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Thermochemical material recovery of wind turbine blades

A techno-economic evaluation of thermochemical conversion as recycling method for
end-of-life wind turbine blades

MELKER TORSLEN

Department of Space, Earth and Environment

Chalmers University of Technology

Abstract

As the demand for renewable energy increases, more and more wind turbines are
constructed as wind power is a proven and cost effective renewable energy source.
While most of the turbines are constructed from metal which is fairly simple to recy-
cle, the wind turbine blades are constructed from composite polymer material which
is relatively complicated to recycle with products of relatively low value. Currently,
the main disposal methods are landfills or incineration. Neither of these options
are ideal from an environmental point of view since the polymer material generally
is produced from fossil sources. This study is considering an alternative approach,
to use thermochemical conversion processes such as gasification and pyrolysis to re-
cover the polymer material. While theoretically possible, this study examines the
techno-economical viability of said processes to evaluate if these processes could be
commercially feasible as methods to recycle EOL WTB. Using a combination of
relatively simple models of distribution of species at equilibrium as well as exper-
imental data the value that can be produced by gasification of feedstock relative
to the value that can be produced by incineration can be estimated. Said model
indicated that gasification could produce more value than incineration.

Keywords: gasification, EOL WTB, pyrolysis, thermochemical conversion.
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Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

HHV Higher Heating Value
SFR Steam Feedstock Ratio
WTB Wind Turbine Blade

EOL End of Life

SMR Steam Methane Reforming
WGS Water Gas Shift

PET Polyethylene Terephthalate
BPA Bisphenol A

CHP Combined Heat and Power
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DH District Heating
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Indices
P products
reactants
X unspecified species
H, C hot- and cold side respectively

X1



Parameters and variables

T
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Tc
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Treactor
p

Px

nx

R form

hcomb

Qin

Vi,
VZDhenol
vheat
Ve
Meiurb
NHOB
Nel
NpH

nmem

fel

xii

temperature

hot-side temperature

cold-side temperature

turbine inlet temperature

gasification reactor temperature

total pressure

partial pressure of species X

molar fraction of species X

enthalpy of formation

enthalpy of combustion

reaction enthalpy / energy demand

heat released by combustion of the feedstock
electricity produced

heat produced

value produced by a process

value of hydrogen

value of phenol

value of heat

value of electricity

mass fraction of steam passing through the turbine
heat recovery efficiency of the heat-only boiler
electricity generation efficiency

district heating efficiency

hydrogen membrane efficiency

fraction of feedstock energy converted to electricity
fraction of feedstock energy converted to heat
power-to-heat ratio

ratio of electricity value to heat value
equilibrium constant based on partial pressures

constants in the equilibrium constant correlation



Greek symbols

NHOB
Nel
DH

nmem

Ah

efficiency

heat-only boiler efficiency
electricity generation efficiency
district heating efficiency
hydrogen membrane efficiency
power-to-heat ratio

reaction enthalpy / energy demand
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1

Introduction

Wind energy is one of the most used energy sources for electricity production, the
third largest source in the EU for 2022, just behind nuclear and gas (The Council
of the EU, 2022). It is a vital part of the energy transition, however some prob-
lems remain with circularity of materials related to the decommissioning of wind
turbines. Most of the materials used in wind turbines, such as steel, aluminum, and
exotic materials used in the generator, can be easily recycled and have the economic
incentives to do so. The blades consist mainly of composite polymer material that
is quite difficult to recycle (Bhatti, 2021). Widely used polymer materials in wind
turbine blades are epoxy, polyester, and vinyl ester (Brgndsted et al., 2023). In 2020
the amount of wind turbine blade waste was around 50,000 tons per year, however,
in 2050 this number is expected to rise to between 800,000 tons and 2,000,000 tons
(Majewski et al., 2022).

There are several methods for the disposal of wind turbine blades; however, one
of the most common is still the disposal of the blades in landfills (Bhatti, 2021).
Land(fill as disposal method has however been banned in EU. As such, the search for
disposal methods is becoming increasingly relevant. Ideally, discarded blades should
be recycled. Recycling processes can be divided into three categories, mechanical,
thermal, and chemical (Khalid et al., 2023).

Within these categories, there are multiple different processes that can be used
for recycling. For mechanical recycling, examples of processes are grinding the ma-
terial to filler materials and cutting the material into segments that could be used
in other applications (J. Chen et al., 2019). These processes have the advantages
of high technological maturity, low cost, and relative simplicity. However, products
from mechanical recycling are limited to products with relatively low value. For
thermochemical recycling, the products that can be recovered are of much higher
value, such as longer fibers, synthesis gas, and oil (Shen et al., 2023). Examples of
thermochemical recycling processes are pyrolysis and gasification. However, these
processes have significantly higher energy demand than mechanical recycling pro-
cesses. Chemical recycling, or solvolysis, also produces products of higher value
with potentially higher recovery rate than thermochemical recycling. Solvolysis is,
however, a more complicated process that is more sensitive to impurities and often
involves environmentally harmful chemicals (Shen et al., 2023), (Khalid et al., 2023).

Given these circumstances, thermochemical recycling could be of interest to explore
further. It has the potential to provide a higher value than mechanical recycling
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with more circularity of materials. Thermochemical recycling also appears to have
less obstacles to expand to the required scale due to solvolysis requiring a feedstock
with less impurities.

1.1 Aim

The aim of this study is to gain insight into the economic opportunities and limi-
tations of the value chains of thermochemical recycling processes for wind turbine
blades and to determine whether these processes could be economically feasible for
commercialization.

1.2 Limitations

o The processes covered in this study will be limited to pyrolysis, gasification
and incineration.

o Sweden will be used as a basis for collecting data on energy prices and product
values. For cases where data from Sweden can not be obtained data will mainly
be obtained from European countries.

o This study will exclusively focus on the relative value produced for pyrolysis,
gasification and incineration.

e No experiments will be performed for this study, instead it is limited to liter-
ature and modeling.

o The value of the fiber material will not be considered for this study.

1.3 Specification of the issues being investigated

o What are the minimum energy requirements for variations of the investigated
processes?

o Are the processes economically viable given current external factors and given
reasonable changes of external factors? If not, are there plausible scenarios
where the processes would be economically viable?

o If not commercially viable, how costly would the disposal of wind turbine
blades be if these processes are required?
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Theory

2.1 Material composition of WTB

The material used in WTB is mainly a composite of fibers (usually fiberglass) and
resin, the polymer is generally mainly composed of polyester or epoxy. Historically
polyester were used more prominently due to lower cost, however with turbines
getting larger the material choice has shifted towards epoxy due to higher strength
(Mishnaevsky Jr et al., 2017). Other fiber materials such as carbon fibers and aramid
fibers can also be found in WTB, in smaller amounts, in locations that require higher
strength and stiffness. The ratio of resin to fibers in the matrix can range from 0.34
to 0.64 by weight. Which is correspond to 24 wt% resin and 61 wt% fibers for 0.34
as well as 36 wt% resin and 55 wt% fibers for 0.64 (Energy Cluster Denmark, n.d.).
In addition to the polymers in the composite matrix, there may be PVC or PUR
foam and PUR or VE as adhesives. WTB also usually contains metal with good
electrical conductivity such as aluminum or copper for conducting lightning, as well
as some steel or aluminum for structural purposes.
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LM Wind Power
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(c) Siemens
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Figure 2.1: Material composition distribution of wind turbine blades from different

manufacturers by weight

The two materials considered are polyethylene terephthalate (PET) and bisphenol-
A-based epoxy resin (BPA). These two are chosen due to being the most widely
used material in terms of polyesters and epoxy respectively. The composition and
heating values for said materials can be found in Table 2.1 (Walters et al., 2000).

Material | C [wt%] | H [wt%] | O [wt%] | HHV [A]f—;]
PET 62.5 4.2 33.3 24.13
BPA 74.09 7.12 18.80 32.28

Material | C [’Z—gl] H [72—‘;] 0] [’Z—‘;l] -
PET 52.04 40.58 20.81 -
BPA 61.69 71.50 11.75 -

Table 2.1: Ultimate analysis and molar composition of general BPA and PET.
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2.2 Thermal decomposition paths

Thermal decomposition pathways describe the main chemical transformations that
occur when materials, in this case polymers, break down under elevated tempera-
tures. For PET (Figure 2.2) the main product formed is expected to be benzoic
acid (Figure 2.3) based on reaction theory and density functional theory (Ma et al.,

2022).
0 OI
N\
N\
—0 O

Figure 2.2: Polyethylene terephthalate molecule

O

f

OH

Figure 2.3: Benzoic acid molecule
For BPA (Figure 2.4) the products of the decomposition is mainly BPA monomers
and phenol (Figure 2.5) (D’Eusanio et al., 2025). From there the BPA monomers

will break down further to mainly phenol, especially in temperatures above 300 °C
(Kumagai et al., 2017).

CH,
"HOMO.,
CH; OH

Figure 2.4: Bisphenol-A polymer molecule

OH

Figure 2.5: Phenol molecule
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2.3 Pyrolysis

Pyrolysis is a thermochemical process in which organic matter (or another similar
material) decomposes in an environment with elevated temperature and free of ox-
idizing agents causing large molecules to break down to smaller molecules such as
CO, CO,, CHy, Hy, CgHg etc. The process usually takes place at 300 °C' - 650
°C'. While pyrolysis produce condensable gases, non-condensable gases and char;
the condensable product and char is generally the main product (Basu, 2018).

2.4 Gasification

Gasification refers to the thermochemical conversion process of a solid or liquid
carbon based feedstock to gaseous products. In contrast to pyrolysis, gasification
often involve a gasification agent such as steam, oxygen, air or CO, that reacts
with the feedstock. While there often is some amount of liquid products such as
tar, the main product is generally gaseous products such as syngas (Hy, CO and
C'Os) and some amount of small hydrocarbons (CHy, CyH, and CyHg). Further the
temperature of gasification is higher than for pyrolysis, gasification temperatures
range from 600 °C' - 1200 °C' (Y. Zhang et al., 2019). One reaction that have
significant impact of the distribution of gaseous products taking place in gasification,
especially steam gasification, is the water-gas-shift reaction (WGSR). The WGSR is
a redox type equilibrium reaction where C'O reacts with H,O to form C'O, and H.
Industrially this reaction has multiple uses including for example syngas production
and for removing CO to avoid electrode poisoning in fuel cells (W.-H. Chen and
Chen, 2020).

2.5 Reaction energy demand

Using the product distribution, the ideal energy demand for a process can be calcu-
lated with the following equation:

Ah = Z hfm"mﬁﬂ * Ny — Z hform,r * Ny (21)
p r

Another case of interest to investigate is extracting only hydrogen and combusting
the remaining products to provide energy for the process. For such a case the ideal
energy demand can be calculated with the following equation:

Ah = Z R form.p * Ty — Z B form,r * My — Z combp * T (2.2)
P T P

2.6 Economic data for products

2.6.1 Economic data for gasification products

There are three main products to influence value produced, hydrogen gas, phenol
and heat. In order for gasification to be a viable market option there are two main

6
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economic constraints. The first constraint is that the gasification process needs to
provide equal or greater value per unit mass of feedstock than the values that can
be produced with competing processes (in this case heat from combustion). And
the second one is that the selling price of hydrogen needs to be equal or lower than
the price of competing methods. As such, to properly compare values produced,
competitive values of hydrogen are used as a constraint. The same applies to the
value of heat.

Table 2.2: Value ranges used for estimating produced value in the gasification model

Product value range Unit

H, 25-48 | €/kg

Phenol 0.717 € /kg
District heating | 20 - 100 | €/MWh

To take into account some margin for error the ranges were expanded slightly wider
than the values found.

2.6.2 Economic data for combustion products

There are two common option for generating value with waste incineration. These
two options are: heat only boiler (HOB) which only produce district heating and
combined heat and power (CHP) also known as cogeneration. Modeling the value
produced by the HOB is relatively simple and can be described as the product of
heat produced and value of heat with and essentially fixed efficiency.

valuegop = valuepeq * Qin * NHOB (2.3)

Where Q;,, is the heat provided by combusting the feedstock, ngop is the efficiency
of the HOB and valuepeq; is the value per unit heat.

Modeling the value produced by CHP is more complicated. The value produced
is dependent on the value of heat, the value of electricity, the efficiency of elec-
tricity and the efficiency of district heating which both changing depending on the
power-heat ratio ().

valuecgp = Qin * (valueg * N + valuepeqr * Npp) (2.4)

Which can be rewritten as:

valuecpp = valuey * B 4+ valueneq ¥ Eheat (2.5)

Where E.; and Fj.q; is the electricity and heat produced which can be modeled as

7
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fer and freqr. The model calculates f.; and freq: based on the turbine inlet steam
temperature as well as the mass fraction of steam in the turbine. Therefore the
value of the CHP can be described as:

'Ua'lueCHP = 'Ualueel * fel (En7 mturb) + Ualueheat * fheat (T;,na mturb) (26)

The electricity and heat prices are connected, however the connection is rather
complex and depend on a series of market variables. This makes the relation of the
prices rather hard to model. To eliminate one unknown variable, scenarios where
the prices are set as a ratio to one another will be used.

2.6.3 Hydrogen

Hydrogen is mainly produced with two different methods, these are electrolysis of
H,0 and steam methane reforming (SMR). For electrolysis the main cost driver is
the cost of electricity, although capital costs are significant, and for SMR the main
cost driver is the price of methane with C'Os-costs being somewhat significant (Eu-
ropean Comission, n.d.). The European Commission estimates for 2023 the cost of
H, production for SMR to an European average of 3.76 € /kg with the lowest being
in Spain at 2.7 € /kg and 4.8 € /kg for Sweden. For grid-connected electrolysis the
average estimated cost is 7.94 € /kg with the lowest being in Finland at 4.1 € /kg
with Sweden at 4.4 € /kg. These estimations are based on methane and electricity
costs as well as estimated capital costs and efficiencies for the technologies of interest.

Looking at values found in European Hydrogen Valleys, hydrogen "ecosystems' of
geographically defined areas, the average value of green hydrogen production is 6.56
€ /kg and the average sales price is 6.92 € /kg with the mode value for both being
the range 4-6 € /kg (Roland Berger and Inycom, n.d.). The time when these values
were acquired were however not specified.

2.6.4 Phenol

The market price in Europe for e-commerce of phenol is 0.717 € /kg (5/5-2025)
(ECHEMI Group, n.d.). Since no range of values were found for phenol and it’s
not a major component considered this will be used as a fixed value. This is not to
say that it may not have some significance, however not significant enough to add
another range to the calculations due to increased computational time.

2.6.5 District heating

While no data for the operational cost of district heating in Sweden data could be
found for Denmark. Which will be used since the costs can be assumed to be similar
due to similarities in relevant aspects such as climate, economy and environmental
policies. At the lower end, straw-burning boilers were found to have a variable
operational cost of 24 € /MWh and at the higher end gas-burning boilers were
found to have a variable operational cost of 61 € /MWh of which approximately
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half ( 30.5 € /MWh)were fuel costs (Tian et al., 2019). However, while this study
were published in 2019 the source from which the production cost data were taken
were accessed in 2017. Since the price of natural gas in Europe increased by =~ 80 %
between 2017 and 2024 it seems likely that the production cost for the gas boilers
have increased by at least 24 € /MWh (30.5€ /MWh * 0.8 = 24.4€ /MWh) to ~
85 € /MWh (Eurostat, n.d.).

2.6.6 Electricity

As mentioned earlier to simplify the calculations the value of electricity will be set
as a ratio to the heat value, for this three scenarios will be used, r=1, r=2 and r=3
where 1 is the ratio of electricity value to heat value. The lower boundary, r=1, is
used as a lower boundary since producing electricity from heat inevitably will have
losses and as such converting heat to electricity is a value loss whenever heat have
equal or higher value than electricity. In practice this is more complicated with
supply and demand as well as ramp up times etc, however that is beyond the scope
of this study. The upper boundary is set since heat pumps (which usually have a
COP=3) can produce 3 units of heat per unit electricity (Ariston group, n.d.). The
case of r=2 is used as a middle ground.

2.7 Hydrogen selective membranes

Hydrogen selective membranes are, as the name suggests, membranes that let mainly
hydrogen gas pass through while preventing flow of other gases. There are several
types of membranes based on the material they consist of. These types include
polymeric, metallic, carbon, ceramic and mixed-matrix membranes as well as a few
more. These different types have different properties and advantages, for example
polymeric membranes are typically cheaper while being more permeable but less
selective than most other types. Metallic membranes on the other hand are known
for being very expensive and incredibly selective but also sensitive to sulfur "poison-
ing" while ceramic membranes typically sits somewhere in between (Karousos et al.,
2023). Other properties that differ between the different types of membranes is the
operating temperature. For metallic membranes this ranges from about 200 °C' to
650 °C and for polymeric membranes it’s typically much lower with the upper side
of the temperature range being about 200 °C' although this will vary significantly
for different polymers (Pal et al., 2020). These membranes can also be combined
in stages to gain advantages from different types. For example a polymeric-metallic
two stage membrane can be used to gain the selectivity of a metallic membrane while
keeping costs low by limiting the required size of metallic membrane. Essentially
a certain size of membrane can only handle a certain flow rate, by doing an initial
separation with a polymeric membrane a smaller metallic membrane still works for
a relatively large flow rate. Systems like this can have a hydrogen recovery rate of
above 90 % (Zito et al., 2023).
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Methodology

To determine and compare the value that can be produced by the thermochemical
EOL options, mainly combustion, pyrolysis and gasification, the products from each
process needs to be estimated and the value of said products needs to be estimated.
To estimate the product distribution a model was constructed based on a literature
study considering both experimental values from previous study as well as chemical
equilibrium theory. The value of the products were estimated based on publicly
available data. Using the data for product distribution as well as the data for
product value models for determining value from gasification and combustion were
constructed. The general idea of the method in this study is to try to outline the
relative values produced from incineration and gasification. And given that waste
incineration for energy recovery is a commercially established process and a process
currently considered for disposal of EOL WTB in Europe, if gasification can match
the values produced from combustion, it warrants further studies into gasification
as an alternative.

3.1 Literature study

For this study, three end-of-life (EOL) treatment options were considered: gasifi-
cation, pyrolysis and combustion. The literature study was primarily conducted to
identify experimental data that could be used to estimate the product distributions
and energy requirements of the investigated processes. In addition, the literature
was used to identify relevant reaction pathways, operating conditions and typical
process behavior.

Particular emphasis was placed on studies where the feedstock composition and
operating conditions were sufficiently well described to allow the reported results to
be related to the materials considered in this study. The available information was
assessed based on its suitability for constructing mass and energy balances and for
providing reference cases against which the modeling results could be evaluated.

The literature data were used in two main ways. First, experimental results were
used as reference cases for evaluating the plausibility of the modelled product distri-
butions. Second, where experimental data were insufficient to construct a complete
process model, the literature was used to identify appropriate assumptions, reaction
pathways and modeling approaches. The amount and type of information available
differed between the investigated processes, which ultimately influenced how each

10
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process could be represented in the modeling.

3.1.1 HHYV correlations

In the process of this literature study there were several cases of exact materials being
unknown, instead only the elemental mass fractions were known. Since knowing the
heat of combustion for several materials were important in this analysis a method
of determining this was needed. For unknown materials with a known ultimate
analysis the heating value can be estimated with correlations between the atomic
composition and the heating value(Channiwala and Parikh, 2002). Some known
correlations from the cited study were tested for several polymers with known HHV
by calculating HHV based on the correlation and comparing with the known value.
The three most accurate where chosen and used in calculations. The correlations
chosen were nr 6, 12 and 20 in Table 1 of the cited study.

3.1.2 Pyrolysis

To investigate the products produced from pyrolysis as well as the energy demand,
experimental studies were reviewed. It, however, proved difficult to find studies that
presented both the material used as feedstock as well as a comprehensive coverage of
the products. Most of the studies appeared to focus primarily on the liquid products
or specific molecules produced while not comprehensively covering the rest of the
products. In practice this meant that a lot of products were not presented at all and
the ones that were presented often were grouped such that the distribution could
not be determined. An example of this is that in (Torres et al., 2000) C; — Cy
gases where reported as a group with no indication as to the distribution of each
carbon chain length or distribution between alkanes, alkenes and alkynes. In other
studies with a more comprehensive coverage of the products such as (Cunliffe and
Williams, 2003) the data on the feedstock material were not described in detail. For
this reason the heat balance could not be determined. Further the reaction taking
place in pyrolysis is rather complicated and difficult to model.

3.1.3 Gasification

Experimental studies on the gasification of epoxy-based materials were reviewed to
establish a basis for modeling the gasification of wind turbine blade material. One
of the studies considered was (S. Zhang et al., 2012), which investigated the steam
gasification of epoxy resin. This study was relevant to this study since steam was
considered as the gasifying agent and the study provided experimental data on the
resulting gas products.

The literature data were used both to identify the main products that should be
considered in the model and to provide a reference case for evaluating the mod-
eled product distribution. The main gaseous products considered in the gasification
model were Hy, CO, CO,, CH4 and H,O. However, the experimental data available
from the literature were not sufficient to establish a complete mass and energy bal-
ance for the process. In particular, not all information required to fully reproduce
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the experimental conditions and product distribution was available.

Consequently, the literature data were not used directly as a complete process model.
Instead, they were used to establish a suitable basis for the modeling approach.
Chemical equilibrium calculations were employed to estimate the distribution of the
main gaseous products based on the feedstock composition and process conditions.
The experimental results from (S. Zhang et al., 2012) were subsequently used as a
reference for assessing whether the predicted product distribution was reasonable.

The comparison between the experimental results and the equilibrium calculations
also indicated that equilibrium modeling alone did not capture all experimentally
observed products. In particular, phenol was observed in significant quantities in the
experimental results but was not represented by the equilibrium model. This moti-
vated the use of a hybrid modeling approach, where the equilibrium model was used
to estimate the main gaseous products while experimentally observed condensable
products were implemented separately.

3.1.4 Combustion

The combustion process is significantly simpler from a chemical perspective in that
there are fewer products and the combustion often is relatively close to an "ideal
case' which represents complete combustion where the feedstock is fully oxidated.
The products are close to entirely composed of CO; and H,O with small amounts
of CO with around 100 mg CO per MJ which for BPA is approximately 3000 mg
per kg or around 0.4 % carbon conversion (Naturvardsverket, 2005). This means
that the ideal case is a close approximation for combustion.

3.2 Reactor modeling

Since this study is reliant on knowing the product composition distribution this has
to be estimated. Knowing the product composition is required for determining the
energy balance of the reactor which is a strong influence on the operational cost. In
addition, knowing the product composition is required to the determine the product
value which also is vital for the operational economy. A few different approaches
are explored as options for modeling the reactor.

3.2.1 Gasification

As mentioned under section 3.1.3 the data found from experimental studies were
incomplete and not sufficient to estimate the energy balance. Since the experimental
data found were insufficient and performing experiments were outside the scope of
this study the reactions needs to be modeled.

12
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3.2.1.1 Ideal case

The first and simplest model tested were ideal cases which refers to the materials
converting entirely to certain products. While not the most accurate model its
simplicity makes it a useful tool for an initial analysis. The cases explored here are:
steam gasification assuming that all carbon is converted to C'O, partial oxidation
gasification assuming that all carbon is converted to C'O and steam gasification
assuming that all carbon is converted to C'O,. The cases in which carbon is assumed
to be converted to C'O represent cases focused on syngas production and the case
in which the focus is on maximizing hydrogen production.

While the ideal cases are not strictly realistic the reaction can be controlled to a
certain degree via the reactor temperature as well as the partial pressure of steam
to shift the chemical equilibrium which can be seen in figure 3.1 and 3.2. This is
outlined in Section 3.2.1.3.

Considering these three gasification cases for BPA and using the value data from
section 2.6.1 gives the results that can be seen in in Table 3.1. The max value
uses the highest value found for Hs and the highest value for heat 4.8 € /kg and
85 € /MWh respectively. And the same for the min value with 2.5 € /kg and 24
€ /MWHh respectively.

Table 3.1: Results of ideal cases

Steam to CO | Oy to CO | Steam to C'Oy | Combustion
H, [kg] 0.17 0.07 0.30 0.00
Heat demand [kWh)] 2.65 -1.31 2.69 -8.97
CO comb. heat [kWh] 4.88 4.88 - -
Min value [€] 0.49 0.33 0.67 0.22
Max value [€] 1.02 0.87 1.20 0.76

This gives an indication that there is theoretically a potential for gasification to
produce a higher value than combustion. But more importantly, this indicates that
focusing on producing H, and converting the carbon into C'Oy appears to generate
the most value and as such that path is likely most interesting to investigate. To
investigate this a more accurate model should be used.

3.2.1.2 Experimental case

While the experimental data on it’s own isn’t sufficient for the purposes of this study
it can still be used as validation of the models to determine if the models appears to
be viable. The study found that best matched the material specifications expected
for wind turbine blades (using BPA based epoxy) were used as the baseline (S. Zhang
et al., 2012).

13
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Table 3.2: Ultimate analysis for experimental feedstock material

*Estimated based on HHV correlations

C [zel] | H (2] | O [32] | HHV* [A]
61.07 | 7446 | 1097 | 33.2

Table 3.3: Ultimate analysis for experimental feedstock material

*Estimated based on HHV correlations

For this experimental study a relatively low temperature of 650 °C' were used and
the steam-feedstock ratio (SFR) is not specified. There was mentions of testing
a range of temperatures 600 - 700 °C', this however was only for gas volume and
reaction rates and the product distribution were only shown for 650 °C. The ex-
perimental study also considered a catalytic case and a non-catalytic case however
only one temperature case were used. 650 °C' as used in this experimental study is
in the lower range for gasification and borders to what would be used for pyrolysis
rather than gasification, for that reason the non-catalytic case is likely not a very
good representation for a gasification case. The catalytic case appears to have a
distribution of products that is more similar to what would be expected in gasifica-
tion. The main components of the product distribution from the experimental data
can be seen in Table 3.4. This experimental study focused on the carbon conversion
and did not specify hydrogen production although it was mentioned that the molar
amount of Hy gas was approximately twice the molar amount of C'Os.

Table 3.4: Carbon conversion [%] for steam gasification of BPA epoxy at 650 °C

*The study mention that the amount of COs likely is higher and some of it is thought to
have been absorbed in the catalyst

**Only specification provided is carbon based non-condensable gas, since CO and COs is
given this likely refers to Co — Cy gases

Material | Non-catalytic Catalytic
CO, 5.1 41.9%
coO 7.3 4.9
CHy 7.7 8.5

Others** 3.4 5.5
Phenol 42.3 19.2

It is worth noting here that there are significant amounts of phenol present for both
the catalytic and non-catalytic case, although significantly more in the non-catalytic
case. This is likely from partial decomposition of the BPA molecule since the Phenol

molecule structure is present in the BPA molecule structure as can be seen in Figure
2.4 and 2.5.
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Based on the fact that the catalytic gasification has significantly less phenol than the
non-catalytic case, it will be assumed for the purposes of this study that the phenol
present in the products is from partial decomposition of the BPA. Further, if this
assumption is correct the amount of phenol would likely decrease with increasing
temperatures, however this study only considered one temperature (650 °C') and as
such this could not be verified. This also means insufficient information to estimate
the amount of phenol for variation of conditions.

Since no equivalent study were found for PET feedstock it remains unknown if
the same happens for PET. Based on the thermal decomposition pathways of PET
found in another study, during pyrolysis it seems likely that benzoic acid may occur
(Ma et al., 2022). However this decomposition may look different in gasification
conditions.

3.2.1.3 Equilibrium case

To make the ideal cases more accurate, the equilibrium cases for the relevant species
can be used to estimate a more realistic product distribution. The code used for
equilibrium calculations is the equi_solver() function which can be found in Ap-
pendix A.1. However, it’s worth noting that the model is only run for temperatures
up to 800 °C, this is due to the model becoming numerically unstable at higher
temperatures. The assumptions made here are:

e No heat losses

o Sufficient resident time to reach equilibrium

e No contaminants in the reaction

o All excess heat from the products are recovered

o Temperature is sufficient to break up reactant molecules
o Products are given only from SMR and WGS reactions

Distribution of species

The two main equilibrium reactions for this case are water-gas-shift (WGS) and
steam-methane-reforming (SMR). More reactions taking place, but to maintain rea-
sonable computational time, only SMR and WGS were used for these calculations.
Another reaction that might take place is the Boudouard reaction where C'O, reacts
with char to form C'O in an endothermic reaction which typically moves forwards
at about 700 - 900 °C' (Lahijani et al., 2015). There is also hydrogasification where
hydrogen reacts with char to form methane (Ali et al., 2017). This is just a few
of many other reactions. Reactions like this will also produce some amount of tar,
however tar will not be considered a product in this case. The reactor in this model
also assumes a tar reformer (recirculating tar and gasifying it with steam) and since
the energy demand is calculated from the energy values of incoming reactants and
the products in the output this will be accounted for in the energy demands for the
reactor.

WGS:
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SMR:

This gives five species with unknown fractions, i.e. five equations are required to
solve the equilibrium. These five equations are conservation of mass for C, H and

O:

nC = nCO +nCOy +nCH, (3.3)
nH =nHy*2+nH,O %2+ nCH, x4 (3.4)
nO =nCO +nCOy % 2+ nHO (3.5)
As well as equilibrium constant equations for WGS and SMR:

kpwas = DCQ T PHO (3.6)

Pco, * PH,

PcH4 * PH20O
k =" - 3.7
p,SMR DCo * pg],b ( )

Where py is the partial pressure of species X and:

()

ky=cixee (3.8)
c1 and ¢y are constants specific for each reaction. The partial pressure is estimated
based on the ideal gas law where the volumetric fraction and partial pressure corre-
late to the molar fraction.

Px =Dp*nx (3.9)

Where nx is the molar fraction of species X.

This gives a system of equations that depend on the temperature and the distri-
bution of C, H and O. The distribution of C, H and O were given as a function of
the ratio of steam/oxygen to feedstock ratio for a given material.

The results from an experimental study regarding steam gasification of epoxy shows
that there could be clear similarities between the equilibrium cases shown in Fig-
ure 3.1 and the experimental case (S. Zhang et al., 2012). The uncertainties are
in regard to the SFR in the experimental study. The temperature is given at 650
°C' which is slightly lower than the lowest temperature modeled in i the equilibrium
case. However, looking at low temperature and high SFR in Figure 3.1(a) there
appears to be similar distribution as for the catalytic case. The non-catalytic case is
significantly different however. It is further mentioned in the report that the hydro-
gen generated were approximately twice the molar amount compared to C'Oy which
again seems to be the case in the model. The main difference in gas distribution
is the methane that is significantly higher in the equilibrium case for SFR = 5, at
higher values for SFR the carbon conversion to methane decreases. Further, the
results from this study also shows significant amounts of phenol in the products as
well as some amounts of tar.

Equilibrium case data

16



3. Methodology

The graphs in Figure 3.1 gives indications as on how to set the parameters to opti-
mize Hy production. Looking at the results for BPA, for a SFR of 1 the Hs produc-
tion increases with temperature for the entire investigated temperature range, for
SFR 2.5 and SFR 5 H, production hits a peak at 1053 K and 1038 K respectively.
The temperature range investigated is 973 K - 1123 K. Based on the two other SFR
cases it seems plausible that there could also be a peak for the SFR 1 placed outside
the investigated temperature range. For the investigated range of SFR the Hy pro-
duction increase with increasing SFR for all temperatures. This is expected based
on the reactions used in the equilibrium model since both the reactions are have
hydrogen on one side and steam on the other. In other words: more steam present
shifts the reactions towards more hydrogen. The behavior for the PET results are
rather similar.
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Figure 3.1: Equilibrium cases for steam gasification of BPA

Similarly for the PET in Figure 3.2 there is a peak temperature for hydrogen pro-
duction for each SFR. These temperatures are 1063 K, 1033 K and 1023 K for for

SEFR 1, 2.5 and 5 respectively.
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Product molar distribution [SFR=1, PET]
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Figure 3.2: Equilibrium cases for steam gasification of PET

As can be seen in Figure 3.3, the energy demand increases with increasing temper-
ature for all cases. Further the excess gases contain a higher calorific value at lower
temperatures resulting in the case of recovering heat through excess gas combustion
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appears even better from an energy perspective. However, since it can be seen that
the H, production is significantly higher at higher temperatures in Figure 3.1 and
3.2, lower temperatures is not necessarily better depending on the relative values.
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3.2.2 Hybrid case

Since the experimental data didn’t show sufficient information on the distribution
of gaseous products and the equilibrium case couldn’t estimate the condensable
products a hybrid approach was used. The hybrid approach is based on using the
equilibrium model to estimate the gaseous products and inserting a fixed value for
condensable products such as phenol based on the experimental data.

Table 3.5: Carbon conversion [%] for steam gasification of BPA epoxy
*Equilibrium using T = 650 °C and SFR = 5 and phenol conversion set to 19.2 %

**The study mention that the amount of C'Oy likely is higher and some of it is thought
to have been absorbed in the catalyst

***0Only specification provided is carbon based non-condensable gas, since CO and COs
is given this likely refers to Co — Cy gases

Material | Non-catalytic Catalytic Hybrid*
CO, 5.1 41.9%* 46.8
CcO 7.3 4.9 3.7
CHy 7.7 8.9 30.4

Others*** 3.4 5.5 -
Phenol 42.3 19.2 19.2

3.3 Process modeling

Based on the hybrid case some models can be constructed to evaluate the economic
opportunities of the different methods. As mentioned in the section regarding py-
rolysis there is insufficient data to derive a reliable model and as such the two paths
that will be examined and compared are gasification and combustion.

3.3.1 Model assumptions

To keep the models at a level of complexity that provide as accurate results as possi-
ble while staying within the scope of this work in terms of time certain assumptions
and simplifications were made.

3.3.1.1 Comparative cost assumption

Taking the time to model or estimate every cost involved in the investigated pro-
cesses would be beyond the scope of this work. Instead the economic comparison
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between combustion and gasification will be based on the assumption that these
processes have an equivalent operational cost. While these costs will not match
completely there are similarities that justifies these assumptions. These similarities
includes logistics and pre-processing of the feedstock material, similar cleaning of
gas both in terms of removal of particulates and corrosive gases as well as handling
of solid waste. The upstream supply-chain for the feedstock can be expected to be
essentially identical and the equipment required for both processes to be similar, al-
though likely slightly more equipment required for the gasification since more steps
are involved mainly in regards to separation of gasification products.

This assumption does come with some limitations, mainly that the values calcu-
lated with these models will not be valid for comparison with other processes. Still
the values calculated can grant some insight into the potential commercial viability
of gasification of EOL WTB. Given that waste incineration for energy recovery is a
commercially established process and a process currently considered for disposal of
EOL WTB in Europe, if gasification can match the values produced from combus-
tion, it warrants further studies into gasification as an alternative.

3.3.1.2 Distribution of species

The modeling of distribution of species is based on the hybrid approach as specified
in section 3.2.2. While this assumption for phenol is likely not very accurate the
lack of data for modeling the amounts of phenol in the products necessitates this
approach. To compensate for this inaccuracy a large range of amounts of phenol
were investigated to determine the impact on the results.

3.3.1.3 Perfect equipment

Assuming equipment heat losses and other losses due to imperfect equipment are
small and relatively similar for both processes this can be canceled out for both
cases.

3.3.1.4 Hydrogen handling costs

One might also consider compression costs and costs of handling hydrogen gas, how-
ever in the case of this study the hydrogen cost is compared against other methods
production cost that doesn’t account for the handling cost. Therefore including
handling costs is not necessary for a comparative cost analysis.
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3.3.2 GGasification model

The gasification model was focused around H, production for two main reasons.

o There is significantly more data available regarding the value of H, and as such
the estimated value created from the process will contain less uncertainties.

o By focusing on H, production the process of separating the products become
significantly simpler by using a membrane for the Hy. The remaining gaseous
products have similar boiling points and are of similar sizes complicating their
separation processes.

3.3.2.1 Model structure

The process model consists of five main segments, a flowchart for the model can be
seen in Figure 3.4. These segments are as follows:

1. Gasification reactor (also includes a tar reformer)

2. Cooling/condensation of liquid products

3. Hydrogen separation (membrane)

4. Combustion of remaining non-condensable gases

5. Cooling/condensation of combustion flue gas
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Figure 3.4: Gasification model structure
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The code for the model is the gasification__model() function which can be found in
Appendix A.1.
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1. Gasification reactor

The gasification reactor segment covers the modeling of products resulting
from the gasification as well as the energy demand required to drive the re-
action, to simplify the model the tar reformer is also included here. The tar
reformer refers to a secondary gasification reactor where the tar from the pri-
mary reactor reacts with steam to form more syngas. In this model the system
boundaries for the gasification reactor was drawn around both reactors. The
products are estimated with the hybrid case. Since the estimation for the
amount of phenol was not very reliable, performing a sensitivity analysis to
determine the impact of different amounts of phenol was the best option avail-
able. The energy demand was calculated using the heat of formation for the
present species.

. Condensation of liquid products

The second segment of the model is two steps of heat exchangers, the first
one to cool the products to condense the phenol and the second to condense
the steam. The excess heat can be used to heat the the feed water for the
process. Here the water condensed from the product stream is assumed to
not recirculate to the feed water since it likely contains significant amounts of
contaminants. Instead, the condensed water is considered to heat exchange
with the feed water.

. Hydrogen separation

In this segment a fraction of the hydrogen is filtered out from the product
stream and extracted, the hydrogen extracted here is the the amount consid-
ered "produced" from the process. By default the efficiency of the membrane
is set to 80%, i.e. 80% of the hydrogen is extracted. This is a realistic number
since real systems can achieve a recovery rate of over 90 % as mentioned in
Section 2.7. In practice this exact number is dependent on multiple factors
such as required purity of the hydrogen, the size of the membrane, tempera-
ture and pressure of the feed gas as well as the original hydrogen concentration
just to mention a few. Worth noting is that certain materials used for hydro-
gen membranes have optimal temperatures of operation, depending on what
material is chosen further heating or cooling might be required for this step.
These optimal temperatures range anywhere from 100 °C' to 600 °C. How-
ever, since the material is not determined in this case and since the energy loss
likely is small this is not taken into account in the current model. The reason
the energy loss likely is small is that the process doesn’t require energy, just a
temperature, as a result good insulation and heat exchanging can keep energy
losses minimal.

. Combustion

The combustion segment covers the combustion of the gases remaining after
filtering out hydrogen. The remaining combustible gases are mainly CO, C' H,
and H,. In this model oxy-fuel combustion is used for calculations with recir-
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culating C'Oy to manage combustion temperature. Not only does this avoid
formation of NOx-gases in the combustion but it also avoids the need to sepa-
rate the Ny from the C'O,. There are of course other methods of separating the
C'Os that doesn’t involve oxy-fuel combustion, oxy-fuel is however convenient
when modeling the product distribution. In practice, considering air combus-
tion with Ny assumed to be inert is equivalent in terms of the distribution
modeling. The combustion temperature is set as Tyeqctor + 50 which by default
equals 850 °C.
5. Condensation of flue gas
The final segment is another case of heat exchanging where the flue gas is
cooled to condense the steam. Assuming oxy-fuel combustion the remaining
gas should be essentially only C'O5 which can be recirculated to the combustion
to control temperature and any excess can be captured and stored or be used
for chemical processes such as methanol synthesis.
Base case values
The function making up the gasification model accept seven input parameters. These
parameters are reactor temperature, steam fuel ratio, membrane efficiency, phenol
remains, value of heat, value of hydrogen and feedstock material. The reactor tem-
perature is set to 800 °C, the SFR is set to 1.75 which is the highest value for which
the reaction can self sustain with the default values, the membrane efficiency is set
to 0.8, the phenol remains is set to 0.336 which represents the phenol remains from
the experimental case. The value of heat is set to 80 € /MWh, the value of hydrogen
is set to 4.4 and the feedstock material is set to BPA by default.
Product value and sensitivity While the lowest estimated cost of production for
hydrogen was 2.7 € /kg one can argue that it might not be the most relevant cost
to compare to due to the geographical distance between Spain and Sweden. Look-
ing at countries with the lowest estimated costs with a relatively close geographical
proximity to Sweden the costs of 3.2 and 3.4 € /kg for Netherlands and Denmark
respectively might be more relevant (Roland Berger and Inycom, n.d.). Other rele-
vant numbers were 4.1 and 4.4 € /kg for electrolytic synthesis of Hy in Sweden and
Finland, these numbers are of interest in a scenario where methane or C'Oy prices
increase significantly. Looking at the data from 2022 already shows such a scenario
where the lowest estimated costs for SMR were 4.5 € /kg and the lowest cost of
grid-connected electrolysis were 3.9 € /kg, which also is a number of interest. This
makes the range of interest 3.2 - 4.4 € /kg. This range is supported by the fact that
it overlaps with the mode cost range for the Hydrogen Valleys. For this sensitivity
analysis the upper and lower limit were given a margin in addition to the highest
and lowest value found as shown in Table 3.6.

Table 3.6: Base and sensitivity limit values
Value ‘ Base ‘ Lower ‘ Upper ‘ Unit

Hy | 44 ] 25 | 48 | €/ke
Heat | 80 20 100 | €/MWh
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3. Methodology

3.3.3 Combustion model

3.3.3.1 Model structure

The combustion model consists of four main segments and is based around a CHP
plant but can also model a heat only boiler (HOB) based on the settings. These
segments are as follows:

1. Combustion of feedstock

2. Steam turbine with bypass (complete bypass for HOB)

3. Steam condensation

4. Flue gas condensation

The code for the model is the combustion_model() which can be found in Appendix
Al

4. Flue gas condensation

AN
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Gas deaning 2. Turbine/Bypass

/

)

(

Flue gas

iy EE@

fam |

e L < S >

Feadwater \
o 3. Steam condensation

1. Combustion

Figure 3.5: Combustion model structure

Combustion

In the combustor for the combustion model similarly as in the gasification model
oxy-fuel combustion is used for calculations, assuming the nitrogen remains inert
the energy released from combustion is unchanged when using air. The combustion
temperature is set as 850 °C'. The default steam temperature is set to 450 °C’ which
is a common temperature for waste incineration plants (Naturvardsverket, 2005).
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3. Methodology

Turbine/Bypass

In this segment production of electricity is calculated, the inlet temperature of the
turbine is given by Tyeam and the outlet temperature is set to 373 K. The efficiency
of electricity production is given by the Carnot efficiency as can be seen in equa-
tion 3.10. The bypass allows for variation of electricity production by setting the
mass fraction of steam passing through the turbine, setting the mass fraction to 0
represents a HOB plant and other cases represents a CHP plant.

Ty —T1c

T (3.10)

TlCarnot =

Steam condensation

This segment models the extraction of heat to district heating. The heat exchanger
is assumed to be ideal and the DH temperature is assumed to be 90 °C'. While an
ideal heat exchanger is not realistic this is a loss that will be present in both the
gasification and the combustion, since the calculations is purely comparative this
does not need to be taken into account.

Flue gas condensation
This par handles the cooling and condensation of flue gas with the same assumptions
as for the steam condensation.

Base case values

The function making up the combustion model accept five arguments for variables
that can be changed. These arguments are the relative value of electricity and heat,
the value of heat, steam temperature at inlet of the turbine, the fraction of steam
running through the turbine and feedstock material. The default settings are ratio
of electricity and heat value is set to 2, the value heat is set to 80 € /MWh, the
steam temperature is set to 450 °C', the steam fraction for the turbine is set to 0
(in other words, it is by default a HOB) and the feedstock material is set to BPA
which is the more common material.

3.3.3.2 Value of HOB and CHP

Running the combustion model using a range of turbine mass fractions with the
above mentioned cases for relative value of electricity and heat gives the following
result.
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Figure 3.6: Combustion value depending on turbine mass fraction T = 450 °C

Based on the graph in Figure 3.6 it can be seen that the value provided from com-
bustion have a linear relationship to the mass fraction of steam flowing through
the turbine and the slope depends on the relative value of the electricity and heat.
The linearity shows that the maximum value of combustion is always given at one
of the borders, or in other words the maximum value provided are constricted to
turbine mass fraction = 0 or turbine mass fraction = 1. Further this shows that the
maximum value for all » < 2 are equal for the given settings since for these cases
the maximum value is given by the HOB (mass-fraction steam = 0) and as such not
influenced by the value of electricity.

However, changing the settings of the combustion model slightly alters this. For

example changing the steam temperature alters the slope of the graphs as well as
changing the value at turbine mass fraction = 0.
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Figure 3.7: Combustion value depending on turbine inlet temperature

It should however be noted that in CHP configuration an incineration plant could
provide flexibility and system services which could generate further income, simul-
taneously CHP plants require significantly more equipment which increase capital
costs as well as maintenance cost.
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4.1 Comparing value of combustion and gasifica-

Results

tion

To compare the value provided of combustion and gasification the relative results of
the models are plotted for a range of values of Hy and heat using the code found in
appendix A.3. Using the default values as well as a range of values for H, and heat
for sensitivity analysis, the following results are acquired:
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4. Results

These heat maps show the ratio of the value produced from gasification to the value
produced from combustion per kg of feedstock depending on the value of H, and
DH, the blank areas are cases where the ratio is less than 1 and as such cases
where gasification is not economically viable according to the model. In addition to
showing for which product values gasification is viable with the given settings these
graphs also indicates for which ratio of operational cost between a gasification plant
and an incineration plant the gasification could be viable.

4.2 Sensitivity

To evaluate the impact of the uncertainties the model is used for a range of values
for the relevant variables to determine if the uncertainties have a notable impact on
the results. In this section, for all results the default values are used unless otherwise
specified.

4.2.1 Sensitivity of combustion steam temperature

As can be seen in figure 3.7 increasing the steam temperature increases the Carnot
efficiency and, as such, increases the value of electricity that can be provided as
well as slightly decreasing heat losses. And similarly decreasing steam temperature
has the opposite effect. Since the exact temperature is unknown it is of interest to
examine how variations impact the result.
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4. Results

4.2.2 Sensitivity of gasification temperature and SFR

As can be seen in figure 3.1 and figure 3.3 the energy demand of the reaction as
well as hydrogen production increases with increasing reaction temperatures. As
such it is of interest to examine the impact of changing the reaction temperatures.
For the upper value SFR will be set to the highest possible value while imposing
the constraint that the combustion of excess gas provides sufficient heat to meet the
energy demand of the reactor and for the lower value SFR will be set to 1. The
reason for the upper constraint is to reduce uncertainty. There could conceivably
be cases where running the reactor at higher SFR and supply external energy that
adds the uncertainty element of one additional unknown operational cost and will
therefore not be considered here.
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Figure 4.3: Relative value of gasification and combustion dependent on reactor tem-
perature
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4.2.3 Sensitivity of phenol remains

As mentioned earlier, only one study with conditions similar to the gasification
process used in this model were found where the phenol remains were given. With
only one data point a pattern can’t be determined, therefore the entire possible
range will be covered in the sensitivity analysis. The upper constraint is based on
the assumption that the phenol is formed from parts of the feedstock molecules
that isn’t completely gasified, with this assumption the upper limit should then
theoretically be determined by the fraction of carbon in the feedstock molecule that
is bound in the cyclohexane-shapes. The lower limit is simply set to zero. As
mentioned in earlier sensitivity analysis, the SFR changes when parameters change
due to the imposed constraint that the remaining gases after hydrogen separation
should provide sufficient energy when combusted to drive the reaction.
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Figure 4.4: Relative value of gasification and combustion dependent on phenol remains
in terms of carbon conversion

4.2.4 H, membrane efficiency

While the membrane efficiency in theory could range anywhere from 0 to 1, with a
0 being a infinitely small membrane and 1 being an infinitely large membrane, in
practice this will be trade-off between capital investment cost, operational cost and
revenue produced.
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Discussion

5.1 Sensitivity

Increasing the ratio of electricity value and heat value causes a rather noticeable
change in the result of the model, which is to be expected given how the model
calculates the value produced from combustion. The increase in r results in higher
value produced by combustion which decrease the relative value between gasification
and combustion. This is the case for both BPA and PET, while PET appears to
produce a slightly lower value ratio the difference is likely negligible.

Changing the steam temperature shows no noticeable difference for r = 1 and r
= 2, which again remains expected based on figure 3.7 where it can be seen that the
maximum value differs less than a percent between the upper and lower tempera-
ture, although given the pattern seen in said figure it is likely that further increasing
the steam temperature would cause a larger difference. Looking at r = 3 a larger
notable difference can be seen with the line where the ratio is equal to one is shifted
to the left, which practically means that the required value of Hs increases and the
required value of heat decreases for gasification to be viable.

The temperature of the gasification reactor appears to barely have any impact on
the value produced, the SFR on the other hand appears to have slightly more im-
pact. The line where the value ratio is equal to one has a very small shift to the

left for lower SFR, the highest values changes more notably and decreases at lower
SFR.

The amount of phenol produced does appear to have significant impact on the re-
sult, the amount of phenol changed not only the position of the line where the value
ratio is equal to one but also the slope of the line. The changing slope in practice
means that the sensitivity to value of Hy and heat changes. Which is expected based
on how the model calculates values, since remaining phenol is essentially unreacted
material more phenol means less reacted material which means less hydrogen. This
means that the value produced is less influenced by the value of hydrogen and more
influenced by the value of heat and the value of phenol. While the amount of phenol
appears to have more impact than other sensitivity analyses it is worth noting that
a significantly wider range is examined for phenol remains due to large uncertainty
regarding the likely amount remaining phenol.
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The efficiency of the membrane appears to have rather small difference on the po-
sition of the line where gasification and combustion produce equal value, however
the slope of the line changes slightly. Further the highest ratio of value within the
sensitivity range produced increases significantly for a higher efficiency. Depending
on the capital cost of the membrane in relation to the capital cost of of the entire
plant both a smaller and a larger membrane may be of interest.

5.2 Factors external to the model

The model used in this study covers a limited perspective and as such there are
several external factors that are not accounted for in the model which could impact
both the comparison between gasification and incineration and between gasification
and other methods of hydrogen production.

5.2.1 Stability

A potential advantage of gasification as a method of producing hydrogen is that
it could theoretically produce Hs to relatively stable cost since the method is not
heavily dependent on external energy. In case of electrolysis and SMR the cost of
production is driven by energy costs to a large extent which may cause significant
cost fluctuations. The downside of this is that if electricity prices decrease signifi-
cantly electrolysis cost may out-compete gasification costs. Further using electrolysis
for production of hydrogen can contribute flexible demand for the grid which may
generate additional revenue and lowering production cost. Another aspect of sta-
bility is the stability of demand combined with possibility of storage. The heat and
electricity have limited opportunities of storage and a demand that varies with time
of day, day of the week and time of the year. One could argue that hydrogen have
better opportunities for storage which gives a more stable demand, that being said,
storing hydrogen is not without problems either.

5.2.2 Policy and regulation

There is the possibility that existing or future regulations interfere with thermo-
chemical recycling as a production method depending on how it’s interpreted from
a legal perspective. For example, it could be interpreted as a method of material re-
covery which will have one set of regulatory implications. However, it could also be
interpreted as hydrogen production with a fossil feedstock which might have a signif-
icantly different set of regulatory implications. This may impact the economic value
of the products or change requirements for the process. However, this is beyond the
scope of this study.

5.3 Future works

This study lays a groundwork to determining if thermochemical recovery of WTBs
warrants further studying. There are several other perspectives of this concept that
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also should be explored to gain further insight to its viability.

5.3.1 Model structure

As already mentioned, the models used in this study contains multiple simplifications
and assumptions that likely decreases the accuracy of the model and the study as
a whole, this is to allow for a wider exploration of conditions in the process while
maintaining reasonable computational times. The width of the information this
study looks at can be used to determine a more narrow range that should be explored
with more accurate and computationally intensive models to provide more realistic
results.

5.3.2 Alternative value chains

This model focused mainly on hydrogen as source of value due to the reasons men-
tioned in section 3.3.2, there are however alternatives in terms of value chains.
Another option could be to focus on the production of syngas by reacting the C'O4
exit stream with char to form C'O which could the be mixed with the Hy to form
syngas, alternatively the CO5 and H, could be reacted to form methanol.

Another value chain of interest to examine further is the fiberglass. While fiber-
glass is of relatively low value compared to for example carbon fibers it could still
provide extra revenue which could be relevant for profitability. Currently this is
not taken into consideration with the assumption that incineration and gasification
could handle that value stream similarly. It would however be of interest to further
study if these two processes have practical differences in the value that could be
produced from the fiberglass.

5.3.3 Impact of policy and regulations

As mentioned in Section 5.2.2, the legal interpretation of this process could have
significant impact on the economic viability. Therefore, further examination of how
this process fits in existing regulatory frameworks (for example EU directives etc)
is of significant interest.

5.3.4 Material impurities

In this model impurities are not considered as that complicates the modeling and
in practice would likely require experimental studies to determine. In practice the
materials will likely have a fairly high degree of impurity, either from long time
exposure to environments or from mixed materials being used with additives. For
this reason it would be important to further study the effects of impure feedstock
material.
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5. Discussion

5.3.5 Experimental studies

As mentioned in section 3.2.1.2 it turned out difficult to find experimental studies
that focused on data relevant for this case. Further experimental studies waste
WTB could provide more accurate product estimation and as such more accurate
economical comparisons.
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Conclusion

Based on the findings of this study it appears as if gasification could be a economi-
cally viable option for disposal of EOL WTB given the condition that incineration of
EOL WTRB is economically viable. The value the model suggests could be produced
by gasification exceeds the value that the model suggests could be produced by in-
cineration for a wide range of prices for both Hs and district heating. The sensitivity
analyses also shows that these results are robust for changes in multiple key market
and operation factors. While this study only covers a rather limited perspective due
to the necessary assumptions previously mentioned, the results suggests that further
studies on the topic is of interest. Other perspectives of interest to study could be
comparative studies regarding operational cost, supply chains integration in a wider
recycling system and regulations that may interfere or be beneficial for gasification
as a method of EOL WTB disposal.
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Appendix

A.1 Database_read library

1 import numpy as np

2 import matplotlib.pyplot as plt

3 from math import e

4+ from HHV_correlations import *

5 from sympy.solvers import solve, nsolve
¢ from sympy.abc import a, b, c, d, x

o def equi_solver(C, H, 0, k1=0.742, k2=0.003909, it=10000):
10 if H >= 0:

11 co2 =1

12 CH4 = 1

13 Co = C - (C02 + CH4)

14 H20 = 0 - (CO + 2xC02)

15 H2 = (H - (CH4x%4 + H20%2))/2
16 if 0 > H:

17 H20 = H*0.5/2

18 CH4 = 1

19 H2 = (H - CH4x4 - H20%2)/2
20 C02 = (0 - H20)/(C - CH4) - 1
21 CO =C - CO2 - CH4

22

23 for i in range(it):

24 if (0 - (CO + H20)) > O:

25 C02 = (0 - (CO + H20))/2
26 else:

27 Cco2 =1

28 CoO =1

29 H20 -=1

30

31 if (C - (C02 + CO)) > O:

32 CH4 = C - (C02 + CO)

33 else:

34 CH4 =

1
35 co =1
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IT

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

def

co2 =1

if (H - CH4*4 - H20%2) > O:

H2 = (H - CH4x*4 - H20%2)/2
else:

H2 =1

H20 -= 1

CH4 =1

if abs((C0*H20)/(C02*H2) - k1) > k1%0.0002:

k =(C0*H20) /(CO2*H2)

if k > ki:
C0 -= 0.001
H20 -= 0.001
if k < ki:
CO += 0.001
H20 += 0.001

if abs((CH4**(1/3) * H20%x(1/3))/(CO**x(1/3) * H2) - k2) >

- k2%x0.0002:

k = (CH4*x(1/3) * H20%**(1/3))/(CO%*x(1/3) * H2)

if k > k2:
CO += 0.001
H20 -= 0.001
if (k < k2):
C0 -= 0.001
H20 += 0.001

res = nsolve([a+b+x-C, a+2*b+c-0, c+d+2*x-H/2,
< (x*x(1/3) * c**x(1/3))/(a**x(1/3) * d)-k2],

- [CO, CD2, H20, H2, CH4], tol=10%*-8)

return(res)

gen_material_dict(filename):

materials = {}

with open(filename, mode='r') as file:
my_text = file.read()

text_list = my_text.split('\n\n')
for text in text_list:

mat = {}
rows = text.split('\n')
if '' in rows:

rows.remove('')
for i in range(l, len(rows)):

(axc)/(bxd)-k1,
[a, b, c, 4, x],
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81 row = rows[i].split(':')

82 if row[2] == 'float':

83 mat [row[0]] = float(row[1])

84 if row[2] == 'int':

85 mat [row[0]] = int(row([1])

86

87 materials[rows[0] .split(':') [1]] = mat
88 return(materials)

89
90
o1 def calc_enthalpy(mat:str, data:dict, T=298):

92 properties = data[mat]

93 dT = T - 298

94 H = properties['formation_heat']

95 a = properties['a']

96 b = properties['b']

o7 heat = H + a*dT + b*(T**2 - 298%%2)
98 return(heat)

99

100

101 def calc_from_list(filename:str, mat_dat:dict):
102 h form = 0

103 mass = 0

104 atomic_balance = {'C':0, 'H':0, '0O':0}

105 with open(filename, mode='r') as file:

106 my_text = file.read()

107

108 text_list = my_text.split('\n')

109 if '' in text_list:

110 text_list.remove('")

111 for rows in text_list:

112 text = rows.split(':"')

113 mat = mat_dat[text[0]]

114 if text[2] == 'mass':

115 moles = float(text[1])/(mat['molar mass']/1000)
116

117 moles = float(text[1])

118 h_form += mat['formation_heat']

119 atomic_balance['C'] += mat['C']*moles
120 atomic_balance['H'] += mat['H']*moles
121 atomic_balance['0'] += mat['0']*moles
122 mass += moles*mat['molar mass']/1000
123

124 return(h_form, mass, atomic_balance)

125

126

127 def calc_form_heat _mass(HHV, C, H, 0, data):
128 C = (C/100)/0.01201

ITT
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130
131
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134
135
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137

139
140
141
142
143
144
145
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148
149
150
151

152

153
154
155
156
157

158

160
161
162

163

164
165
166
167

168

170
171
172
173

174

IV

def

def

def

def

def

def

H (H/100)/0.00101

0 (0/100)/0.016

n C02 = C

n_H20 = H/2

n 02 = (2%C + H/2 - 0)/2

hf _C02 = datal['C02']['formation_heat']
hf _H20 = data['H20'] ['formation_heat']
hf 02 = data['02']['formation_heat']
h_form = n_C02+hf_C02 + n_H20%hf H20 - n_02%hf 02 + HHV*1000000
print('kJ/kg")

return h_form/1000

phenol_cp(temp) :
Cp = 24.2 + 0.322xtemp - 1.1le-4 * temp**2 # [J/(mol*K)]
return Cp

phenol_delta_hvap(temp) :
dH_vap = 102 - 0.184xtemp + 1.41e-4 * temp**2 # [kJ/mol]
return dH_vap*1000 # convert to J/mol and return

enthalpy_phenol (temp) :

h =24.2 x (temp - 298) + 0.322 * (temp**2 - 298x*2) - 1.1le-4 *
< (temp**3 - 298x*3) - 96400

return h

sek_to_eur(sek, eur_sek _ratio=0.091):
eur = sek¥eur_sek_ratio
return (eur)

eur_to_sek(eur, eur_sek_ratio=0.091):
sek = eur/eur_sek_ratio
return(sek)

gasification_model(T_r=800, SFR=1.75, n_membrane=0.8,
phenol_remains=0.336, dh_value=80, H2_value=4.4, feed='BPA'):
f_name = 'material_properties.txt'

mat_prop = gen_material_dict(f_name)

# Material data

h_CO = mat_prop['C0'] ['formation_heat']

hc_CO = mat_prop['CO'] ['combustion_heat']

h_C02 = mat_prop['C02']['formation_heat"']

h_CH4 = mat_prop['CH4']['formation_heat']

hc_CH4 = mat_prop['CH4'] ['combustion_heat']

h_H2 = mat_prop['H2']['formation_heat']

h_H20 = mat_prop['H20'] ['formation_heat"']

T_vap_phenol = 181 + 273 # boiling point for phenol in kelvin
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175

176

177

178

179

180

181

182

183

184

185

186

188

189

190

191

192

193

194

195

197

198

199

200

201

202

203

204

205

207

208

209

210

211

212

213

214

215

216

T_vap_H20 = 100 + 273 # boiling point for H20 in kelvin

membrane_efficiency = n_membrane # fraction of stream hydrogen
— extracted

M_phenol = 6%0.012 + 6*0.00101 + 1x0.016 # molar mass of

< phenol [kg/mol]

total_H20_out = 0

comb_DH_val = 32.2516

#

—

# Input section (matertial input)

#
QS0 SO R = === ==
if feed == 'BPA':
# BPA material
C =61.69
H=70.5
0 =11.75
h_f = -2106190
phenol = 12/21 * phenol_remains * C/6 # mol phenol in
— producs
C -= phenolx*6
H -= phenol*6
0 -= phenolx*1
if feed == 'PET':
# PET material
C = 52.04
H = 41.58
0 = 20.81
h_f = -2321330
phenol = 6/10 * phenol_remains * C/6 # mol phenol in
— producs
C -= phenol*6
H -= phenolx*6
0 -= phenolx*1
T_f = 298 # feedstock input temperature kelvin

# steam feedstock ratio (by mass)

nH20 = SFR/0.01802

T_steam = 150 # steam input temperature in celcius
T _steam += 273 # convert to kelvin
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217

218
219
220
221

222

223
224

225

226

227

228
229
230
231

232

234
235
236

237

239
240
241
242
243
244
245
246
247
248
249
250
251

252

254
255
256
257

258

VI

h_steam = calc_enthalpy('H20_g', mat_prop, T=T_steam) # steam
< enthalpy [J/mol]
H_steam= h_steam*nH20

hf in = h_f + H_steam
heating in = (h_steam - calc_enthalpy('H20', mat_prop,
— T=298))*nH20

#

—

# Gastification reactor section

#

T r += 273 # convert to kelvin

cl_wgs = 33.7

c2_wgs = —4094

kp_wgs = cl_wgs * e*xx*x(c2_wgs/T_r) # Calculate equilibrium

— constant WGS

cl_smr = 1.63 * 10**(-14)
c2_smr = 28116
kp_smr = cl_smr * e**(c2_smr/T_r) # Calculate equilibrium

— constant SMR

res = equi_solver(C, H + 2#nH20, 0 + nH20, kl=kp_wgs, k2=kp_smr)
CO0 = res[0]

C02 = res[1]
CH4 = res[4]
H20 = res[2]
H2 = res[3]

# output enthalpy

H_CO = CO*calc_enthalpy('CO', mat_prop, T=T_r)
H_C02 = C02+*calc_enthalpy('C02', mat_prop, T=T_r)
H_CH4 = CH4*calc_enthalpy('CH4', mat_prop, T=T_r)
H_H2 = H2*calc_enthalpy('H2', mat_prop, T=T_r)
H_H20 = H20*calc_enthalpy('H20_g', mat_prop, T=T_r)
H_phenol = enthalpy_phenol(T_r)*phenol

hf_out_r = H_CO + H_CO2 + H_CH4 + H_H2 + H_H20 + H_phenol
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260
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263

264

265

267

268

269

270

271

272

273

274

275

277

278
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280

281

282

283

284

286

287

288

289

290

291

292

293

294

295

297

298

299

reactor_energy_demand = hf_out_r - hf_in

#

.
# gas cooling
#

<
# phenol condensation
T_cool_1 = T_vap_phenol

# output enthalpy

H_CO = CO*calc_enthalpy('CO', mat_prop, T=T_cool_1)
H_C02 = CO02+*calc_enthalpy('C02', mat_prop, T=T_cool_1)
H_CH4 = CH4*calc_enthalpy('CH4', mat_prop, T=T_cool_1)
H_H2 = H2*calc_enthalpy('H2', mat_prop, T=T_cool_1)
H_H20 = H20*calc_enthalpy('H20_g', mat_prop, T=T_cool_1)
# H_phenol = (enthalpy_phenol (T_cool_1) +

< phenol_delta_hvap(T_cool_1))*phenol

H_phenol = (enthalpy_phenol(T_cool_1))*phenol

hf out_cl = H_.CO + H_CO2 + H_CH4 + H_H2 + H_H20 + H_phenol #
— enthalpy of stream before phenol separation

cooling 1_energy = hf_out_cl - hf_out_r

hf out_cl_1 = H_CO + H_CO2 + H_CH4 + H_H2 + H_H20 #
— enthalpy of stream after phenol separation

# steam condensation
T_cool_2 = T_vap_H20

# output enthalpy

H_CO = CO*calc_enthalpy('CO', mat_prop, T=T_cool_2)
H_C02 = C02+*calc_enthalpy('C02', mat_prop, T=T_cool_2)
H_CH4 = CH4*calc_enthalpy('CH4', mat_prop, T=T_cool_2)
H_H2 = H2*calc_enthalpy('H2', mat_prop, T=T_cool_2)
H_H20 = H20*calc_enthalpy('H20', mat_prop, T=T_cool_2)

hf out _c2 = H CO + H CO2 + H CH4 + H H2 + H_H20 # enthalpy of

— stream before H20 separation
cooling 2_energy = hf_out_c2 - hf_out_cil_1

hf out_c2 1 = H CO + H_.CO2 + H_CH4 + H_H2 # enthalpy of

— stream after H20 separation

VII
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343
344

345

VIII

total_H20_out += H20

#

# Hydrogen separation and rest-combustion
#

extracted_H2 = H2*membrane_efficiency

H2 = H2*(1 - membrane_efficiency)

H_H2 = H2#*calc_enthalpy('H2', mat_prop, T=T_cool_2)
02 = C0*0.5 + CH4*2 + H2x0.5

H_02 = calc_enthalpy('02', mat_prop)

# enthalpy input combustion
hf_in comb = H_CO + H_CO2 + H_CH4 + H_H2 + H_02

# material output combustion
C02 = CO + C02 + CH4
H20 = CH4x*2 + H2

H2 =0
CoO =0
CH4 = 0

# enthalpy output combustion

T_comb = 850 + 273 # combustion temperature in kelvin
H_C02 = CO02*calc_enthalpy('C02', mat_prop, T=T_comb)
H_H20 = H20*calc_enthalpy('H20_g', mat_prop, T=T_comb)
hf _out_comb = H_H20 + H_C02

energy_output_comb = hf_in_comb - hf_out_comb

# combustion gas cooling

T_cool_3 = T_vap_H20

H_C02 = CO02+*calc_enthalpy('C02', mat_prop, T=T_cool_3)
H_H20 = H20*calc_enthalpy('H20', mat_prop, T=T_cool_3)
hf_cool_3 = H_H20 + H_C02

cooling_3_energy = hf_cool_3 - hf_out_comb

total_H20_out += H20

delta_h = []



A. Appendix

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

T_feed = np.linspace(298, 363, 851)

for T_water in T_feed:
hl = total_H20_out*(calc_enthalpy('H20', mat_prop, T=373) -
— calc_enthalpy('H20', mat_prop, T=(T_water+10)))
h2 = nH20#*(calc_enthalpy('H20', mat_prop, T=T_water) -
< calc_enthalpy('H20', mat_prop, T=(298)))
delta_h.append(abs(hl - h2))

T in_ w = T_feed[delta_h.index(min(delta_h))]
h_H20 = calc_enthalpy('H20', mat_prop, T=T_in_w)

#

—

# Results
#

# print ('Reactor self-sufficiency factor: ' +

— str(energy_output_comb/reactor_energy_demand))

# print('Steam input heating: ' + str((H_steam - h_H20*nH20)/1e6)
o + ' [MI/kg(feedstock)]")

# print('Gas cooling: ' + str((cooling 1_energy +

— cooling_ 2 energy + cooling_3_energy)/le6) + '

< [MJ/kg(feedstock)] ')

DH_val = abs((cooling_1_energy + cooling_2_energy +

— cooling 3 _energy) + (H_steam - h_H20%nH20))/1le6 +
— (energy_output_comb-reactor_energy_demand)/le6

# print ('District heating: ' + str(DH_wval) + '

— [MJ/kg(feedstock)]')

# print ('Produced H2 ' + str(exztracted H2) + '

< [mol/kg(feedstock)]"')

# print ('Phenol produced: ' + str(phenol*M_phenol) + '
< [kg/kg(feedstock)]')

# Produced wvalue

#

an

sek_eur_exch = 0.091

val_H2 = H2 value/sek_eur_exch # sek/kg
val_phenol = 0.717/sek_eur_exch # sek/kg
val DH = (dh_value/sek_eur_exch) /3600 # sek/MJ

IX
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378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

def

total_value = (val_H2*extracted H2%0.00202 +

— val_phenol*phenol*M_phenol + DH_val*val_DH)

# print ('H2 value produced: ' + str(val_H2*extracted_ H2+*0.00202)
— + ' [SEK/kg(Feedstock)]')

# print ('Phenol value produced: ' +

— str(val_phenol*phenol*M_phenol) + ' [SEK/kg(Feedstock)]')

# print ('DH value produced: ' + str(DH_val*val_DH) + '

— [SEK/kg(Feedstock)]')

# print ('Total value produced: ' + str(total_value) + '

— [SEK/kg(Feedstock)]"')

return(total_value)

combustion_model(el_dh_val ratio=2, value DH_eur=80,
max_steam_temp=450, mass_frac_turb=0, feed='BPA'):
f_name = 'material_properties.txt'

mat_prop = gen_material_dict(f_name)

# Material data

h_CO = mat_prop['CO0'] ['formation_heat']

hc_CO = mat_prop['CO'] ['combustion_heat"']

h_C02 = mat_prop['C02']['formation_heat']

h_CH4 = mat_prop['CH4']['formation_heat"']

hc_CH4 = mat_prop['CH4'] ['combustion_heat']

h_H2 = mat_prop['H2']['formation_heat']

h_H20 = mat_prop['H20'] ['formation_heat']

T_vap_H20 = 100 + 273 # boiling point for H20 in kelvin

max_steam_temp += 273
turbine_outlet_temp = 373
carnot_efficiency = (max_steam_temp -
— turbine_outlet_temp)/max_steam_temp
DH_temp = 90 + 273

feedwater_temp = (DH_temp + 298)/2

#
o
# Input section (material input)
#
if feed == 'BPA':
# BPA material
C =61.69
H=70.5
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417 0=11.75

418 h f = -2106190

419

420 if feed == 'PET':

421 # PET materzal

422 C = 52.04

423 H = 41.58

424 0 = 20.81

425 h_f = -2321330

426

127 h_02 = calc_enthalpy('02', mat_prop, T=298)
428 n 02 = (2xC + H - 0)/2

429 H_02 = n_02*h_02

430 hf in = h_f + H_02

431

432

433 #

434 # Combustion

435 #

436 # Products

437 T_out = 850 + 273

438 n_C02 = C

439 h_C02 = calc_enthalpy('C02', mat_prop, T=T_out)
e H C02 = n_C02+h_CO2

441 n_H20 = H/2

442 h_H20 = calc_enthalpy('H20_g', mat_prop, T=T_out)
443 H_H20 = n_H20xh_H20

o hf_prod = (H_H20 + H_C02)

445

446

447 # Output heat

448 H_out = hf_in - hf_prod

449 # feedwater flow rate [mol/s]

450 n_feedwater = H_out/(calc_enthalpy('H20_g', mat_prop,

— T=max_steam_temp) - calc_enthalpy('H20', mat_prop,
— T=feedwater_temp))
451 # Electricity produced J/kg(feedstock)
452 P_el =
— n_feedwaterxcarnot_efficiency*mass_frac_turb*(calc_enthalpy('H20_g',
— mat_prop, T=max_steam_temp) - calc_enthalpy('H20_g',
< mat_prop, T=turbine_outlet_temp))
453 # District heating produced
454 P_heat = n_feedwater*(calc_enthalpy('H20_g', mat_prop,
— T=turbine_outlet_temp) - calc_enthalpy('H20', mat_prop,
— T=(DH_temp)))

XI
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455 P_heat += n_feedwater*(1l -
< mass_frac_turb)*(calc_enthalpy('H20_g', mat_prop,
— T=max_steam_temp) - calc_enthalpy('H20_g', mat_prop,
— T=turbine_outlet_temp))

456 alpha = P_el/P_heat

457 n_el = P_el/H_out

458 EUF = (P_el+P_heat)/H out

459

460 #

461 # Flue gas cooling

462 #

463 T_out = max_steam_temp + 50

464 h_C02 = calc_enthalpy('C02', mat_prop, T=DH_temp)

165 H_C02 = n_C02+h_C02

466 h_H20 = calc_enthalpy('H20', mat_prop, T=DH_temp)

467 H_H20 = n_H20*h_H20

468 P_heat += (hf_prod - (H_H20 + H_C02))

469

470

471 val_DH = eur_to_sek(value_DH_eur) /3600 # sek/MJ
472 val_el = val_DHx*el_dh_val_ratio # sek/MJ
473

474

475 return((P_el/(10**6))*val_el + (P_heat/(10**6))*val DH)

A.2 HHV_ correlations library

1 def corr_accuracy_molar (HHV, C=0, H=0, 0=0, S=0, N=0, A=0, C1=0):

2 mass = Cx12.01 + H*1.01 + 0%16.00 + S*32.07 + N*x14.01 + A +
— C1%35.45

3 C = (C*12.01/mass)*100

4 H = (H*1.01/mass)*100

5 0 = (0%16.00/mass)*100

6 S = (8*32.07/mass)*100

7 N = (N*14.01/mass)*100

8 A = A/mass * 100

9 Cl = (C1%35.45/mass)*100

10

11 corr_dict = {}

12

13 HHV_c = 0.3383*%C + 1.443*x(H - (0/8)) + 0.0942%S

14 corr_dict['1'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

< 'HHV_c':HHV_c}
15

16 HHV_c = 0.3406*C + 1.443*H - 0.1532*0 + 0.1047*S

XII
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17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

corr_dict['2'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

—

'"HHV_c':HHV_c}

HHV_c = 0.3391%(C - ((3/8)*0)) + 0.2386%(0*3/8) + 1.444*(H -

—

0/16) + 0.1047*S

corr_dict['3'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

—

'"HHV c':HHV_c}

HHV ¢ = (0.373 - 0.00026%C)*C + 1.444x(H - 0/10) + 0.1047%S
corr_dict['4'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

—

'"HHV c':HHV_c}

HHV_c = 0.3391%C + 1.4337xH + 0.0931*%S - 0.1273*0
corr_dict['5'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

—

'"HHV c':HHV c}

HHV_c = (1.0632 + (1.486e-3)*0)*(C/3 + H - (0 - S)/8)
corr_dict['6'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

—

'"HHV c':HHV_c}

HHV_c = (0.0152+H + 0.9875)*(C/3 + H - (0 - S)/8)
corr_dict['7'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

—

'"HHV_c' :HHV_c}

HHV_c = 0.519%C + 1.625%xH + 0.001%x0*x*2 - 17.87
corr_dict['8'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

—

"HHV_c':HHV_c}

HHV_c = 0.3403%C + 1.2432%H + 0.0628*N + 0.1909%S - 0.0984%0
corr_dict['9'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

—

'"HHV c':HHV_c}

HHV_c = 0.3391%(C - 0.75%(0/2)) + 1.444x(H - 0.125%(0/2)) +

—

0.1047%S

corr_dict['10'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

—

'"HHV_c' :HHV_c}

if 0 <= 15:
HHV_c = 0.3361xC + 1.419%H - 0.1453%0 + 0.0942%S
if 0 > 15:
HHV_c = 0.3361%C + 1.419%H - (0.1532 - 0.0007*0)*0 + 0.0942%S

corr_dict['11'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

—

'"HHV_c' :HHV_c}

HHV_c = 0.3517*%C + 1.1626%H + 1.047*xS - 0.111*0
corr_dict['12'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

—

'"HHV_c':HHV_c}

XIIT
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52 HHV_c = 0.3414%C + 1.4445xH - (N + 0 - 1)/8 + 0.093%S

53 corr_dict['13'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
«» 'HHV_c':HHV_c}

54

55 HHV_c = 0.341%C + 1.323*H + 0.0685 - 0.0153*%A - 0.1194*(0 + N)

56 corr_dict['14'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
s 'HHV_c':HHV_c}

57

58 HHV _c = 0.4373%C - 1.6701

59 corr_dict['15'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
< 'HHV c':HHV c}

60

61 HHV c = -0.763 + 0.301*%C + 0.525xH + 0.064*0

62 corr_dict['16'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
— 'HHV_c':HHV c}

63

64 HHV_c = 0.328%C + 1.4306*H - 0.0237*N + 0.0929%*S - (1 -
< A/100)*(40.11%H/C) + 0.3466
65 corr_dict['17'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

< 'HHV c':HHV_c}

66

67 HHV c = 0.352*%C + 0.944%H + 0.105%(S - 0)

68 corr_dict['18'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
< 'HHV c':HHV_c}

69

70 HHV_c = 0.352*%C + 1.507*H - 0.1384*0 - 0.1485%xC + 0.02419%N +
< 0.09263%*S
7 corr_dict['19'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

< 'HHV_c':HHV_c}

72

73 HHV_c = 35.8368 + 0.7523*%H - 0.2674*xS - 0.4654*0 - 0.3814xCl -
— 0.2802%N
74 corr_dict['20'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

< 'HHV_c':HHV_c}
75
76 return(corr_dict)
7

78

79 def corr_accuracy_mass(HHV, C=0, H=0, 0=0, S=0, N=0, A=0, C1=0):

80 mass = C+H+0+S +N+ A+ Cl
81 C = (C/mass)*100

82 H = (H/mass)*100

83 0 = (0/mass)*100

84 S = (S/mass)*100

85 N = (N/mass)*100

86 A = A/mass * 100

87 Cl = (Cl/mass)*100

88

XIV
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89

90

91

92

93

94

95

96

97

98

99

101

102

103

104

105

106

107

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

corr_dict = {}

HHV_c = 0.3383%C + 1.443%(H - (0/8)) + 0.0942%S
corr_dict['1'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
s 'HHV_c':HHV_c}

HHV_c = 0.3406*%C + 1.443%H - 0.1532%0 + 0.1047%S
corr_dict['2'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
< 'HHV c':HHV c}

HHV_c = 0.3391%(C - ((3/8)*0)) + 0.2386*(0%3/8) + 1.444*x(H -
<« 0/16) + 0.1047%S

corr_dict['3'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

«» 'HHV_c':HHV_c}

HHV_c = (0.373 - 0.00026*C)*C + 1.444%x(H - 0/10) + 0.1047%S
corr_dict['4'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
s 'HHV_c':HHV_c}

HHV_c = 0.3391%C + 1.4337*H + 0.0931%S - 0.1273*0
corr_dict['5'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
< 'HHV c':HHV c}

HHV_c = (1.0632 + (1.486e-3)*0)*(C/3 + H - (0 - S)/8)
corr_dict['6'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
s '"HHV_c':HHV_c}

HHV c = (0.0152*H + 0.9875)*(C/3 + H - (0 - S)/8)
corr_dict['7'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
< 'HHV_c':HHV_c}

HHV _c = 0.519%C + 1.625%xH + 0.001%x0x*2 - 17.87
corr_dict['8'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
< 'HHV_c':HHV_c}

HHV_c = 0.3403*%C + 1.2432%xH + 0.0628*N + 0.1909%S - 0.0984x*0
corr_dict['9'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
«» 'HHV_c':HHV_c}

HHV_c = 0.3391%(C - 0.75%(0/2)) + 1.444x(H - 0.125%(0/2)) +
— 0.1047%S

corr_dict['10'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

~ 'HHV_c':HHV c}

if 0 <= 15:
HHV_c = 0.3361xC + 1.419%H - 0.1453%0 + 0.0942xS
if 0 > 15:
HHV_c = 0.3361%C + 1.419%H - (0.1532 - 0.0007*0)*0 + 0.0942%S

XV
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125 corr_dict['11'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
< 'HHV_ c':HHV_c}

126

127 HHV _c = 0.3517*C + 1.1626*%H + 1.047*S - 0.111*0

128 corr_dict['12'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
< 'HHV_c':HHV c}

129

130 HHV_c = 0.3414*C + 1.4445xH - (N + 0 - 1)/8 + 0.093%*S

131 corr_dict['13'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
~ 'HHV_c':HHV_ c}

132

133 HHV_c = 0.341%C + 1.323*%H + 0.0685 - 0.0153*%A - 0.1194*(0 + N)

134 corr_dict['14'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
«» 'HHV_c':HHV_c}

135

136 HHV_c = 0.4373%C - 1.6701

137 corr_dict['15'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
s 'HHV_c':HHV_c}

138

139 HHV ¢ = -0.763 + 0.301*%C + 0.525%H + 0.064x*0

140 corr_dict['16'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
< 'HHV c':HHV c}

141

142 HHV c = 0.328*C + 1.4306*H - 0.0237*N + 0.0929*S - (1 -
— A/100)*(40.11xH/C) + 0.3466
143 corr_dict['17'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

s 'HHV_c':HHV_c}

144

145 HHV_c = 0.352*C + 0.944%H + 0.105*(S - 0)

146 corr_dict['18'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),
s '"HHV c':HHV c}

147

148 HHV_c = 0.352%xC + 1.507*H - 0.1384*0 - 0.1485%C + 0.02419%N +
— 0.09263%*S
149 corr_dict['19'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

< 'HHV_c':HHV_c}

150

151 HHV_c = 35.8368 + 0.7523%xH - 0.2674*%S - 0.4654*%0 - 0.3814*%Cl -
— 0.2802*N
152 corr_dict['20'] = {'accuracy':(1 - abs(HHV_c-HHV)/HHV),

< 'HHV_c':HHV_c}
153
154 return(corr_dict)
155
156
157 def corr HHV mass(C=0, H=0, 0=0, S=0, N=0, A=0, C1=0):
158 mass = C+H+0+S+N+ A+ Cl
159 C = (C/mass)*100

XVI
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160

161

162

163

164

165

166

167

168

170

171

172

173

174

175

176

177

179

180

181

182

183

184

185

186

187

188

189

190

191

192

194

195

196

197

199

200

201

202

H = (H/mass)*100
0 = (0/mass)*100
S = (S/mass)*100
N = (N/mass)*100
A = A/mass * 100

Cl = (Cl/mass)*100

corr_dict = {}

corr_dict['1'] 0.3383*C + 1.443*(H - (0/8)) + 0.0942%S

corr_dict['2'] 0.3406%C + 1.443xH - 0.1532*%0 + 0.1047*S

corr_dict['3'] 0.3391*%(C - ((3/8)*0)) + 0.2386*(0*3/8) +
— 1.444x(H - 0/16) + 0.1047%*S

corr_dict['4'] (0.373 - 0.00026*%C)*C + 1.444x(H - 0/10) +

— 0.1047%S

corr_dict['5'] 0.3391%C + 1.4337xH + 0.0931%S - 0.1273%0

(1.0632 + (1.486e-3)*0)*(C/3 + H - (0 - S)/8)

corr_dict['6']

(0.0152*H + 0.9875)*(C/3 + H - (0 - 8)/8)

corr_dict['7']

0.519%C + 1.625%H + 0.001x0**2 - 17.87

corr_dict['8']

corr_dict['9'] 0.3403*C + 1.2432xH + 0.0628*N + 0.1909%S -

— 0.0984x0

corr_dict['10'] = 0.3391*%(C - 0.75%(0/2)) + 1.444*(H -
— 0.125%(0/2)) + 0.1047%S

if 0 <= 15:
HHV_c = 0.3361xC + 1.419%H - 0.1453%0 + 0.0942xS
if 0 > 15:
HHV_c = 0.3361%C + 1.419%H - (0.1532 - 0.0007*0)*0 + 0.0942%S

corr_dict['11'] = HHV_c

0.3517%C + 1.1626%H + 1.047*S - 0.111x0

corr_dict['12']

0.3414%C + 1.4445xH - (N + 0 - 1)/8 + 0.093%*S

corr _dict['13']

corr_dict['14'] 0.341%C + 1.323*xH + 0.0685 - 0.0153*%A -

< 0.1194%(0 + N)

corr_dict['15'] = 0.4373*%C - 1.6701

XVII
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203 corr_dict['16'] -0.763 + 0.301%C + 0.525%xH + 0.064*0

204
205 corr_dict['17'] 0.328%C + 1.4306*H - 0.0237*N + 0.0929%S - (1 -
< A/100)*(40.11%H/C) + 0.3466

207 corr_dict['18'] 0.352%xC + 0.944*H + 0.105*%(S - 0)

208
209 corr_dict['19'] 0.352xC + 1.507*H - 0.1384*0 - 0.1485*C +
— 0.02419%N + 0.09263*3

210
211 corr_dict['20'] 35.8368 + 0.7523xH - 0.2674*S - 0.4654*0 -
— 0.3814*%C1 - 0.2802*N

212
213 return(corr_dict)
214
215

216 def corr_ HHV_molar (HHV, C=0, H=0, 0=0, S=0, N=0, A=0, C1=0):

217 mass = C*12.01 + Hx1.01 + 0*16.00 + S*32.07 + N*14.01 + A +
— C1%35.45

218 C = (C*12.01/mass)*100

219 H = (H*1.01/mass)*100

220 0 = (0*16.00/mass)*100

221 S = (S*32.07/mass)*100

222 N = (N*14.01/mass)*100

223 A = A/mass * 100

224 Cl = (C1%35.45/mass)*100

225

226 corr_dict = {}

227

228 corr_dict['1'] = 0.3383*%C + 1.443+«(H - (0/8)) + 0.0942%S

229

230 corr_dict['2'] = 0.3406*%C + 1.443*H - 0.1532*%0 + 0.1047%S

231

232 corr_dict['3'] = 0.3391%(C - ((3/8)*0)) + 0.2386*(0%*3/8) +

- 1.444x(H - 0/16) + 0.1047%S

233

234 corr_dict['4'] = (0.373 - 0.00026*C)*C + 1.444*x(H - 0/10) +
— 0.1047%S
235
236 corr_dict['5'] = 0.3391*%C + 1.4337*H + 0.0931*S - 0.1273%0
237
238 corr _dict['6'] = (1.0632 + (1.486e-3)*0)*(C/3 + H - (0 - S)/8)
239
240 corr_dict['7'] = (0.0152*H + 0.9875)*(C/3 + H - (0 - S)/8)
241
242 corr_dict['8'] = 0.519%C + 1.625%H + 0.001*0**2 - 17.87

243
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244

245

246

247

248

249

250

251

252

253

254

255

256

258

259

260

261

262

263

264

265

267

268

269

271

272

273

274

276

277

278

def

corr_dict['9'] = 0.3403*C + 1.2432*H + 0.0628*N + 0.1909*S -
— 0.0984x0

corr _dict['10'] = 0.3391%(C - 0.75%x(0/2)) + 1.444*(H -
< 0.125%(0/2)) + 0.1047%S

if 0 <= 15:
HHV_c = 0.3361*%C + 1.419%H - 0.1453%0 + 0.0942%8
if 0 > 15:
HHV_c = 0.3361*%C + 1.419%H - (0.1532 - 0.0007%0)*0 + 0.0942%S

corr _dict['11'] = HHV c

0.3517xC + 1.1626*H + 1.047*S - 0.111*0

corr_dict['12']

0.3414%C + 1.4445%H - (N + 0 - 1)/8 + 0.093%S

corr_dict['13']

corr_dict['14'] 0.341xC + 1.323*xH + 0.0685 - 0.0153*%A -

< 0.1194%(0 + N)

corr _dict['15'] 0.4373%C - 1.6701

corr_dict['16'] -0.763 + 0.301*C + 0.525%H + 0.064+*0

corr_dict['17'] = 0.328*C + 1.4306*%H - 0.0237*N + 0.0929*S - (1 -
< A/100)*(40.11%H/C) + 0.3466

corr_dict['18'] 0.352%C + 0.944xH + 0.105*%(S - 0)

corr_dict['19'] 0.352%xC + 1.507*H - 0.1384*0 - 0.1485%C +
— 0.02419%N + 0.09263*3

corr_dict['20'] 35.8368 + 0.7523*%H - 0.2674*S - 0.4654*0 -
— 0.3814xC1 - 0.2802x*N

return(corr_dict)
calc_HHV_mass(C=0, H=0, 0=0, S=0, N=0, A=0, C1=0):
my_dict = corr_HHV_mass(C, H, 0, S, N, A, Cl)

HHV = (my_dict['6'] + my_dict['12'] + my_dict['20'])/3
return (HHV)
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A.3 gasification_ value_range

10
11
12
13
14
15
16
17

18

19

20

21
22
23
24
25

26

27

28

29

30
31

32

33

XX

from database_read import *
import numpy as np
import matplotlib.pyplot as plt

#

<
# Adjustable values
#

h2_val_range = np.linspace(2.5, 4.8, 31)
heat_val_range = np.linspace(20, 100, 31)
el _dh_ratio = 2

steam_temp = 450

reactor_temp = 800

SFR = 1.75

feed_mat = 'BPA'

n_mem = 0.8

#

<
# Model loop and plotting
#

<
val_matrix = np.zeros([len(h2_val_range), len(heat_val_range)])
val_matrix_2 = np.zeros([len(h2_val_range), len(heat_val_range)])

for i in range(len(h2_val_range)):
for j in range(len(heat_val_range)):

val_gas = gasification_model(reactor_temp, SFR,
— H2_value=h2_val_range[i], dh_value=heat_val_rangel[j],
<, feed=feed_mat, n_membrane=n_mem)
val_comb_HOB =
< combustion_model(value_DH_eur=heat_val_range[j],
— max_steam_temp=steam_temp, mass_frac_turb=0,
< el dh_val ratio=el dh ratio, feed=feed_mat)
val_comb_CHP =
— combustion_model(value_DH_eur=heat_val_rangel[j],
— max_steam_temp=steam_temp, mass_frac_turb=1,
s el dh_val ratio=el dh ratio, feed=feed_mat)
val_matrix[i,j] = val_gas/max(val_comb_HOB, val_comb_CHP)
val_matrix_2[i,j]
— (heat_val_range[j]/h2_val_range[i])*val_matrix[i, j]

fig, ax = plt.subplots()
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39
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54

55

56
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63
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66
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76

7

78

79

im = ax.imshow(val_matrix, origin="'lower', aspect='auto')

# Label every other tick

xticks = np.arange(len(heat_val_range)) [::2] # every second tick

yticks = np.arange(len(h2_val_range)) [::2]

ax.set_xticks(xticks)
ax.set_yticks(yticks)

ax.set_xticklabels([f"{heat_val_rangel[i]:.2f}" for i in xticks],

<+ rotation=45)
ax.set_yticklabels([f"{h2_val_range[i]:.2f}" for i in yticks])

# Azis labels
ax.set_xlabel("Heat Value: [EUR/MWh]")
ax.set_ylabel("H Value: [EUR/kgl")

# Colorbar
cbar = fig.colorbar(im, ax=ax)
cbar.set_label("Value ratio [SEK/kg(Feedstock)]")

plt.tight_layout ()
plt.show()

masked_matrix = np.ma.masked_where(val_matrix < 1, val_matrix)

fig2, ax2 = plt.subplots()
im2 = ax2.imshow(masked_matrix, origin='lower', aspect='auto')

# Label every other tick
xticks = np.arange(len(heat_val_range)) [::2]
yticks = np.arange(len(h2_val_range)) [::2]

ax2.set_xticks(xticks)
ax2.set_yticks(yticks)

ax2.set_xticklabels([f"{heat_val_range[i]:.2f}" for i in xticks],

< rotation=45)
ax2.set_yticklabels([f"{h2_val_range[i]:.2f}" for i in yticks])

# Axzis labels
ax2.set_xlabel("Heat Value: [EUR/MWh]")
ax2.set_ylabel("H Value: [EUR/kgl")

# Colorbar
cbar = fig2.colorbar(im2, ax=ax2)
cbar.set_label("Value ratio, masked value ratio < 1")
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so plt.tight_layout ()
s1 plt.show()
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