for plotting) only those parameters that had the most favourable values, i.e. the 

parameters and metrics with cross-overs, or closest to achieving cross-overs. 

                                                             

30
 Note that all 10 chains technically include some form of pre-processing. However, in Chains 1, 3 and 5, this pre-processing is only 

screening, as these chains are assumed to be the simplest chains possible, and hence are described as being “without” signi ficant pre-
processing. For Chain 8, the pre-processing is used is pelleting (which is more significant), but given the scale of the conversion technology, 
it was assumed infeasible to use chip only supply chains, and hence including pelleting was the simplest supply chain possible. 
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The solid lines on each chart are plotted from the points already generated in MoDS for the spider 

diagrams. They show how the output metrics of the chains with pre-processing vary relative to the 

comparable chain without pre-processing when all of the parameters are set at their base values, 

except for the parameter shown on the x-axis. The large circles indicate the location of the base case 

value. On a few charts these circles are not included as the parameter on the x-axis had a different 

base value for the two chains being compared. 

These charts also include scatter points due to the variation in the uncertain parameters. Deriving 

the uncertainty scatter clouds for each of the cross-over charts involved CMCL running the gPROMS 

model for each selected user-defined variable and each pair of chains 5,000 times, using MoDS. This 

was done whilst letting all the uncertain parameters vary uniformly between their minimum and 

maximum values, and whilst holding all of the user-defined variables (e.g. transport distance, 

storage time) at their base cases (except when the parameter on the x-axis is a user-defined 

variable, in which case it was also varied within its range).  

All the cross-over charts below plot the difference (delta) between a pair of chains’ results on the y-

axis31. This pairing between chains is important as it removes variation due to any uncertain 

parameters that affect the results of both chains. The y-axis position of an individual scatter point in 

e.g. Figure 5.1 is calculated as LCOEChain 2 – LCOEChain 1, and both these LCOE values are derived using 

the same values for the input uncertain parameters (e.g. the same Miscanthus ash content, the 

same underfeed boiler CAPEX multiplier). This requires the MoDS software to carefully pair up and 

simultaneously output e.g. Chain 1 and Chain 2 results sharing the same input values. The next 

scatter point is calculated from the next paired run of Chain 1 and Chain 2 sharing a new set of input 

values, and the following scatter point is calculated from another new shared set, and so on, in order 

to build up the scatter cloud of 5,000 scatter points. Each scatter point therefore corresponds to a 

different shared set of input values. 

As well as the raw scatter point clouds, prediction intervals have been plotted. These dashed lines 

bound an area within which 95% of new model points are expected to fall32. These were produced 

by collecting the scatter points into groups based on their x-axis values and then using a non-

parametric distribution to estimate the smallest range that satisfies the 95% requirement. 

These prediction intervals (the region between the dashed lines) show how much the uncertainty 

parameters affect the likelihood of a cross-over when varying the x-axis parameter, and hence which 

cross-over results are very clear and robust to uncertainty (a very narrow prediction interval), and 

which are not clear and highly dependent on the uncertain parameters (a very wide prediction 

interval). This is also vital information to be able to include within the Venn diagrams in Section 5.2.  

Exploring which uncertain parameters are most responsible for the width of the scatter clouds is out 

of scope, although some limited insights are already available from the spider and pie charts (as 

                                                             

31
 A different type of cross-over chart could have been produced in TEABPP by plotting the absolute LCOE values for both chains on the 

same y-axis (e.g. show Chain 1 LCOE and Chain 2 LCOE charts overlaid, and leaving the reader to work out the delta by comparing the two 
datasets). However, this approach would have led to wider uncertainty clouds around each chain’s base case line, and there would have 
been regions in which an important uncertain parameter has a relatively high value for one chain and a low value for the other, which 
would be misleading in drawing comparisons. For example, you would not want to compare how the absolute LCOEs for Chains 1 an d 2 
vary with blending split, when the Chain 1 results are all using high Miscanthus ash contents, and the Chain 2 results are all using low 
Miscanthus ash contents. This different type of cross-over chart was therefore not produced in TEABPP. 
32

 If the scatter points obeyed a normal distribution about the base case line, this 95% requirement would equate to 2 standard deviations 
in either direction from the base case line, however, many scatter point clouds do not follow a normal distribution and have some skew. 
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these identified the most sensitive parameters, covering both user-defined variables and uncertain 

parameters), and these are mentioned below (such as ash, moisture, costs, multipliers etc). 

5.1.1 Chain 2 vs. Chain 1 

As an explanation of how to read the first cross-over diagram (Figure 5.1), this plots the difference in 

LCOE between Chain 2 and Chain 1 (i.e. delta = LCOEChain 2 – LCOEChain 1) on the y-axis. The x-axis 

shows the blending split, which can vary from a minimum of 0 (i.e. 100% Miscanthus) to a maximum 

of 1 (i.e. 100% Woody). The solid blue circle shows that at the base case blending split of 0.5, and 

with all other parameters also at their base case, the delta is £4/MWhth, i.e. Chain 2 is more 

expensive. The solid blue line is the base case line, and shows that by increasing the blending split 

(more woody), the delta is very slightly higher, by decreasing the blending split (more Miscanthus), 

the delta becomes slightly closer to y=0. However, the base case line does not cross-over y=0, and so 

varying only the blending split parameter is unable to achieve a LCOE cross-over for Chain 2 vs. 1, 

and Chain 1 remains cheaper.  

 

Figure 5.1: Chain 2-1 delta LCOE vs. Blending split cross-over chart 

The very small blue dots show the 5,000 scatter point values, which together make up the 

uncertainty cloud. This cloud drifts downwards when moving left on the chart (increasing 

Miscanthus blending), with many individual points falling below y=0. This trend can also be seen by 

following the lower dashed blue line for the prediction interval, which at x=0 almost ends up as far 

below the y=0 line as the upper dash blue line does above y=0, i.e. there is very little to choose 

between the two chains. Interestingly, the uncertainty here is relatively small (only roughly 

±£4/MWhth), because other important uncertain parameters like the underfeed stoker boiler capex 

multiplier are common to both chains, and therefore their influence has been removed when 

plotting the LCOE delta. 
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Moving to the right on the chart (increasing woody blending), the uncertainty cloud generally drifts 

upwards with a skew towards higher delta values (also seen by following the upper dashed blue 

line). There are almost no scatter points below y=0. This means that there are almost no Woody 

dominated runs with cross-overs, and Chain 1 is clearly preferred over Chain 2 to the right of the 

chart. So whilst the blending split parameter on its own is unable to achieve a LCOE cross-over, when 

varying other parameters as well the user is much more likely to find a LCOE cross-over for Chain 2 

vs. 1 when they focus on Miscanthus rather than Woody feedstocks,. This makes sense, as field 

washing has the greater benefit for Miscanthus, as Miscanthus has higher soil & stone 

contamination and higher halide content than Woody feedstocks. 

The scatter cloud is much more tightly clustered at the left and centre of the chart, and much wider 

at the right. This means the results are more certain when using mainly Miscanthus, than when using 

mainly Woody feedstocks. This also makes sense, as the woody feedstocks have a high and wide 

range of moisture contents, and field washing adds more moisture, meaning many of the runs on 

the right of the chart have wet biomass arriving at the boiler, and hence lower efficiencies/high 

LCOE. This does not happen with Miscanthus, due to its dry starting condition and smaller range of 

moisture contents. 

This LCOE delta vs. blending split chart is actually the only cross-over chart of interest that was worth 

plotting for any of the Chain 2 vs. 1 metrics, as the rest of the charts did not get close to crossing 

over. This is to be expected given the spider charts for Chains 2 and 1 are so similar. In contrast, the 

other chain groups below plot a number of different parameters for a number of different metrics, 

so this paucity of cross-over opportunities for Chain 2 vs. 1 is a result in itself – i.e. the opportunities 

for cross-overs are limited. This is confirmed by the Venn diagrams in Section 5.2. 
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5.1.2 Chain 4 vs. Chain 3 

 

Figure 5.2: Chain 4-3 delta LCOE vs. Miscanthus screening unit inlet mass rate cross-over chart 

For the Miscanthus screening unit inlet mass rate plotted in Figure 5.2, Chain 3 (screening) is 

definitively cheaper than Chain 4 (water washing + pelleting) at the base case, and at larger 

screening unit scales. This is demonstrated by the lower dashed line staying at or slightly above y=0, 

and the base case line staying flat, and well above y=0. It is only at the very smallest screening unit 

scales when Chain 3 becomes more expensive than Chain 4. However, this is to be expected, as 

Chain 4 does not have an onsite screening technology – i.e. this cross-over chart is effectively 

holding the Chain 4 LCOE constant, and only varying the Chain 3 LCOE. There is an almost identical 

LCOE cross-over chart with the Woody screening unit inlet mass rate plotted on the x-axis, which is 

not shown here for brevity. 
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Figure 5.3: Chain 4-3 delta LCOE vs. woody log storage time cross-over chart 

At the base case log storage time (78 weeks), and at higher log storage times, Chain 3 is clearly 

preferred to Chain 4, with the prediction interval also lying above y=0. However, setting the woody 

log storage time to zero causes Chains 3 and 4 to have the same LCOE when the other parameters 

are at their base case conditions (i.e. still with 50% Miscanthus). This suggests that if Chains 3 and 4 

were using 100% woody feedstocks, this solid line would very likely cross-over at a modest number 

of weeks, and Chain 4 could be cheaper at zero storage time.  

The scatter points are fairly evenly distributed around the base case line, with slightly more results 

above the base case line between 0-78 weeks. However, as shown by the wider spread of the 

dashed lines, the results at low storage times are slightly less certain.  

Low log storage times mean that the chips in Chain 3 will be wet, resulting in paying for trucking 

water, and significantly lowering the BFB gasifier efficiency. Whereas in Chain 4, the extra natural 

drying step and then pelleting shield the BFB gasifier from any efficiency loss, and the pellets means 

minimal water is trucked around – so how wet the logs are after storage (based on log storage time) 

does not matter to Chain 4.   

5.1.3 Chain 7 & Chain 6 vs. Chain 5 

For chain groups where there are two chains “with” pre-processing being compared to one chain 

“without” pre-processing, the following cross-over charts contain two sets of data. In this sub-

section of the report, all the data in blue refers to the Chain 6 – Chain 5 delta, and all data in red 

refers to the Chain 7 – Chain 5 delta. 
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Figure 5.4: Chain 6-5 (blue) and Chain 7-5 (red) delta LCOE vs. screened chips/pellet transport distance cross-
over chart 

As shown on this chart, if the transport distance of the processed feedstock (screened chips or 

pellets) is high then pre-processing becomes more favourable. At the base case values (150km), 

Chain 5 remains cheaper than both Chains 6 and 7. However, above ~500km, the blue base case line 

for Chain 6 (pelleting) becomes cheaper than Chain 5 (chips). The blue uncertainty cloud is relatively 

tight at low transport distances, but becomes increasingly wide as transport distances increase. This 

is because as distances increase, the other uncertainties related to the transport step (such as fuel 

consumption, driver wages etc.) are accentuated. It is also noticeable that the majority of blue 

scatter points lie below the blue base case line, i.e. favouring Chain 6 instead of Chain 5, which is 

likely to be due to particularly low chip densities skewing Chain 5 transport costs upwards. Following 

the prediction intervals, at the maximum 800km, over 95% of the results lie below y=0, i.e. this chart 

just shows a full cross-over with clear daylight between Chain 6 and 5. 

For Chain 7 – Chain 5 shown in red, this is further away from achieving a cross-over, due to the 

added costs of chemical washing. The base case line just reaches y=0 at the maximum 800km, but 

this is not a clear cross-over, as the prediction interval lies above and below y=0. The red prediction 

interval is wider than the blue interval, which is due to the additional chemical washing parameters 

and chain complexity. The red base case line is also particularly heavily skewed towards the upper 

dashed line, i.e. the large majority of red scatter points lie below the base case line, suggesting that 

many combinations of the uncertain parameters will favour Chain 7 over Chain 5, particularly at the 

largest transport distances. 

Exactly the same messages can be read from this LCOE cross-over chart for transport distance as can 

be extracted from the net chain efficiency cross-over chart for transport distance, so this second 

chart is not shown. The two charts look identical, having very similar cross-over points and clouds, 
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except that the net chain efficiency chart is inverted (i.e. the efficiency deltas start below y=0, and 

lines then rise as transport distance increase, because Chains 6 and 7 use significantly less diesel per 

MWh than Chain 5).  

 

Figure 5.5: Chain 6-5 (blue) and Chain 7-5 (red) delta GHG emissions vs. screened chips/pellet transport 
distance cross-over chart 

Taking the same parameter (screened chips/pellet transport distance), but plotting the delta in GHG 

emissions gives a slightly different picture to the LCOE and efficiency deltas. Chain 5 is strongly and 

clearly favoured in terms of GHG emissions over Chain 7 at all distances, and over Chain 6 at all 

distances <530km (when the lower dashed line reaches y=0). Neither blue or red base case lines are 

able to achieve a cross-over. This is because the GHG emissions factors associated with the energy 

and materials inputs to pelleting and chemical washing are significant, in comparison to the very 

simple screening used in Chain 5. 

However, there are similarities to the earlier LCOE cross-over chart, in that the scatter points are 

typically distributed below the base case lines, and the uncertainty increases with increasing 

transport distances.  
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Figure 5.6: Chain 6-5 (blue) and Chain 7-5 (red) delta LCOE vs. warehouse storage time cross-over chart 

As a reminder, warehouses are used in Chains 5 (directly after screening on the same site) and Chain 

7 (directly after chemical washing and before pelleting, all on the same site), as well as in Chain 4 

(directly after water washing and before pelleting, all on the same site). Chain 6 does not use a 

warehouse, and only uses a silo after pelleting. 

The circles show that Chain 5 is cheaper than Chains 6 or 7 at the base case. For the blue data set 

(Chain 6 – Chain 5), the base case line crosses-over at ~75 weeks, when Chain 5 becomes more 

expensive than Chain 6. This makes sense, as the capex for warehouse storage and chip degradation 

increase with storage time, whereas Chain 6 costs have not changed (silo storage time has not been 

changed in this chart – if it were also increased at the same time as the warehouse storage time, 

then these delta changes would be reduced). The blue prediction intervals are relatively tight, and 

the blue scatter cloud is generally lying below the base case line, i.e. favouring Chain 6. 

The red base case line for Chain 7 – Chain 5 shows several different gradients, due to the differences 

in the drying and degradation rates and hence optimal storage times between the two chains. The 

base case storage time happens to already minimise the LCOE delta, with shorter storage time giving 

wet biomass to pelleting in Chain 7, and longer storage times degrading quicker than in Chain 5. The 

red scatter cloud is almost entirely lying below the red base case line (so much so, that the base case 

line overlaps with the upper prediction interval). However, the lower prediction interval is always 

above y=0, so Chain 7 is clearly more expensive than Chain 5, even with uncertainties.  

Exactly the same messages can be read from this LCOE cross-over chart for warehouse storage time 

as can be extracted from the net chain efficiency cross-over chart for warehouse storage time, so 

this further chart is not shown. The two charts look very similar, having very similar cross-over points 

and clouds, except that the net chain efficiency chart is inverted (i.e. the efficiency deltas start below 






























































































































































































