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Abstract

Uncertain and unstable policy support has often been claimed to be a major
cause of the slower than expected deployment of technologies for production
of advanced biofuels. We investigate the economic rationale of this claim by
applying a real options framework incorporating uncertainties regarding energy
prices, investment costs, and prevalence of policy support, which was linked to
the greenhouse gas (GHG) performance of the produced biofuel. Six industri-
ally relevant forest-based technologies for production of drop-in biofuels were
evaluated. The technologies were integrated with a pulp mill and an oil refinery
and are at different stages of their technical development. The results show that
there is a limited economic rationale behind the claim that policy uncertainties
are a major source for the stalled deployment of forest-based biorefinery tech-
nologies. Rather, the stalled deployment is mainly related to the uncertainties
regarding investment costs and future energy prices, resulting in technologies
with lower sensitivity with respect to these uncertainties have a larger chance
of becoming commercially relevant investment options. If policy support is in-
tended to promote investment in technologies with high GHG performance, it
must be directed specifically to these technologies, otherwise, it is more bene-
ficial to invest in technologies with more favourable conditions for investment
and operational costs, but lower GHG performance.
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FCC fluidised catalytic cracking

GHG greenhouse gas

HDO hydrodeoxygenation

Hydropyr catalytic hydropyrolysis-hydroconversion

LPG liquefied petroleum gas

LSH lignin separation-hydrotreatment with natural gas derived hydrogen

LSH-E lignin separation-hydrotreatment with electrolysis derived hydrogen

Pyr-FCC fast pyrolysis with upgrading via fluidised catalytic cracking

Pyr-HDO fast pyrolysis with upgrading via hydrodeoxygenation

RED Renewable Energy Directive (2009/28/EC)

RED II Revised Renewable Energy Directive (2018/2001/EU)

TRL technology readiness level

1. Introduction1

Biorefineries have been highlighted as a key to reach fossil fuel reduction2

targets as they have the potential to produce both upgraded biofuels, as well as3

chemicals and materials (Fulton et al., 2015; Connolly et al., 2014). However,4

concerns have been raised regarding land-use change, competition for food crops,5

and greenhouse gas (GHG) mitigation potential (Stattman et al., 2018; Ziegler,6

2008), making it important that the biomass feedstock is sustainably sourced.7

To address these concerns the EU Renewable Energy Directive (2009/28/EC)8

(RED) was introduced setting a target for use of biofuels, specified a minimum9

GHG performance for the biofuels, and prohibited the use of sensitive land areas10

and capped the use of agricultural crops for biomass feedstock sourcing (Euro-11

pean Commission, 2009). However, the directive failed at promoting biofuels12

with higher environmental performance (Stattman et al., 2018). The Revised13

Renewable Energy Directive (2018/2001/EU) (RED II) introduced to partly14

address sustainability concerns with previous legislation with higher targets for15

sustainability, where for example usage of waste and residues are promoted (Par-16

liament and Council of the European Union, 2018; Mai-Moulin et al., 2021),17

encouraging the development of advanced biofuels (Stattman et al., 2018).18

Although there have been some deployments of biorefineries in the EU, a19

majority of projects are based on so-called first-generation feedstock (such as20
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sugars and starch), and few are based on second generation feedstock (such as21

forest residues) (Hassan et al., 2019). The hitherto slow deployment and un-22

derdeveloped production capacity of second-generation biorefineries have been23

accredited to low energy prices, uncertain market conditions, and lack of long-24

term stable legislation (European Commission et al., 2018; Fallde et al., 2017;25

European Commission et al., 2017). The uncertainty of future policy condi-26

tions, in particular, has been highlighted in previous research as a major point27

that must be addressed to facilitate an environment where new biorefinery tech-28

nologies can be deployed (Palgan and McCormick, 2016; Hellsmark et al., 2016;29

Huenteler et al., 2014), as the current energy and environmental policy landscape30

is neither long-term nor predictable (Näyhä and Pesonen, 2012). However, while31

this could be the main reason for industrial actors being unwilling to invest, it32

is not necessarily true from an economic rationale point of view.33

Using traditional discounted cash flow analysis to analyse investments usu-34

ally constitutes a "now or never" approach (Gazheli and van den Bergh, 2018)35

since the investor does not have the option to adapt their investment strat-36

egy in face of future uncertainties. This approach may thus be unsuitable for37

investment analysis that includes time-based uncertainties. By instead using38

real options analysis for the economic evaluation, inclusion of the value of the39

decision-makers flexibility to adapt, postpone or abandon the investment in re-40

spect to changing market conditions is enabled (Trigeorgis, 1996). This means41

that if the investment decision has been made, the option of waiting for more42

information regarding the market development is forfeited (Dixit et al., 1994),43

which creates an opportunity cost associated with the investment decision. Al-44

though real options analysis has been suggested as a complementary tool to45

discounted cash flow, its usage within the industry has been limited, which can46

be explained by that it constitutes a more problem-specific tool that requires47

more advanced mathematics (Sandahl and Sjögren, 2003).48

For the case of evaluation of biorefinery technologies, also academic appli-49

cation of real options analysis has to date been relatively limited. Real options50

analyses of biofuel projects have shown that the risk of policy shift can induce51

both a postponement and a speedup of the investment decision, depending on52

the direction of the change (Liu et al., 2018; Hassett and Metcalf, 1999). How-53

ever, it is not only policy support that is uncertain, but also other factors which54

can result in postponed investment, such as future energy market prices (Li55

et al., 2015). The future market uncertainties can result in that a significantly56

higher biofuel selling price is required, compared to the breakeven biofuel selling57

price, for the investment to be economically rational according to real options58

theory (McCarty and Sesmero, 2015). This can partly be mitigated with a flexi-59

ble production strategy, which can result in improved economic performance due60

to uncertainties in biofuel selling price (Ghoddusi, 2017). In order to properly61

examine if there is an economically rational argument that policy uncertainty62

is the main contributor to the lack of investments in advanced biofuel pro-63

duction technologies, it is crucial to also investigate how emerging biorefinery64

technologies are affected by the interactions between policy and energy market65

uncertainties. To the best of our knowledge, previous work has to date not yet66
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explored these interactions.67

To investigate the validity of the claim that policy uncertainty is a major68

hindrance to the deployment of biorefinery technologies, we here develop and69

apply a real options framework. The real options framework incorporates the70

option for a given decision-maker (investor or plant-owner) to postpone a biore-71

finery investment in face of future market uncertainties and interactions between72

policy support level and policy uncertainty. Additional objectives of this work73

are to identify how investment cost uncertainties affect the technologies, and74

to assess how policy price and policy uncertainty affect early GHG emissions75

reduction.76

The developed real options framework is applied to a case study for Swedish77

market conditions. Sweden is chosen as a case study because of its high supply78

potential of residual biomass (de Jong et al., 2017; Hamelin et al., 2019), and79

well-developed biomass markets which are a result of the large presence of tra-80

ditional forest industry (i.e., sawmills, and pulp and paper mills). In addition,81

the recent introduction of a reduction obligation in Sweden can be expected to82

create both a market for blend-in biofuels, and a biofuel market price which83

is contingent on the fuel’s GHG performance (Furusjö and Lundgren, 2017).84

The reduction obligation, a policy support mechanism that targets biofuels in85

the Swedish road transport sector, enforces a penalty if a fuel supplier fails to86

meet GHG emission reduction targets via blend-in of biofuels (Swedish energy87

agency, 2019). While this mechanism is aimed at promoting biofuels with high88

GHG performance, it is also subject to the uncertainty that the policy support89

will disappear. Finally, Sweden has seen significant interest from industrial90

actors with several promising ongoing research and development projects for91

biorefinery technologies at different technology readiness level (TRL). Particu-92

lar interest is placed on technologies that combine integration with pulp and93

paper mills and oil refineries for the production of drop-in biofuels (Jafri et al.,94

2019a,b), which enables benefits regarding both heat and material integration,95

and utilisation of already existing industrial infrastructure.96

The paper is structured as follows: Firstly, the investigated technologies are97

presented in section 2. This is followed by a description of the developed real98

options framework in section 3.1, and the input data and methods to calculate99

input data in section 3.2 - 3.6. Section 3.7 summarises the evaluated scenarios100

and the key performance indicators used for the evaluation. The results are101

presented for simulated prices and investment costs in section 4.1, and the the102

results according to the investment strategy from the real options framework103

are presented in section 4.2 - 4.4, followed by overall conclusions in section 5.104

2. Technology descriptions105

The chosen technologies represent a selection of industrially relevant tech-106

nologies for the production of advanced drop-in biofuels. The technologies are107

integrated with pulp mills and oil refineries in order to be able to benefit from108

both heat and material integration, and to enable the use of existing infrastruc-109
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ture to produce transport range fuels. The feedstocks are either based on forest110

residues, or black liquor (a by-product in the kraft pulping process).111

The technologies included in the study are summarised in table 1, with their112

respective average TRL, used to adjust the literature assessed investment cost,113

see section 3.5. A summary of the assessed TRL of each processing step in the114

technologies is found in Appendix A.115

Table 1: Outline of technologies included in study.

Feedstock Technology
Average
TRL1 Abbreviation

Lignin separation-hydrotreatment with
natural gas derived hydrogen

5.2 LSH

Black liquor Lignin separation-hydrotreatment with
electrolysis derived hydrogen

5.0 LSH-E

Back liquor gasification-catalytic syn-
thesis

7.0 BLG

Fast pyrolysis with upgrading via hy-
drodeoxygenation

6.0 Pyr-HDO

Forest residues Fast pyrolysis with upgrading via flu-
idised catalytic cracking

6.5 Pyr-FCC

Catalytic hydropyrolysis-
hydroconversion

4.8 Hydropyr

1For details on TRL-level of each specific processing step, see Appendix A.

2.1. Black liquor-based technologies116

Black liquor is a lignin-rich by-product from the kraft pulping process, which117

currently is combusted in a recovery boiler for the production of process steam118

and recovery of the pulping chemicals. In the black liquor-based biofuel produc-119

tion pathways considered here, a part-stream of the black liquor is diverted from120

the flow to the recovery boiler to be used as feedstock for biofuel production. In121

this way, a pulp mill can increase the pulp production capacity if the recovery122

boiler is otherwise a bottleneck in the production1. The two technology options123

examined in this work are lignin separation followed by hydrotreatment (LSH124

and LSH-E), and black liquor gasification followed by catalytic synthesis (BLG).125

In the two LSH pathways, the lignin is separated from the black liquor and used126

as feedstock for the biofuel production, while BLG utilises the pure black liquor127

directly as feedstock.128

1No economic consideration is received from value creation from eventual debottlenecking
of pulp production.
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2.1.1. Seperation-hydrotreatment129

The lignin is membrane-separated from the black liquor, returning the pulp-130

ing chemicals to the pulp mill (Anheden et al., 2017). The separated lignin is131

purified and stabilised in the form of lignin oil before it is sent to the oil re-132

finery, where it is hydrotreated and upgraded to diesel and petrol (Suncarbon133

AB, 2020). The technology has relatively low technological maturity and oper-134

ational experience, compared to fast pyrolysis and BLG (Anheden et al., 2017),135

but benefits from not requiring facilities with high production capacity to be136

profitable, due to low specific investment cost (Jafri et al., 2019b).137

The source of hydrogen will heavily influence the GHG performance of the138

process, and two options for the technology are studied. The first option con-139

siders that the hydrogen is produced at the refinery from natural gas, LSH,140

while the second option considers the investment in an electrolyser to produce141

hydrogen from electricity and water, LSH-E.142

2.1.2. Gasification-catalytic synthesis143

The pure black liquor is gasified in an entrained flow gasifier to produce144

syngas and green liquor, where the latter contains the pulping chemicals and145

is returned to the pulp mill. The syngas is synthesised to methanol which is146

transported to the oil refinery, where it is upgraded to the main product petrol,147

with some co-production of LPG, via the methanol-to-gasoline process.148

The gasification of black liquor has been demonstrated as a viable route to149

simultaneously produce biofuels and recover pulping chemicals, and has been150

successfully demonstrated in pilot-scale (Landälv et al., 2014). The pathway151

has a relatively high TRL and has been suggested to be economically favourable152

(Akbari et al., 2018; Andersson et al., 2016). Although BLG has a relatively153

high TRL, it is also associated with a relatively high specific investment cost.154

2.2. Forest residues-based technologies155

The technologies relying on forest residues as feedstock are based on fast py-156

rolysis (Pyr-HDO and Pyr-FCC) and catalytic hydropyrolysis-hydroconversion157

(Hydropyr), respectively. In these pathways, forest residues are converted to158

pyrolysis liquids, which are subsequently upgraded to petrol and diesel blends.159

The pyrolysis step is integrated with a pulp mill and the upgrading takes place160

at an oil refinery. While the pyrolysis pathways do not necessarily have to be161

integrated with pulp mills, this design was selected in order to make the supply162

chains directly comparable with the black liquor-based pathways. Additionally,163

heat integration with pulp mills has been shown to be economically favourable164

(Zetterholm et al., 2018), and the integration can provide benefits in terms of165

logistics and know-how from the experience of the pulp mill in operating large-166

scale biomass supply chains2.167

2No economic benefit from this is considered in this work, as the benefit is difficult to
quantify.
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2.2.1. Fast pyrolysis168

The fast pyrolysis facility is heat integrated at the pulp mill and forest169

residues are imported as feedstock to produce pyrolysis liquids, which is subse-170

quently transported to the oil refinery for upgrading to diesel and petrol. The171

fast pyrolysis technology is at a relatively high TRL (Anheden et al., 2017).172

Several technology options for upgrading the pyrolysis liquids into diesel and173

petrol have been previously investigated (Sorunmu et al., 2020), of which this174

work includes two options: hydrodeoxygenation (HDO), and fluidised catalytic175

cracking (FCC), respectively.176

Using the HDO upgrading pathway, the pyrolysis liquids undergo conversion177

in a two-step catalytic hydrodeoxygenation process, followed by hydrocracking178

to petrol and diesel. The upgrading of pyrolysis liquids to transport fuels has179

been subject to significant research (Zacher et al., 2014) but operational data180

from long-term/sustained pilot demonstration is not widely available in the181

scientific literature. In the FCC upgrading pathway, the pyrolysis liquids are182

co-processed with fossil feedstock in the FCC unit at the refinery to produce183

diesel and petrol (Pinho et al., 2017). Compared to the HDO pathway, the FCC184

upgrading of pyrolysis liquids has significant lower hydrogen requirements. It185

should, however, be noted that the technical limit of blended-in pyrolysis liquids186

in the fossil feedstock amounts to a maximum of 10wt% percent (Pinho et al.,187

2017).188

2.2.2. Hydropyrolysis189

The catalytic hydropyrolysis-hydroconversion facility also is heat integrated190

with the pulp mill. In this pathway, forest residues are imported as feedstock191

to the pulp mill to directly produce unrefined diesel and petrol, which is trans-192

ported to the oil refinery for blending and final upgrading. While the technology193

is currently at a low TRL (Jafri et al., 2019b), it has a major advantage compared194

to the other pyrolysis-based technologies in that the deoxygenation is occurring195

directly within the hydropyrolysis process (Dabros et al., 2018; Marker et al.,196

2013). This results in a low requirement of integration at the oil refinery. A197

majority of the product is petrol (also true for the BLG pathway), which could198

make it interesting for future drop-in biofuel markets, which otherwise typically199

are dominated by diesel type fuels, as well as in future scenarios with relatively200

high petrol prices compared to diesel.201

3. Methods and data202

Fundamental for the real options framework developed and applied for this203

study is that the decision-maker (investor or plant-owner) has the option to (1)204

invest now, (2) postpone the investment decision, or (3) decide not to invest205

(section 3.1). The framework was implemented using Monte-Carlo simulations206

to simulate future uncertain market conditions. Future energy prices were sim-207

ulated assuming a Geometric Brownian motion (section 3.2), policy uncertainty208

was simulated assuming a Poisson jump process (section 3.3), the GHG foot-209

print of the technologies was assessed using two methods (section 3.4), and the210
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TRL-adjusted investment costs were based on an empirically developed correla-211

tion between projected and actual investment costs in pioneering process plants212

(section 3.5). The developed real options framework was applied and evaluated213

based on various performance indicators, as presented in section 3.7.214

The model was implemented in Python (Millman and Aivazis, 2011) relying215

on Numpy (Harris et al., 2020) and Pandas (McKinney et al., 2011, 2010) for216

improved maths and data handling functionality, and Matplotlib (Hunter, 2007)217

and Seaborn (Waskom et al., 2020) for visualisations.218

3.1. Real options framework219

In our real options framework, the investor is in each time-step (set to 1220

year) of each specific simulation faced with the decision options to either invest221

directly, or postpone the investment decision to the following time-step. This222

is iterated for each time-step until the end of the investment horizon (set to 10223

years) where the investor no longer has the option of postponing the investment224

decision and instead is faced with the decision to either invest immediately or225

abandon the investment. The end of the investment horizon thus represents the226

end of the viability to invest in the selected technologies.227

The investment decision is based on the expected net present value (E[NPV ]),228

calculated from the known investment cost in the specific simulation (the TRL-229

adjusted investment cost), the energy balance of the technology, and the ex-230

pected future energy prices. If the expected net present value is equal to or231

greater than the value to postpone the investment (Waitvalue), the investment232

is made, and the investor no longer has the option to invest in a later time step.233

The decisions follow the rules:234

t < 10

{
E[NPV ]n,t > Waitvaluen,t invest
E[NPV ]n,t ≤Waitvaluen,t postpone

t = 10

{
E[NPV ]n,10 ≥ 0 invest
E[NPV ]n,10 < 0 abandon

The Waitvalue for each specific simulation was calculated according to:235

Waitvaluen,t =

(∑N
nw=1 (max (E[NPV ]nw,t+1, 0))

)
N(1 + r)

(1)

where N is the total number of (nested) simulations, n is the specific Monte236

Carlo simulation where the Waitvalue is compared against the expected NPV237

(E[NPV ]n,t). nw is a specific (nested) simulation used to represent the stochas-238

tic nature of the possible future developments to determine the waitvalue for239

scenario n, t is the current time-step, E[NPV ] is the expected net present240

value, and r is the discount rate. For each specific scenario n, there are thus N241

simulations to determine the waitvalue.242

In total, the real options framework utilised 2500 Monte-Carlo simulations,243

and the calculation of the waitwalue utilised 2500 (nested) Monte Carlo simu-244

lations.245
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Figure 1: Historic price series based on the lower heating value.

3.2. Energy prices246

Future energy prices were simulated assuming that they follow a Geometric247

Brownian motion, which has also previously been applied to simulate future248

energy prices (De Giovanni and Massabò, 2018; Li et al., 2015). The price in249

time-step t was calculated from:250

Pt = Pt−1(1 + µdt+ σdW ) (2)

where t is the current time-step, P the price, µ the drift, dt the size of251

the time-step, σ the volatility, and dW the increment of a standard Wiener252

process. At any specific time-step and scenario where the decision maker knows253

the current prices P0,n, the expected future prices at time-step t, E[Pt], can be254

calculated as described by Murto (2007):255

E[Pt] = P0e
µt (3)

3.2.1. Energy price data256

The future energy prices were simulated using equation 2 which relies on the257

parameters describing the energy price drift (describing long-term price trends),258

and the price volatility (random price disturbances). The parameters used to259

simulate future energy prices are shown in table 2, and the historic prices used260

to estimate these parameters in figure 1.261

3.3. Policy support262

Two components of the policy support were considered; the risk of policy263

switching (policy uncertainty), and the future price for the GHG emission per-264

formance of the biofuel (policy price).265
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Table 2: Estimated parameters describing future commodity prices.

Initial price1 Drift Volatility

Commodity P0 µ σ Source

Biomass 19.3 0.0166 0.00408 (Swedish Energy Agency, 2020)
Electricity2 30.1 0 0.147 (Nordpool, 2018)
Natural gas 36.7 0.0257 0.0155 (SCB, 2019)
Hydrogen3 58.8 0.0257 0.0155 –
Diesel 64.7 0.0498 0.0360 (European Commission, 2019)
Petrol 49.2 0.0305 0.0258 (European Commission, 2019)
1EUR/MWhLHV

2The drift for the electricity price was assumed to 0, as the price
development has historically been governed by the volatility. 3Initial price for hydrogen
was calculated as a factor 1.6 larger than the price for natural gas (Jafri et al., 2019b)
and the drift and volatility was assumed the same as for natural gas.

As the recently introduced reduction obligation has been implemented with266

a penalty if the fuel supplier fails to fulfil the reduction obligation, it is natu-267

ral to assume that a market will develop which depends on the GHG emission268

reduction potential of the biofuel in comparison with the emissions of the cor-269

responding fossil fuel. The price of the biofuel will thus be dependent on the270

simulated price of the fossil alternative, and the market price for GHG emission271

reduction, where the latter constitutes the policy price. The market price of the272

blend-in biofuel, Pblend−in, was calculated according to:273

Pblend−in = Pfossil + PGHG−reduction · (GHGbiofuel −GHGfossil) (4)

where Pfossil is the simulated fossil fuel price, PGHG−reduction the policy274

price, GHGbiofuel the GHG footprint of the biofuel, and GHGfossil the GHG275

footprint of the fossil counterpart.276

The risk of policy switching, the policy uncertainty, was simulated assuming277

a Poisson jump process, see for example (Hassett and Metcalf, 1999; Liu et al.,278

2018). This is in line with the actual tax policy behaviour, which gives an279

expected duration, but not the actual duration, of a tax policy (Hassett and280

Metcalf, 1999). For each time-step, there is a probability that policy switching281

will occur to the following time-step. Policy switching means that if the policy282

support exists, it can be removed, or, if the policy support is not in effect, it283

can be implemented.284

In our framework, the policy scenarios are described by both the policy price,285

which is implemented as a fixed price for the GHG emission reduction compared286

with the fossil reference for each scenario, and the policy uncertainty, which is287

implemented as a probability (in percent) that there will be a policy switching288

in the following year.289
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3.3.1. Policy price data290

It is to date unknown how the future market for biofuels will develop given291

the reduction obligation. However, the price for the GHG emission performance292

of the biofuels will not exceed that of the set penalty for failing to meet the blend-293

in requirements, which currently amounts to 660 EUR/ton CO2-equivalent3.294

Given the option to purchase a biofuel with a GHG emission reduction cost295

lower than the penalty, that biofuel would likely be purchased. The result296

would be a market price for the GHG emission reduction potential which would297

be lower than the penalty.298

The question is thus how the market for biofuels will develop in the fu-299

ture. Firstly, we can compare with the historic prices in the EU Emissions300

Trading System (EU ETS), which have been in the range of 5–30 EUR/ton301

CO2-equivalent. Next, we can also compare with the current CO2 tax in Swe-302

den, which affects heat-generating facilities not included in the EU-ETS trad-303

ing scheme, and which amounts to 105 EUR/ton CO2-equivalent(World Bank,304

2020).305

Given the uncertainties of the future CO2 price, we varied the policy price306

in the simulations with a CO2 price of 0–700 EUR/ton CO2-equivalent (using307

50 EUR/ton increments). The higher end of the range thus represents a failure308

of the market to deliver biofuels with a lower price for the GHG emission reduc-309

tion potential, compared with the set penalty for failing to meet the blend-in310

requirements.311

3.3.2. Policy uncertainty data312

The policy uncertainty, expressed as a probability of a policy switching in313

the following year, was varied from 0–45% in 5% increments. The 0% scenario314

means that there exists no uncertainty and that the policy support is active315

during the entire time horizon. In reality, it would not be possible to achieve a316

0% uncertainty, as policy support is dependent on political support. The upper317

limit of 45% uncertainty was set based on observed policy switching for biofuel318

tax exemptions in the US, which amounted to 44% between 2005–2017 (Liu319

et al., 2018).320

3.4. GHG footprint evaluation321

We applied two different approaches for expressing the GHG footprint. Firstly,322

we applied a simplified approach based on the RED guidelines (European Com-323

mission, 2009). Secondly, we also applied an approach based on system expan-324

sion as described in ISO-14044 (ISO, 2006). The reason for complementing with325

the ISO-14044 approach (hereafter termed simply ISO) is that the RED guide-326

lines prohibit the allocation of emissions to heat co-products, and thus fails to327

capture the benefits of heat integration, where heat replaces or reduces the need328

for another primary fuel.329

37 SEK/kg CO2-equivalent (Drivmedelslagen, (2011:319, 27 §), converted with
10.6 SEK/EUR (average of 2019) (European Central Bank, 2020)
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The GHG footprints for the different technologies are shown together with330

the fossil fuel reference emissions in table 3. The fossil fuel references are based331

on the share of each biofuel produced, as they will replace different fossil alter-332

natives; petrol, diesel, and natural gas4, with reference emissions of 93.5, 95.5,333

and 67.0 g CO2-equivalent/MJ, respectively.334

Table 3: GHG footprint (g CO2-equivalent/MJ fuel) for each biofuel production technology,
according to the two applied approaches, and the reference emission for the corresponding
replaced fossil fuel or fossil fuel mix.

LSH LSH-E BLG Pyr-HDO Pyr-FCC Hydropyr

RED 30.6 -28.9 8.9 31.0 14.7 6.7
ISO 7.0 -52.5 6.0 1.1 -33.7 6.7
Ref emission 95.5 95.5 90.8 94.6 94.9 94.1

3.5. TRL-adjusted investment costs335

Projected investment costs are rarely the same as the final investment cost,336

once a project is completed. This was observed in the seminal work by the337

RAND-corporation which investigated the correlation between projected invest-338

ment costs and final costs in various investments in industrial facilities (Merrow339

et al., 1981). In general, it was concluded that a larger share of commercially340

unproven technologies (e.g. a lower TRL), and a less inclusive initial cost esti-341

mate resulted in both a higher cost increase and a wider spread of the possible342

final investment cost, as illustrated in figure 2.343

Investment cost

Pr
ob

ab
ilit

y

Projected cost
High TRL, inclusive cost estimate
Low TRL, rough cost estimate

Figure 2: Generic illustration of the correlation between projected investment, and final in-
vestment cost depending on the technology readiness level.

To compensate for this effect, we employed the empirically derived equation344

from Merrow et al. (1981) to adjust the investment cost depending on the TRL345

of the technology. Equation 5 was used to obtain a value of the cost growth346

factor, which was in the next step multiplied with the technology investment347

4the produced green LPG was assumed to replace fossil natural gas as they have historically
been correlated prices
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cost as assessed in the literature (see section 3.6), to get a likely estimation of348

the investment cost when implemented.349

CostGrowth = Intercept− (b1PctNew − b2Impurities− b3Complexity

−b4Inclusiveness− b5ProjectDefinition)
(5)

where Intercept, b1, b2, b3, b4, and b5 are empirically estimated parameters.350

Intercept = 1.12196, b1 = −0.00297, b2 = −0.02125, b3 = −0.01137, b4 =351

0.00111, and b5 = −0.06361, the standard deviation for the parameters were352

0.083. The definition, range of values, and criteria for each parameter were353

determined as:354

PctNew, 0-100 Defined as the percentage of the total investment cost that355

consists of technologies unproven in commercial scale. In this study, each356

process step with an estimated TRL < 8 was deemed unproven in com-357

mercial scale.358

Impurities, 0-5 Estimate of the difficulties encountered with process impuri-359

ties in the development process.360

Complexity, 1+ The number of processing steps in the plant. Each major361

processing step contributed to the count, and both the integration with362

the pulp mill and the oil refinery were counted as separate steps.363

Inclusiveness, 0-100 Defined against if the items; 1) land costs (property/364

leases/ rentals), 2) initial plant inventory/warehouse parts/catalysts, 3)365

pre-operating personnel costs are included in the cost estimate.366

ProjectDefinition, 2-8 The level of engineering and site-specific information367

included in the estimate.368

The value for the level of engineering was determined from the list:369

1. Design specification370

2. Moderate or extensive study design371

3. Limited study design372

4. Screening study373

Site-specific information was determined as the average value on a four-point374

scale assigned for each item in the list below:375

• On-site and off-site unit configuration376

• Soils and hydrology data377

• Health and safety requirements,378

• Environmental requirements379
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where the values were determined according to:380

1. Definitive or completed work381

2. Preliminary or limited work382

3. Assumed or implicit analysis383

4. Not used in the cost estimate at all384

3.6. Techno-economic input data385

For all technologies, the annual operation and maintenance costs were as-386

sumed to be 4% of the TRL-adjusted investment cost (as described in section387

3.5), the annual operating time 8000 h, the discount rate 15%, and the eco-388

nomic lifetime 20 years. It was also assumed that all technologies, as described389

in this paper, would constitute feasible investments in the defined 10-year in-390

vestment window. After those 10 years, the technologies would either have been391

supplanted by other technologies, or technology development or significant mar-392

ket changes would have occurred, which would make it necessary to alter the393

technology descriptions.394

The total investment costs, as assessed in the literature, at both the pulp395

mill and oil refinery are shown in table 4 together with the estimated parame-396

ters for TRL-adjustment of the investment costs according to equation 5. The397

investment costs were updated to the monetary value year of 2019 using the398

Chemical engineering plant cost index (CEPCI, 2020) and represent first-of-a-399

kind investments. A note on the difference between the cost-structure of LSH400

and LSH-E The difference between these options is that the hydrogen produc-401

tion cost is included in the operational costs for LSH, while it is mainly included402

in the investment cost for LSH-E (apart from the increased electricity usage).403

Additionally, LSH will require investment in additional hydrogen production ca-404

pacity at the refinery if the current production capacity is insufficient, however,405

this cost is not considered.406

The summary of the main energy inputs and outputs for all technologies,407

as integrated with a state-of-the-art market pulp mill are displayed in table 5.408

The numbers are the summary of net changes in energy flows for both the pulp409

mill and oil refinery, including energy carriers replaced by excess heat from the410

biorefinery process, where applicable.411

3.7. Scenario summary and key performance indicators412

The framework was applied for a number of scenarios, defined by a specific413

combination of the varied exogenous parameters for the policy price, policy414

uncertainty, and method used to calculate the GHG footprint, as described in415

the previous sections. In summary, the scenario parameters were defined as and416

varied according to:417

• Policy price - the price for the GHG emission reduction compared to the418

fossil alternative; 0–700 EUR/ton CO2-equivalent in 50 EUR/ton incre-419

ments420
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Table 4: Investment costs from literature and estimated parameters for TRL adjusting the
estimated investment costs, according to section 3.5 and TRL-data in Appendix A. Investment
costs were converted to 2019 monetary value using the Chemical Engineering Plant Cost Index
(CEPCI, 2020).

LSH1 LSH-E1 BLG1 Pyr-HDO2 Pyr-FCC2 Hydropyr2

Spec. inv. cost3 1.8 5.0 2.6 2.3 3.0 2.8
PctNew 80 100 77 90 85 88
Impurities 5 5 1 5 5 5
Complexity 7 7 6 5 4 5
Inclusiveness 100 100 100 100 100 100
ProjectDefinition 6.5 6.5 3.75 6.5 6.5 6.5
CostGrowth4 2.52 2.97 1.48 2.57 2.41 2.53
1Investment cost from Jafri et al. (2020). 2Investment cost from Jafri et al. (2019b).
3Specific investment cost as assessed in the literature. 4Result from equation 5
without standard deviation. Used as multiplying factor with literature assessed
investment cost.

Table 5: Main energy inputs and outputs, MWLHV, derived from (Jafri et al., 2019a, 2020).
Negative are inputs, and positive are outputs. 1

LSH LSH-E BLG Pyr-HDO Pyr-FCC Hydropyr

Electricity -34.8 -129.8 -33.8 1.5 1.5 0.1
Biomass -36.7 -36.7 -65.8 -65.8 -65.9
Hydrogen -71.3 -6.0 -1.8 -0.6
Natural gas2 112.4 112.4 1.7 10.1 -18.2
Biofuel product

Green Diesel 78.8 78.8 7.3 9.0 4.7
Green Petrol 1.4 1.4 40.0 5.9 3.9 12.1
Green LPG 4.6
Additional fossil product

Fossil Petrol 11.8
Fossil Diesel 5.5

1The numbers reflect integration with a state-of-the-art market pulp mill with an
energy surplus. 2Excess heat at the refinery was assumed to replace natural gas, and
is included in the energy balance for natural gas. For more information, see Jafri et al.
(2019a) where excess heat was assumed to replace heavy fuel oil.

• Policy uncertainty - the risk of policy switching; 0–45% in 5% increments.421

• GHG footprint approach - the GHG footprint was expressed both in accor-422
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dance with the Renewable Energy Directive, and with ISO-14044; labelled423

RED and ISO, respectively.424

The key performance indicators used to assess the results for the scenarios,425

and technologies were:426

Investment share: The share of the simulations in a specific scenario where an427

investment occurred. This should be interpreted as the share of simulated428

scenarios in that specific scenario where investment will be economically429

rational for the 10-year investment window.430

Average investment year: The average investment year for all simulations431

within a scenario that resulted in an investment, meaning that all sim-432

ulations where no investment occurred are ignored. An early average433

investment year should be interpreted that there is a high likeliness that434

the technology is favourable for early investment for the given scenario.435

Early emissions reduction: The total GHG emissions reduction compared436

with the fossil reference within the investment window. The early emis-437

sions were calculated according to ISO-14044 regardless of the method438

used to calculate the policy support received (RED or ISO). This was439

chosen as it represents a more "true" description of the changes of CO2440

emissions in the system as it accounts for the benefits from the heat in-441

tegration, which can be substantial for heat integrated technologies. The442

value was calculated as the average of all early emission reductions in443

all simulations for each scenario, including scenarios without investment444

(which consequently has a GHG emission reduction of zero).445

Early emissions reduction cost: The difference between the exogenous pol-446

icy price in the scenario and the policy support cost for the total early447

emissions reduction. This accounts for the difference between the GHG448

footprint calculations according to either RED or ISO, and also for the449

policy uncertainty as it includes data where no policy support is in effect450

(due to policy switching).451

Investment costs resulting in investments: The distributions of the invest-452

ment costs for the simulations resulting in investments is compared with453

the entire simulated investment cost distribution. This will show if the in-454

vestment cost uncertainty is a governing factor for making the technology455

an economically rational investment.456

4. Results and discussion457

The results are presented in four sections. First, section 4.1 provides a sum-458

mary of the simulated TRL-adjusted investment costs and energy prices. Next,459

the impact of uncertainty on the decision of whether to invest or not is pre-460

sented in section 4.2, followed by an analysis of the influence of the investment461
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cost in section 4.3. Results regarding how the promotion of early investments462

impacts early emission reduction and the corresponding cost for the early emis-463

sion reduction are presented in section 4.4. The chapter is concluded with a464

summarising discussion that also includes the study’s limitations, in section 4.5.465

4.1. TRL-adjusted investment costs and future energy prices466

Figure 3 shows the resulting distributions for the simulated specific invest-467

ment costs according to equation 5, compared with the original investment cost468

estimations from the literature. This outlines how the investment costs of the469

different technologies are systematically underestimated, concerning their re-470

spective TRL.471
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Figure 3: The specific investment cost from the literature (dark vertical line) compared to the
resulting simulated TRL-adjusted specific investment costs.

The results from the simulations show that the resulting specific investments472

costs are the lowest for LSH and BLG, with the most probable specific invest-473

ment cost located at 4.5 and 3.8 EUR/MW, respectively. Both technologies474
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have a relatively high TRL (affecting PctNew in equation 5). In addition, LSH475

has a low specific investment cost from the literature, while BLG has both a476

low problem with impurities (affecting Impurities in equation 5) and a high477

level of engineering detail in the cost assessments (affecting ProjectDefinition478

in equation 5).479

For the forest residues-based technologies, the resulting specific investment480

costs with the highest probabilities were 5.9, 7.2, and 7.1 EUR/MW, for Pyr-481

HDO, Pyr-FCC, and Hydropyr, respectively. The technologies are of similar482

TRL and level of detail in the cost assessments as LSH, however, they suffer483

from a higher estimated specific investment cost from the literature.484

The outlier in terms of resulting specific investment cost is LSH-E, with485

a most probable specific investment cost amounting to 15 EUR/MW. This is486

explained by a combination of high specific investment cost from the literature487

due to the need to invest in an electrolyser, and that a majority of the investment488

cost is related to process equipment not tested in commercial-scale (affecting489

PctNew in equation 5). This is again mainly related to the investment in490

the electrolyser, as the same is not true for LSH, which is basically the same491

technology but without the electrolyser. Here, it should be noted that for LSH,492

the natural gas-based hydrogen has been assumed to be imported, and thus the493

investment in methane reforming capacity is not included in the investment cost,494

meaning that a part of the cost component is shifted from capital to operating495

expenses. As a consequence, the absolute specific investment costs of LSH and496

LSH-E are not fully comparable.497

The future simulated energy prices are shown in figure 4, with the average,498

10th and 90th percentile of the simulated future prices plotted, together with499

the price path of one specific scenario as illustration.500

With the simulated future prices some implications from the assumptions501

regarding the future prices should be noted. Diesel and petrol prices have his-502

torically been correlated (see figure 1) with the prices starting to diverge around503

2017. In this work, no future correlations were considered, and while the esti-504

mated drift and volatility are similar, the future prices are independent of each505

other.506

No drift was assumed in the future electricity prices, but it has historically507

been subject to very large price volatility. This resulted in a wide distribution508

in the simulated future prices, meaning that the future market as observed by509

the investor in the real options framework is subject to very high uncertain-510

ties. Similarly, the simulated future prices for the other energy carriers (except511

biomass due to the low historic volatility), display a relatively wide range of512

outcomes, and particularly diesel and petrol show not only a wide distribution513

of future prices but also a high expected price increase compared with current514

prices. It should be remembered that the prices are shown for a 30-year time515

horizon and the final price point is here shown for the year 2050. Conversely,516

the investment horizon considered for the analysis was 10 years.517
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Figure 4: Average, 10th percentile and 90th percentile of all simulated future energy prices
together with the price path of one specific simulated scenario (randomly selected and shown
for illustrative purposes).

4.2. Investment share and investment timing518

Figure 5 shows the share of the simulations that result in investment, and the519

average investment year for all simulated scenarios (policy uncertainty, policy520

price, and method to calculate GHG footprint). To note is that the result521

includes investments for the entire investment horizon, which also includes the522

investments occurring in year 10, where the investor no longer has the option523

of postponing the investment decision.524

With the current market development, the results show that LSH is a tech-525

nology where it is a high likeliness that the future market conditions will make526

it an economically rational investment choice. This is especially true since it is527

not reliant on any policy support to reach a 60% investment share. Also, BLG528

is a technology of particular interest, albeit reliant on relatively high policy529

prices to achieve economically favourable conditions. If the market, however,530

achieves sufficiently high policy prices, BLG shows both high investment shares531

and favourable results in terms of early investments. For the technologies with532

a low likeliness to achieve favourable economic conditions (LSH-E, Pyr-HDO,533

Pyr-FCC, and Hydropyr), a higher uncertainty leads to a need for very high534

policy prices for investments to occur at all.535
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Figure 5: Share of simulations resulting in investment (top) and the average investment
year (bottom), per scenario (policy uncertainty, policy price, and method to calculate GHG
performance). Grey = no investment for that particular scenario.
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While LSH reaches a high investment share regardless of the policy price,536

it is reliant on very high policy prices for investments to occur early in the537

investment horizon. Conversely, while BLG is reliant on the policy price to538

achieve significant investment share, once sufficient policy support is in place it539

is likely to achieve early investments.540

Pyr-HDO and Hydropyr would seem to be technologies that are of no inter-541

est due to their low probability of achieving favourable investment conditions.542

However, if the policy price reaches levels where investments are favourable,543

they are likely to achieve investments earlier in the investment horizon. Com-544

pared with the other technologies, they have characteristics that make it less545

favourable to wait for better market conditions, i.e., they have a relatively low546

share of scenarios where investments occur late in the investment window.547

For all technologies, an absence of policy uncertainty (0%) is favourable for548

investments occurring. However, it would be unreasonable to reach a politi-549

cal support system with stable, guaranteed support for a 30-year time horizon.550

While the absence of policy uncertainty (0%) has a positive influence on the551

share of simulations resulting in investments, it consistently results in invest-552

ments occurring later in terms of the average investment year. This can be553

explained by that the investor is guaranteed to receive the policy support, and554

it becomes economically favourable to postpone the investment to wait for better555

market conditions. It is, however, not guaranteed that the specific simulations556

result in better market conditions in the future, it is only more likely.557

When comparing the two approaches for estimating the GHG performance,558

all technologies except Hydropyr were found to benefit from being able to ac-559

count for heat integration benefits in accordance with ISO-14044, regarding the560

required policy price for investments to occur. However, the differences in terms561

of both investment share and investment timing were relatively small. The forest562

residue-based technologies (Pyr-FCC and Pyr-HDO) were the only technologies563

majorly impacted by accounting for their GHG performance using ISO-14440.564

Although the GHG performance is improved in the same magnitude for the565

lignin separation technologies (LSH and LSH-E, see table 3), those technologies566

were not impacted nearly as heavily. For LSH, this is explained by that the567

technology does not rely on the income from the GHG performance to be an568

economically viable alternative, and it is thus only marginally affected by the569

increased income. LSH-E is, conversely, reliant to some extent on the income570

from GHG emission reductions to be economically viable. The simulations re-571

sulting in investment are, however, more sensitive to the investment cost of that572

particular simulation than to the GHG performance.573

4.3. Impact of investment cost on investment decision574

Naturally, not only the policy price and policy uncertainty impact the deci-575

sion whether to invest or not, but also the investment cost and related uncer-576

tainty. This section explores the impact of the investment cost on the investment577

decision. Figure 6 illustrates the specific investment cost distributions over the578

entire simulated range (blue boxes), versus over the simulations that result in a579

positive decision to invest (orange and green boxes, respectively).580
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Figure 6: Simulated specific investment cost distributions, for all simulations, and only simu-
lations where investment has occurred for the RED and ISO GHG-footprint scenario, respec-
tively.
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Examining the figure, the differences between the entire simulated invest-581

ment cost distributions, and the distributions of the simulations resulting in582

investments are significant for all technologies, except for BLG and LSH. This583

small difference in the investment cost distribution further highlights why BLG584

and LSH have significant advantages regarding the probability of investment,585

compared to the other technologies, as they have lower sensitivity to the invest-586

ment cost uncertainties. Since the future actual investment costs can develop587

both towards the lower and the upper ends of the TRL-adjusted investment cost588

ranges, the results show that both BLG and LSH can be viable technologies,589

as they are robust investments even if the future actual investment costs would590

develop towards the higher end of the range.591

The difference in the results depending on the chosen method to calculate the592

GHG footprint had only a major impact on the fast pyrolysis-based technologies.593

They, together with LSH-E were the technologies that were heavily impacted in594

the assessed GHG footprint, depending on the chose method. That LSH-E was595

not impacted in the relation between the specific investment costs depending596

on chosen GHG footprint calculation method shows that the investment costs597

plays have a much larger impact on the economic performance, compared to598

the income from the policy support. Contrasting this result with the results in599

figure 5, which shows that a high CO2-price favours investment, these results600

show that unless the CO2-price is close to the penalty, the investment cost for601

LSH-E must be in the lower range of the simulated investment costs.602

4.4. Avoided early emissions and costs for early emission reduction603

Figure 7 shows the avoided early GHG emissions, (i.e., the total avoided604

emissions within the investment window), as well as the early emissions reduc-605

tion cost (i.e., the difference between the implemented policy price, and the606

resulting policy cost for the avoided early emissions). The resulting early emis-607

sions policy support cost is consequently a measure of the difference between608

the cost of the policy support if it was in effect for the entire investment win-609

dow, and the actual simulated cost of the policy support. This accounts for the610

simulated scenarios where policy switching occurs and the policy support is not611

in effect for the entire investment window.612

Although higher policy support is received when the GHG footprint is cal-613

culated according to ISO instead of RED, the difference in the resulting early614

emissions reduction cost was found to be negligible. This was true irrespective615

if there was a large difference between the GHG performance depending on the616

method used, as for LSH-E, or no difference, as for Hydropyr.617

While a low policy uncertainty (excluding the total absence of uncertainty)618

resulted in a larger share of early investments, a higher policy uncertainty re-619

sulted in a lower cost for early emission reduction. This is mainly due to the620

number of scenarios where investments occur early while the policy support is621

in effect and the policy support disappears at a later date, increases for the622

scenarios with higher policy uncertainty.623
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Figure 7: Average avoided early emissions (emissions occurring in the investment window),
and the difference between implemented policy price and resulting cost for the avoided early
emissions (bottom), per scenario (policy uncertainty, policy price, and method to calculate
GHG performance). Grey = no investment for that particular scenario.

4.5. Summary and study limitations624

While the results lend some credence to the claim that policy uncertainty625

is a major hindrance to investments in biorefinery technology, this was shown626

to primarily be true for technologies that are unlikely to reach favourable in-627

vestment conditions at all (see figure 5). If excluding the scenario devoid of628

policy uncertainty, which is unlikely to be achievable, the validity of the claim629

is weakened further.630

Further, while policy uncertainty indeed was shown to negatively impact the631

total share of investments achieved under the different scenarios, it increases632

the chance for investments to occur early. Generally, the earliest investments633

for the lowest policy prices were achieved at a policy uncertainty of 10–15%634

(meaning that, on average, a policy switch is expected every 6–10th year). Due635

to the mechanisms of the real options framework, the uncertainty contributes636

positively to earlier investments by the virtue of the investor having to invest637

due to a likeliness that the policy support might disappear in the future. For638

higher policy uncertainties, this effect disappears as the likeliness of disappearing639
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policy support is negated by a lower total expected policy support over the entire640

lifetime of the investment.641

Under a reduction obligation mandate which creates a market with a price642

premium for the GHG performance of the biofuel, as investigated here, it was643

shown that it is not necessarily the specific GHG performance that has the644

highest impact on investments occurring. This was made evident by the high645

investment share achieved by the technology with the lowest GHG performance646

(LSH). Rather, the results showed a preference for technologies with low specific647

actual investment cost, as BLG and LSH, the technologies with the lowest TRL-648

adjusted investment costs, were the most favoured technologies.649

The type of policy switching which this study has considered was limited to650

the appearance and disappearance, respectively, of policy support. The results651

do therefore not consider policy switching where the type of policy support is652

replaced with a new policy support regime, or where the switch occurs between653

different levels of policy support. Hence, the simulated policy switching regime654

represents a worst-case scenario. If the uncertainties reflect switching between655

different policy regimes, the results should see a lower impact from policy un-656

certainty.657

The policy price in the higher range of 650–700 EUR/ton GHG equivalent658

emission reduction was based on the current penalty for not complying with659

the reduction obligation mandate. It is however unlikely that the market for660

GHG emission reduction from blend-in biofuels would attain those levels, as it661

is possible to import other biofuels at lower prices.662

The policy support tool which was examined here was a time-based fixed663

level of policy support. As has been mentioned, it would be impossible to664

create a framework reaching a 0% policy uncertainty with these time-based665

policy support mechanisms, as the investments are likely to be operational for666

20 years. If the policy support instead were to be given as one-time investment667

support, the same conditions as for a 0% policy uncertainty would be achieved.668

The product price is of major importance in deciding if the simulation results669

in investment or not. Compared to the price of biomass - petrol and diesel prices670

are subject to higher uncertainties due to their high historic price volatilities,671

and the resulting simulated future prices provide a wide range of prices. For672

example, the petrol price at the end of the investment horizon provides a range673

of 90–120 EUR/MWh between the 10th and 90th percentiles (see figure 4).674

This wide range can flip a particular scenario with a specific investment cost675

from being very profitable, to very unprofitable. However, it should be noted676

that future simulated scenarios rely on parameters estimated from historic price677

data. If a significant new capacity of biorefinery technologies are deployed, it678

can significantly increase biomass prices (Zetterholm et al., 2020).679

5. Conclusions680

We have here used a real options framework to investigate the economic681

rationale behind the argument that policy uncertainty leads to deferred invest-682

ments in biorefinery technologies. The real options framework was implemented683
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for Swedish market conditions with emerging forest-based biorefinery technolo-684

gies at different stages of their technological development with a policy price685

depending on the GHG performance of the produced biofuel.686

While the results partly confirm that increased policy uncertainty can lead to687

a need for higher policy support in order to reach the same investment rates, this688

was, however, found to mainly be true for technologies that require very high689

policy support to reach any significant investment rates at all. Technologies that690

resulted in significant investment rates at lower policy support levels, conversely,691

showed low to no reduction in investment rates with increased policy uncertainty.692

The presence of some policy uncertainty improves the economic argument for693

earlier investments, as it becomes favourable to invest while the policy support694

is in effect rather than waiting for other market conditions to be improved.695

Among the set of investigated technologies, the study showed that there is a696

strong preference for technologies with a low specific investment cost and with697

a lower investment cost uncertainty. This was highlighted by that the tech-698

nologies with relatively low investment costs reported in the literature showed699

unexpectedly unfavourable results in this study. The explanation behind this700

is the relatively low technological maturity, which makes it likely that those701

investment costs are severely underestimated.702

Policy support mechanisms where the support is linked to the GHG perfor-703

mance of a biofuel or a technology are intended to favour concepts with high704

GHG performance. However, the results reflected no major advantage for those705

technologies since they had disadvantages in terms of their investment and op-706

erational costs, thus requiring a very high policy price to become economically707

viable. If the policy support is intended to promote investments in emerging708

technologies with high GHG performance, the results thus stress that such sup-709

port must be directed specifically to those technologies. Otherwise, under the710

same policy support scenario, it would be economically favourable to invest in711

technologies with lower GHG performance but more beneficial investment and712

operational cost performance.713

Overall, we conclude that we find little support for the claim that policy714

uncertainties is a major source for the failure of commercial deployment of715

advanced forest-based biorefinery technologies. The uncertainties surrounding716

investment costs, and future energy prices play a larger role in that investment717

in these technologies can not be justified from an economically rational point of718

view.719
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Appendix A. Technology TRL assessment944

The technology readiness level (TRL) of each individual processing step for945

each technology is summarised from references (Jafri et al., 2019b, 2020) in946

tables A.1–A.5.947

Table A.1: Process steps and TRL for lignin separation-hydrotreatment with natural gas
derived hydrogen (LSH) and electrolysis derived hydrogen (LSH-E). Source: (Jafri et al.,
2020).

Process step TRL Comment
Membrane filtration 6 Pilot operating in pulp mill environment.
Heat treatment and
lignin separation

5 Shorter bench/small pilot

Purification and
formulation

4

Hydrodeoxygenation
and cracking

4
Work is being performed in lab scale
on lignin oil. Concept demonstrated
in lab scale for other bio-oils

Integration with
pulp mill, permeate
and lignin lean liquor

4
Difficult to mature when working on
small slip-streams, but partly
demonstrated on similar effluents streams

Hydrogen production
9 /
7

Natural gas reforming (LSH)/
PEM electrolysis (LSH-E)

Integration with refinery 7

Concept formulated. Relatively easy
integration with heat being supplied
through steam and hot water generation,
NCG combustion in refinery boiler,
proven in other applications
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Table A.2: Process steps and TRL for black liquor gasification-catalytic synthesis (BLG).
Source: (Jafri et al., 2020).

Process step TRL Comment
Black liquor gasification 7 Gasifier upscaling factor 25
Gas cleaning and
conditioning

8
Commercial technology
(rectisol and WGS), -1 fro biosyngas

Methanol synthesis
and purification

8
Commercial technology
(BWR), -1 for biosyngas

Methanol-to-gasoline 7.5
1G tech: 600 kt/y in NZ 1985-1997
2G tech: 100 kt/y on coal derived
syngas in China 2009, -1 for biosyngas

Integration with pulp mill,
green liquor and steam

4.5

Not demonstrated since GL flow from
gasifier is negligible in pilot. Green liquor
analysed and upgrading tio white liquor
demonstrated in bench scale.

Refinery integration
of MTG

4.5
Not demonstrated but fairly
straightforward and non-complex

Table A.3: Process steps and TRL for fast pyrolysis with upgrading via hydrodeoxygenation
(Pyr-HDO). Source: (Jafri et al., 2019b).

Process step TRL Comment

Fast pyrolysis of
forest residues

7.5
Commercial operation 30 MW
on pellets/sawdust, -(1-2) for
forest residue feedstock

Hydrodeoxygenation 3
SOTA: 2-step HDO in lab scale <400 mL,
-1 for forest residue FPO (alkali)

Final upgrading to
transportation fuel

8.5
Commercial process, -(0-1) for product
from new process

Integration in pulp mill 9 Only integrated through steam supply

Integration in refinery 7.5

Only integrated through use of
non-condensable gases in refinery boiler
and heat recovery in form
of hot water and steam
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Table A.4: Process steps and TRL for fast pyrolysis with upgrading via fluidised catalytic
cracking (Pyr-FCC). Source: (Jafri et al., 2019b).
Process step TRL Comment

Fast pyrolysis of
forest residues

7.5
Commercial operation 30 MW
on pellets/sawdust, -(1-2) for
forest residue feedstock

FCC co-feeding 4.5

Petrobras pilot 200 kg/h (<5% of
commercial scale) with approx.
250 h acc. op. time. UOP claims that
commercial trials are underway but
no results available. Not demonstrated
with forest residue pyrolysis liquids (alkali).

Final upgrading to
transportation fuel

8
Commercial process, -1 for product
from new process

Integration in pulp mill 9
Only integrated through use of non-condensable gases in
refinery boiler and heat recovery in
form of hot water and steam

Table A.5: Process steps and TRL for catalytic hydropyrolysis-hydroconversion (Hydropyr).
Source: (Jafri et al., 2019b).

Process step TRL Comment
Catalytic hydropyrolysis,
incl. feeding

3.5
GTI pilot 50 kg/d,
-(1-2) for forest residue

HDO 4.5
GTI pilot 50 kg/d,
-(0-1) for forest residue based vapours

NCG reforming to
hydrogen

7.5
Integrated NCG reforming not
demonstrated but very similar to commercial
process, -(1-2) for gas from hydropyrolysis

Final upgrading to
transportation fuel

8
Commercial process, -1 for product from
new process

Integration with refinery 7.5
Relatively easy integration with steam and hot
water generation, proven in other applications
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