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Abstract: Lignocellulosic biomass is expected to play an important role in decarbonizing our econ-
omy. In this modeling study, we assessed the future role of biobased chemicals and energy from this
resource in the EU up to 2030. The study’s general outcomes indicate that biobased heat remains the
largest biobased sector over this period, and biobased chemicals remain the smallest. A significant
share of EU-domestic lignocellulosic biomass potential remains unutilized, even when feedstock avail-
ability is restricted. The technology mix for biobased heat, power, biofuels, and chemicals remains
relatively stable in all cases, with a strong role for biobased combined heat and power (CHP). Several
specific ‘what if’ analyses were done. These show that both restriction of feedstock potential and active
mobilization of available potential affect overall costs of biobased options, illustrating the relevance of
specific policies in bringing biomass potentials to the market. In feedstock-restricted scenarios, specific
attention to advanced lignocellulose-based fuel technologies is essential to meet biofuel ambitions.
Another analysis indicates that both competition and synergy effects occur between energy and chemi-
cal applications of biomass. This illustrates that biorefining and co-production of biobased chemicals
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and energy in integrated biorefineries is a better and more robust business than separated production.
Finally, an analysis of the dynamics between lignocellulosic and crop-based biofuels reveals that the
current capacity of the latter creates a need for a specific subtarget for lignocellulose-based biofuels
before they can enter the market, and that crop-based biofuels may be gradually phased out, but with
significant additional costs. © 2018 Society of Chemical Industry and John Wiley & Sons, Ltd
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Introduction

pivotal for decarbonizing our economy."* An advan-

tage of this resource over other renewable options is
that it can be converted into a wide array of energy carri-
ers and into chemicals, thereby providing a substitute for
the role of fossil feedstocks in the petrochemical sector.>~
Lignocellulosic biomass, in particular — woody material,
straw, and other non-digestible feedstocks composed of
(hemi)cellulose and lignin - is the focus of attention as this
is abundantly available in the form of residues and is less
susceptible to sustainability issues than cultivated agri-
cultural crops used for bioenergy.® The use of biomass for
chemical and energy applications is part of the EU’s bioecon-
omy strategy.” For biobased chemicals, attention still seems
to focus on R&D and raising awareness of policy,® without
clear incentives for deployment. For applications of ligno-
cellulosic biomass for energy, such incentives are already in
place, with the Renewable Energy Directive (RED)’ as the
key policy framework. This directive contains, inter alia,
country-specific targets for renewables in 2020 (adding up
to 20% for the EU as a whole), towards which lignocellulosic
biomass for power and/or heat are foreseen to pay an impor-
tant contribution.!’ For advanced, lignocellulosic biofuels,
the 2015 RED amendment"! provides a specific indicative
subtarget of 0.5% of total energy in transport in 2020.

The EU has been preparing its energy and climate policy
framework for 2030, including a new Renewable Energy
Directive. A draft of this REDII was published in 2016,
and consensus between the European Commission,
Parliament, and Council was reached in June 2018."* Three
relevant 2030 targets were set: 32% for renewable energy
within the EU, 14% for renewables in transport for each
member state, and 3.5% for lignocellulosic biofuels. In the
debate on these policy developments there are several ques-
tions related to the future role of lignocellulosic biomass
in our economy (see, e.g., Scarlat et al. 4 These questions
focus on biomass availability and sustainability (how much

n ccording to all global assessments, biomass will be

will there be?), on its optimal use (will there be enough for
chemicals and energy, and how will these applications inter-
act?), and on strategic considerations (what is an effective
development pathway given current applications of non-
lignocellulosic biomass in, e.g., transport?). Many of these
questions were addressed in the EU project S2Biom (FP7,
see www.s2biom.eu), which included a collection of techni-
cal data regarding potentials, conversion technologies, the
development of strategic tools, and roadmap studies.

As part of the S2Biom project, the integrated assessment tool
RESolve-Biomass was further developed to address several of
the policy and strategy questions mentioned above at EU level.
The general approach was to generate a reference scenario for
the development of biobased energy and chemicals in the EU,
and provide additional analyses going into several ‘what if’
questions. In this paper, we go into the following:

1. Animportant question is how quickly biomass feed-
stocks can be mobilized and brought to the market. To
what extent do active policies, accelerating mobilization
of EU biomass feedstock potentials, lead to lower overall
costs? What impact would this accelerated mobilization
have on the feedstock and technology portfolio?

2. Biomass feedstock potential is an ongoing point of sci-
entific, societal, and political discussion. What happens
to the role of biobased options if EU feedstock avail-
ability is limited in comparison to the default availabil-
ity, e.g. through more restrictive sustainability policies?

3. Several stakeholders in the debate on biomass would
like to use biomass only for chemicals and materials,
and not for energy, as they foresee biomass scarcity
and competition between applications. To what extent
is there synergy or competition between these applica-
tions — in other words: do the demands for biobased
energy and chemicals applications influence each
other’s marginal costs?

4. Many definitions exist for different types of biofuels.
Here we mainly distinguish between biofuels from food
crops such as vegetable oils and sugar/starch crops,
using conventional, commercially available conversion
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technologies (further identified as crop-based biofuels)
and biofuels from lignocellulosic feedstocks (woody
materials, straw), using advanced conversion technol-
ogies (further identified as lignocellulose-based biofu-
els). Conventional biofuels based on food crops have
often been advocated as an essential stepping stone for
more advanced biofuel production technologies based
on lignocellulosic feedstocks. But if there are no spe-
cific subtargets, crop-based and lignocellulose-based
biofuels also compete against each other in their con-
tribution to meeting a biofuels target, with crop-based
biofuels having the advantage of consisting of exist-
ing production capacity. To what extent does current
capacity for these biofuels hamper the introduction of
lignocellulose-based biofuels?

Other stakeholders argue that crop-based biofuels need
to be phased out as soon as possible, as they claim that
their sustainability will remain a point of contest. To what
extent can lignocellulose-based biofuels already take over
the entire biofuels market by 2030, fulfilling the foreseen
role of biofuels in the entire mix of mitigation options,

at the expense of crop-based biofuels? What impacts on
feedstock mix and system costs would that have?

Modeling approach

RESolve-Biomass: key model architecture

The RESolve-Biomass model determines the least-cost
configuration of the entire bioenergy production chain

as a function of endogenously given demand projec-

tions for biofuels, bio-electricity, bioheat, and biobased
chemicals (more specifically, chemicals made from lig-
nocellulosic biomass), and given assumptions on supply
chains, including biomass potentials and technological
progress — see Fig. 1. By doing so, it mimics the competi-
tion among these four sectors for the same resources. The
model is myopic and does not work with perfect foresight:
it provides a pathway of annual least-cost solutions, taking
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into account standing production capacities of the year
before. It focuses on biobased options only; interactions
with other options for renewable electricity and heat are
not part of the analysis. Although the model can techni-
cally work with a CO, price, thereby also indicating the
impact of the EU-ETS, this was not applied in this study.

The RESolve-Biomass model includes raw feedstock
production, processing, transport, and distribution. One
of the features of the RESolve-Biomass model is the ability
to link the national production chains to the international
trade market. By allowing trade, the future cost of bioen-
ergy and biochemicals can be approached in a much more
realistic way than when each country is evaluated sepa-
rately. An extensive description of the model and its key
features can be found in Van Stralen et al.'® Development
and applications of the model in earlier research projects
has been described extensively in Londo et al."?

In its current version, RESolve-Biomass covers the 28
Member States of the EU, and the Western Balkan coun-
tries, Moldova, Turkey, and Ukraine. The model allows for
trade in feedstocks and final products by means of trucks,
trains and short sea shipments within Europe. Import
from outside Europe goes via ocean tankers. The only
costs associated with international trade are transport
costs (including handling), for which generalized dis-
tances between countries are used. Key model outputs are:

o the mix of chemicals, fuels, electricity and heat gener-
ated, and of related conversion technologies;

« the types of feedstocks applied for the full set of coun-
tries assessed, and also specifically for six European
regions, the balance between use of domestic feed-
stocks and imports, and the amounts of remaining
unused domestic feedstock potentials;

o market value of the various products generated from
biomass (i.e. projected production volumes times cur-
rent market values);

o system costs, i.e. total costs for feedstock production,
logistics, and conversion, minus market value of the

Distributi End-use

Country >
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Prod k C i \
k Export Import

/

Figure 1. Schematic representation of the RESolve-Biomass mode!
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products; this indicator is only to be used for a cost
comparison between different model runs - the abso-
lute numbers as such have limited meaning;

o marginal costs of some key products (i.e. production costs
of the final unit of product needed to meet the demand).

RESolve-Biomass only analyzes biomass and bioenergy
chains; the interplay between biobased energy routes
and other options for energy production (renewable and
nonrenewable) is not part of the analysis. The production
levels of crop-based biofuels and application levels of vari-
ous feedstocks for electricity and heat in the model were
calibrated on available Eurostat data for 2005-2014.

Key inputs: biomass cost-supply data
European cost-supply data

The reference case for biomass availability is characterized
by a policy environment in which the current sustain-
ability policies are in place, and additional sustainability
requirements are not limiting the size of feedstock. There
is therefore no strong competition for resources and bio-
mass feedstocks have low to medium prices.

For the EU-28 countries the required data were taken
from the ‘reference scenario’ of the Biomass Policies pro-
ject,'”!® in which the current sustainability criteria for
biofuels are implemented. In this analysis, interactions
with the food and feed sectors and with lignocellulosic
material-processing sectors were taken into account, both
in terms of competition effects for feedstocks and for land,
and in terms of synergies, e.g. through the mobilization
of primary and secondary residues along the production
chain for food, feed and lignocellulosic materials.

For interactions with agriculture for food and feed, this
analysis was relatively detailed; for interactions with other
forestry-based demands, this analysis was relatively simple.
For example, future demand for stemwood was kept con-
stant. Potential availability of forestry-based feedstocks may
be higher in the future if stemwood demand increases and
thereby co-mobilizes additional primary and secondary resi-
dues, but also lower if innovative technologies using primary
and secondary residues for construction materials are further
deployed (see Hildebrandt et al."®). Further methodological
details are given in Elbersen et al.'®

Beyond 2020, the ‘reference scenario’ is aligned with the
40% GHG reduction targets in 2030. For other countries
included in the assessment, but which are not Member
States of the European Union, the cost supply data
has been taken from a JRC study on renewable energy
potentials.*’

Modeling and Analysis: Lignocellulosic biomass for chemicals and energy

The availability of biomass, slightly increasing between
2015 and 2030, is shown in Fig. 2. By 2030, the total poten-
tial adds up to almost 1 billion tonnes of dry matter. This
potential for biomass availability is spread over a wide
variety of categories, with the largest volumes in straw/
stubbles, energy grasses and perennial crops, manure, pri-
mary forestry residues, saw mill residues, and other wood-
processing industry residues. With cost data from the same
project,'”!8
the major biomass feedstocks can be seen in Fig. 3.

cost-supply curves were constructed, which for

Ex-EU import cost-supply data

Import cost supply data for crop-based and lignocellulose-
based bioethanol, biodiesel, and wood pellets were taken
from the IEE project ‘biomass policies.’* Import cost
supply data for used fats and oils (UFO) were taken from
Spéttle et al.** and Pelkmans et al.?® The import potential
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Figure 2. Total potential of biomass in the assessed region
(in Mtonne dry matter) per feedstock type. Ligno: lignocel-
lulosic crops and primary and secondary residues from
forestry and agriculture; Non-ligno: nonlignocellulosic agri-
cultural crops and primary and secondary residues; waste:
postconsumer wastes.
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Figure 3. Cost supply curves for 2030 of the biomass feed-
stock types with the highest availability.
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for vegetable oils was estimated at 200 PJ. An overview of
the import cost supply curves can be found in Fig. 4.

Key inputs: conversion technologies
and logistics

The existing RESolve-Biomass database of technology
performance and cost data was extensively updated on the
basis of the newly collected technology data in the S2Biom
project.*% For the key technologies (of the >80 in total in
the model), characteristics are summarized in Table 1.
Modalities for logistics of feedstocks, intermediates,
and products were truck, train, and short sea shipping for
intra-EU trade, bulk carriers for ex-EU imports, and truck
for transport within a country. Costs per km were based
on Hoefnagels et al.,”” and were made dependent on oil
price and labor costs per country.

Key inputs: Demand for biobased energy
and chemicals

Another important input to ECN’s RESolve-Biomass
model is the future demand for bioenergy and biobased
chemicals. For bioenergy, such data were readily avail-
able from several sources. A detailed description of heat,
electricity, and biofuels demands is given in the S2Biom
Deliverable 7.2b.?® These demand projections up to 2030
were mostly taken from the Green-X model as used in the
IEE project BETTER.? For the countries not included
there, the respective National Renewable Energy Action
Plans (NREAPs) were used as a basis for demand projec-
tions.”® In Fig. 5, the bioenergy demand of the EU-28+
region in 2030 is shown per region; the growth pathway
from now to 2030 (not shown) follows a relatively linear
pattern.

For the future demand of biobased chemicals, much
less information was available in the literature. In our
analysis, we focused on five reference chemicals, for which

n
o
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— Bioethanol ligno-based
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-
(&3]

Cost [€/GJ]

0 200 400 600 800 1000 1200
Supply [PJ]

Figure 4. Cost supply curves for the imported feedstocks
and biofuels for 2030.
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demand is expected to be increasing sufficiently to create
significant corresponding biomass demand: hydrogen,
methane, ethylene, methanol, BTX (benzene, toluene and
xylene), and PLA (polylactic acid) as a proxy for bioplas-
tics. S2biom deliverable 7.2°' provides an overview of this
market analysis, based on two more detailed background
reviews.’>** Figures 6 and 7 show the demand projec-
tions up to 2030 in five-year increments for the selected
key biobased chemicals. For bioenergy as well as biobased
chemicals, RESolve-Biomass itself converts final bioenergy
demand into primary biomass demand, depending on the
specific technologies applied.™

Other assumptions for the analyses

Next to the reference scenario assessment, the five ‘what
if” questions were put up for additional analysis as follows
(full details in Van Stralen et al.).'®

Regarding question 1 (the effect of accelerated mobi-
lization policies for biomass), the default model run
constrains the growth of new feedstocks that are not yet
applied for energy by an S-curve, reaching full use in
20 years. In a specific feedstock mobilization run, these
constraints on feedstock availability were released, mim-
icking a situation with very active biomass mobilization
policies. Impacts on feedstock mix, technology mix, and
system costs were analyzed. On question 2 (the impact of
restricted availability of EU-domestic biomass potentials),
specific assumptions were made for each type of feedstock
to create a feedstock restricted scenario, reflecting the
susceptibility of the various types of feedstock to further
sustainability disputes. See Table 2. Specific analyses were
made on the following subquestions:

o With which additional measures can biofuels still
deliver their expected share? This provides insight in
possible additional measures that may be needed if
feedstocks are to be restricted.

o Ifno such additional measures are taken, what is the
maximum amount of biofuels that can still be pro-
duced under restricted biomass availability conditions,
and to what extent can this shortfall in renewables pro-
duction be compensated by other biobased options?

The competition and synergy effects of biobased energy
versus biobased chemicals (question 3) were assessed by
varying final demand from both sectors: one run was done
without any demand for biobased chemicals, another run
was done in which biobased energy demand was set to
50% of default values. The impact variable was the mar-
ginal cost of the applied biomass.

1069



Modeling and Analysis: Lignocellulosic biomass for chemicals and energy

M Londo et al.

“ndino uononpoud ;| _seak suuopy indino Ayouiosie B INdINO [BwIBy) (YIMIA [SIndIno,

oz 18 38 M\ 8@ 88s ‘perdope sem Bujuies| ybnouys uolonpal 300 404 yoeoidde oioeds e suesw sUWN|0D 8say} ul Buluies, :$3S09 A0 PUe JuUaWilsaAul,

‘(ABisus) HNS ojul (ABisus) Indul Jo uoisienuod Aousio

-1y :uononpoud HNS pue X1 g 4o} uoneoyiseb {(ABisus) [ony podsuey ojul (ABisus) Indul Jo uoisisAuod Aousiole :uoiponpoid [any podsuel; {(uuoy) susjAyie ojul (BUuo}) |oUBYlS
Jo Aousioiye :joueyie wouy susjAyle ‘Aousiolye [e10} :uononpoid yd + [oueyls ‘(ABisus) Ayouiosie 03 (ABisus) Indul Jo uoisiaAuod Adusioiye :siueld dHD :suoinulap Aousionylg,
'seb |enjeu einisans = HNS ‘seboiq = Hg ‘[eny yodsuely = | Jesy = H ‘A)oujos|e = J :$103088,

"a10jaq Jeak ay) Ayoedeo Buipuels

JO 9,06 4O 91BJ Yimolb [enuue wnwixew e aney Asy} ‘sieak Juanbasans ul (%2 0-1"0) 9zIS 19XJew o} pajejas Ajoeded elyul wnwixew e aney salbojouyosl sy} 4esk osul ay uj
‘SUOlBLLIRSS SAIBOIPUI Ulewal 8say} ‘Juswdojeasp ABOjouyd8} [8A0U Ul SSIRUIBLIBOUN JUSJSYUI B} USAIE) "SMIA PedX® UMO JNO U0 PUE ‘UOBWIOJU 19X IBW UO , ‘S81B0jouyd8} uols
-J9AUOD JO SSEQP PUE MSIASI WOIFZS 9y} U0 POSE] aJam SIeah oJiu| JeaA sy} Ag j1exew sy} (ps)isius pue juswdoleAsp Japun [[l}S 8Je pauoljusw Jeak osul ue yum saibojouyos) ,

,-1eak suuopy 00k Buiuiea] BulutesT 18 Buuses] HBuuses] 102 02 66 66 66 1 Po8s |10 JO uoedljIs}sesuel|
Ajuo
SMIN 0L~ 0.2 0.2 0z Sele GelLe  Sele zk € 0¢ 12 3 Jamod — SSewolq pIjoS AUOD [ewdy L
,-1eak suuopy 001 Buiuies] bBuluies] g/z Buiwies] HBuiwies] 5G9 0z (7% (o7 (7% 1 |oueyie-1ebNSg
T\_N®> auuo| 00L mc_chmml_ mc_c‘_mmvu_ cev mc_c‘_mmvu_ mc_c‘_mmn_ 090°L (014 (o]¢] [ofe] (o]¢] 1 |oueyle-yaielrs
-y o ro fore] 43 ze ze 61G 69 69 (o1 89 99 29 1'H3 uoponpoud |10 sisA|oiAd
~Uleselpro 008 02e 022 02z Sve'L SYe'L  GvE'L G2 09 65 85 1 €c0e uononpoud [gsalp sisAjoihd
(MW 6~)
UM S 6l 6k 6l 8Ly 8.1 8.1 (014 /8 /8 /8 H sdiyo poom ‘jue|d Bunesy [eoo]
WMIN - GLO 2L 2L 2L 8G. 8G. 8G. Gl 68 68 68 H (MIA G1°0~) meais ‘queid Buiesy (o0
UMIN S zel zel cel 119 L9 (e} (014 16 16 16 H (MIN G~) mens queld Bunesy [eoo]
8l 8l 8l 0S€ 0Se 0se Gl 06 06 06 H (MIN G =<) J8]10q 30|]od B[EOS-86.ET
“Urn oS 65 06 €l Se9v G29v  S29v Gl 0. 99 09 NS (PHB) DNS J0} uolyedlISEd Jo8IpU|
ndino yMIN- S0L vl vl vl 08’1 08yl  08¥'L 0] GG  SS GS ONS'D 2102 HNS PUE X1 g 10} UolEOlISED)
~yld Mo 0sg  Buuies ] Buuses] gel  Buutes Buuies 46871 02 05  0S 0S 1'H3I €0z uononpoud | 4
9¢5 9¢G 9eS  6/8°¢€ 6/8'€  6.8°¢ (014 L9 19 L9 D Gloz |ouey3e woly susjAyig

,—teah jou
-eyie d 14 e ave 9vz  €88'S €88'G  £88'G 02 ve € ve 1 0202 uoponpoid vd + |oueylg
SMIN 00} €l €L €l 02e 022 022 40 o v 8¢ 3 jue|d Jemod paliy-[eod Buly-00 10811
9e 147 9% 98g 14V 868 40 09 09 09 g ainuew jo uonsebip-09
UMIA € /8 98 98 Tl 4 WA AV k 6L 6l 6l H3 MIN 01-G°0 ssewolq pijos Buisn dHD
WMIN 001 €S v 47 8G0'| €6 1.8 Ge ge Gt Ge H3 MIN 0L< ssewolq pijos Buisn dHD
leakouuopi 00z  Buwes  Buwuses] g9g Buiuies ] Buiuies] ¢/9°¢ 02 6 6% 6e 1 Sloz HO3-9s0|n||eD
UM 06 0S oY *14 900 | Gl6 Gl6 Gl 05 S¥ (0] H3 €202 009 ssewolg

0€02 020z 0L0Z  0£0Z 020z 0102 0€0z 0202 0102
azis oA M)/0H0%3) (AW1/0+023) (sieeh) (%) 1onpoid ulew  (sI0j0es  Jesk

Slun /lemod S1S09 INRO Paxi4 S]1S0D JUBWISaAU| awinaj 1sa1y Aouaiog SIen0)  OJju| ABojouyos|

‘lopow 3y} ul salbojouyda} A3 awos 10} elep }S09 pue asuewopad ‘sonsualoeleyd Abojouysaj | ajqer

1070  © 2018 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 12:1065-1081 (2018); DOI: 10.1002/bbb



Modeling and Analysis: Lignocellulosic biomass for chemicals and energy

Bioenergy Demand [P)]

Heat

Electricity =~

Biofuels

1751

South West

M Londo et al.

1 e e e oo
12 e e e e - -

R S - -

c

g m Ethylene

= m Methanol

g

g = BTX

£

8 = PLA

2015 2020 2025 2030

Figure 5. Total final demand for bioenergy in PJ in 2030 per
region.
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Figure 6. Demand projections for biobased chemicals
hydrogen and methane until 2030 (PJ). This demand is in
addition to the demand in Fig. 7.

In default mode, standing biofuel production capacity
competes on the basis of variable costs against investments
for new production capacity that have to be calculated on
the basis of full costs. For question 4 (the potential lock-in
effects of crop-based biofuels) we adapted this approach
and let standing capacity compete on the basis of full costs
too. This assumption is less realistic than the default one
but provides insight into the extent to which standing pro-
duction capacity forms a barrier for rapid changes towards

© 2018 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 12:1065-1081 (2018); DOI: 10.1002/bbb

Figure 7. Demand projections for biobased chemicals eth-
ylene, methanol, BTX (benzene, toluene, xylene) and PLA
(poly-lactic acid) until 2030 (Mtonne). This demand is in
addition to the demand in Fig. 6.

Table 2. Applied ratios between ‘constrained’

and ‘reference’ S2Biom scenarios in 2030, for
various EU-domestic feedstock types.'®

EU-domestic Agricultural  Forestry/lignocellulose
feedstocks: based
Primary products Annual crops: 0 0.7
Perennial
crops: 0.6
Primary residues 0.7 0.8
Secondary 0.8 0.9
residues
Tertiary residues 0.9 1
Ex-EU imports
Biodiesel 0.25%
Bioethanol 0.5° 0.75
Vegetable oils 0
Used fats and oils 0.9
Wood pellets, 0.85
chips

aSet higher than zero because partly produced from used fats
and oils.
bSet higher than zero because partly produced from sugar cane.

new technologies. Furthermore, a constraint on the maxi-
mum rate by which standing capacity can be phased out
was relaxed. The key impact variable was the contribution
by 2030 of lignocellulose-based biofuels, and system costs.
For question 5 (what if crop-based biofuels are forced
to be phased out by 20307), specific runs were made (with
all default model constraints in place), exploring what
maximum phase-out rate for crop-based biofuels was
technically possible in the model, while maintaining the
externally given total production volume of biofuels (see
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Fig. 5). We also looked at impacts on feedstock mix and
system costs.

Results

Base run, general outcomes
Feedstock use

Figure 11 (left) shows the overall exhaustion of lignocel-
lulosic biomass potential for six EU regions. Overall, circa
50% of lignocellulosic potential remains unutilized in this
run, varying between 25% and 70% among the regions.
More detailed analysis of the types of lignocellulosic feed-
stock used indicates that most primary and secondary
residues (forestry residues, saw-mill residues, and other
wood-processing residues) used up to a significant share
(> 80%) of their potential, whereas dedicated woody and
herbaceous energy crops and manure have a low share

of their potential used (~10%). Other feedstocks that are
partly used but have significant remaining potential are
straw and stubbles, and various waste streams.

In the north, the ratio between use and potential is high-
est of all regions. The strong position of northern regions
in lignocellulosic biomass is also illustrated by the trade
flows of a key lignocellulosic energy carrier, viz. wood pel-
lets (Fig. 12, left). The north is the main net exporter of
pellets, mostly from forestry wood-processing residues. All
other regions are net imports of wood pellets.

Next to domestic biomass, significant amounts of
resources are imported from outside Europe, for circa
15% of EU resource use in 2030, with an almost fourfold

1,400
Wood pellets

1,200 -| M Used fats and oils
M Vegetable oils

1,000 - M Ligno-based bioethanol

800 - M Crop-based bioethanol

M Biodiesel
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increase between 2015 and 2030. This import flow exists
for three-quarters of biofuels and their feedstocks: crop-
based biodiesel and bioethanol, vegetable oils, and used
fats and oils. Around one-quarter, or just over 300 PJ, con-
sists of wood pellets (see Fig. 8, left).

End-use market sizes

Regarding end-use markets, the biobased heating sector
remains the largest of all biomass applications. In terms of
biomass demand this is merely the consequence of the mode-
ling inputs (see the section ‘Key inputs: Demand for biobased
energy and chemicals’), but the model outcomes indicate
that this sector also remains the largest in terms of financial
turnover (Fig. 9). Particularly biobased heat for industry
increases significantly, while biobased heat for household
decreases over time (see Fig. 10). Biofuels grow more strongly
than biobased electricity, taking over the runner-up position
towards 2030. Biobased chemicals also grow strongly but
this sector remains significantly smaller (at least up to 2030)
than the energy sectors; it remains merely in the same order
as lignocellulose-based biofuels. The total additional amount
of biomass needed to fulfil the demand for biochemicals is
only 1-1.5% of the amount needed for bioenergy demand.
Obviously, this additional demand can be accommodated
without any significant impact on marginal biomass costs.

Technology mixes

In the three energy sectors, the technology mixes remain
relatively stable in the base run: no new technologies are
introduced on a significant scale - see Fig. 10. In heat and

1,400
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1,200 -| M Used fats and oils
S M Vegetable oils
£ 1,000 . .
P M Ligno-based bioethanol
§_ 800 - I Crop-based bioethanol
£ M Biodiesel
2 _
@ 600
£
0
s i
S 400
w
%
Y 200
0
2015 2020 2025 2030

Figure 8. Size and shares of biofuel and biomass import streams, for the base run (left) and the feedstock restricted scenario

with additional measures (right).
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® Heat Q1: Accelerated feedstock mobilization
B Electricity The effect of an accelerated mobilization of biomass, as a
® Biofuels stylized effect of active biomass mobilization policies, is

essentially twofold. In the first place, it leads to increased

| C6 sugars utilization of domestic feedstock, in particular of straw
B C5 sugars and landscape care wood, feedstocks that are underuti-
H Bio-methane lized in the base case. As a consequence, we see a reduc-
BEBTX tion in the import of wood pellets and ethanol from out-
side Europe and slightly lower intra-European trade. The
# Methanol reduction of the trade flows of wood pellets is shown in
Hydrogen Fig. 12 (middle). The underlying results also indicate that
B Ethylene improved mobilization of feedstocks results in a higher
share of lignocellulose-based biofuels, particularly of etha-
Figure 9. Shares in total market value of the various nol and pyrolysis diesel.
biobased products and energy carriers in 2030. BTX: ben- Secondly, the active mobilization of biomass reduces the
zene, toluene, xylene. overall cost for the biobased energy and chemicals system.

The marginal costs of the applied biomass commodities
decrease by 1-7%. The total costs of the system reduce by

8000 1.7 billion euros per year, or less than 2%.

«—chemicals

§ [ biofuels
£ 6,000 . P
> Q2: Impacts of feedstock potential
° - power - - .
8 8 limitation
S 4,000
° If biomass availability (domestic and imported) is limited
(%2}
= 2000 ~heat according to the factors specified in Table 2, and other
£ ’
. assumptions are kept at default, the model yields to an
o infeasibility, i.e. the objectives for delivering the given
2015 2020 2025 2030 amounts of biobased heat, power, fuels, and chemicals
m Lignocellulose-based chemicals m Biofuels, lignocellulose-based cannot be met. The critical factor here is the biofuel’s
m Biofuels, based on used fats and oils m Biofuels, crop-based ) ) ) . .
m Power/CHP, biomass co-firing in coal plants = Power/CHP, direct combustion Ob]eCtlvei with biofuels from food crops (domestlc and
] Heat/CHF‘, anaeroblc? dlggstlon m Heat, Waste combus}lon, |ndL'Jstry imported) strongly reduced, a substantial amount of cur-
m Heat, direct combustion, industry m Heat, direct combustion, service sector . i
m Heat, direct combustion, households rently available biofuels are not allowed any more, and

advanced technologies based on lignocellulosic feedstocks
cannot grow rapidly enough to compensate for this. On

the first subquestion (what is needed to still meet the given
biofuels target?), we found that a combination of two addi-

Figure 10. Technology mixes in the heating, power and bio-
fuels sectors.

power, conventional combustion technologies accom- tional measures makes the model give a feasible outcome
modate the lion’s share of the growth in their sectors; again: (i) accelerated mobilization of (lignocellulosic)
advanced options based on gasification or pyrolysis do feedstocks, consistent with the approach in question 1, and
not break through. Detailed analysis shows that biobased (ii) availability of lignocellulosic biofuel technologies three
combined heat and power (CHP) becomes increasingly years earlier (2020 instead of 2023 for most). This illus-
important: around 80% of biobased power production is trates the balance between very stringent measures limit-
in CHP, whereas circa 30% of biobased heat production is ing feedstock potential and measures actively to mobilize
combined with electricity. In the biofuels sector, advanced this potential, and to deploy in a timely way the advanced
technologies based on lignocellulose remain under 10% technologies that can convert lignocellulosic feedstocks

of total biofuels production (and under 1% of total energy into high-value biofuels.

demand in transport, excluding aviation). Among the On the second subquestion (if feedstock potential is lim-
advanced technologies, lignocellulosic ethanol provides ited, how much biofuels can still be delivered?), it appeared
roughly three times as much biofuel as lignocellulosic that the biofuels target needed to be reduced by almost
(Fisher-Tropsch and pyrolysis-based) diesel routes. 400 PJ (or almost 30%). It is quite striking that this shortfall
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in renewables production can still be compensated by addi-
tional realization of (lignocellulosic) biomass in the heat
sector, partly because the conversion efficiency from bio-
mass to heat is higher than from biomass to biofuels.

Figure 11 (right) presents the biomass consumption in
comparison with the total biomass potential in 2030, for
the restricted feedstock case with additional measures on
feedstock mobilization and advanced lignocellulose-based
technology introduction. In general, the ratio between bio-
mass use and potential goes up; circa 25% of EU domestic
potential remains unused (varying between 10% and 50%
among the regions). In the east and southeast regions, the
share of biomass potential used goes up most strongly in
relative terms, by almost 25%, while in the Central region,
this share increases by just more than 10%.

The mix of domestic lignocellulosic biomass types con-
sumed also shows some specific changes compared to the
base run: the application of lignocellulosic crops (woody
and grassy) on agricultural land increases more than six-
fold, manure increases tenfold, and landscape care wood
increases twofold. Feedstock restriction does lead to some
changes in intra-EU trade of wood pellets (see Fig. 12,
right) but the clearest impact is the more than doubling of
ex-EU pellet imports. Still, lignocellulosic imports consist

Q Potential [P)]

' Consumption [P)]

Default scenario

1,736

2,250

East

South West
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of slightly over 10% of total lignocellulosic biomass con-
sumption. In general, imports of biomass resources remain
at circa 15%, just like in the base run. However, the mix of
imports changes considerably (compare the left and right
sides of Fig. 8): in the run with feedstock potential limita-
tion, imports are dominated by a 60% share (almost 800 PJ)
of pellets which grow about 20-fold between 2015 and 2030.
The remaining part is mostly bioethanol.

The system costs of realizing all biobased objectives also
go up in the restricted cases. Compared to the base run,
these are 20% higher in the case with additional measures
on feedstock mobilization and technology introduction,
and more than 10% higher in the case with a shift from
biofuels to biobased heat. The first number is the result of
both the feedstock limitation and the additional measures
to mobilize the still-available biomass potential; the sec-
ond number indicates that biobased heat options are gen-
erally cheaper than lignocellulosic biobased fuels.

Q3: Biobased energy versus biobased
chemicals: competition or synergy?

The question whether the demand for biobased chemi-
cals impacts the costs of biobased energy applications is

O Potential [P)]

' Consumption [P)]

Feedstock restricted scenario”

o

< ' as1t
South West ’

—

-

Figure 11. Lignocellulosic primary domestic biomass potential and the consumption amounts (including trade) for the six
regions in Europe, for the base run (left) and the feedstock restricted scenario ‘with additional measures (right).
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Default scenario

Rest of
the World

Rest of
the World
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Feedstock restricted scenario”

Rest of
the World

Figure 12. Wood pellet imports to EU and net trade among the regions in PJ in the base run (left), feedstock mobilization sce-
nario (middle) and feedstock-restricted scenario ‘with additional measures (right).

relatively easily answered. The total additional amount of
biomass needed to fulfil the demand for biobased chemicals
is only 1-1.5% of the amount needed to fulfil the demand for
bioenergy. In line with this, the full exclusion of demand for
biobased chemicals in the model has an impact of less than
1% on the marginal costs of key feedstocks such as wood
chips and pellets.

Regarding the question whether demand for bioenergy
impacts the costs of biobased chemical applications, the pic-
ture is more complex and therefore interesting. The effect of a
50% demand reduction for biobased energy on the marginal
costs of several biobased chemicals in 2030 is illustrated
in Fig. 13. The effect on marginal costs of PLA, methane,

1,400

PLA
1,200
BTX
1,000
Ethylene
2 800
c
]
W 600
400
200
0
BaselLow- BaselLow- BaselLow-
run BE run BE run BE

hydrogen, and ethylene is significant (11-31% lower costs).
For BTX and methanol, this effect is smaller (0-7%). This is
because, in our definition of conversion technologies, both
BTX and methanol production are integrated with biobased
energy production. Biomethanol production produces heat
as an important co-product, and BTX is (in terms of produc-
tion volumes) a mid-temperature gasification co-product of
biomethane production, which is mainly used as an energy
carrier, not as a chemical. For these production processes,
reduced demand for biobased energy leads to lower marginal
costs for biomass feedstock but this effect is compensated

by a lower value of the energy co-product. This illustrates
how a synergic effect of biobased energy and chemicals

25
Hydrogen
20
Methane
15
-
S
s
o
10
Methanol
| | |
0
BaselLow- BaselLow- BaselLow-
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Figure 13. Effect of a low demand for bioenergy on the marginal costs of biobased
chemicals in 2030.PLA: poly-lactic acid; BTX: benzene, toluene, xylene.
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co-production takes away the competition effects between
both applications. Or, in other words, biomass demand for
energy does affect the competitiveness of biobased chemicals
but not those for which production routes are integrated
with biobased energy production. This also illustrates how
cascading and biorefinery principles can improve business
cases for both biobased chemicals and energy carriers.

Q4: Lock-in effects of crop-based biofuels

In the (hypothetical) model run in which standing and
new biofuel production capacity compete with each other
on the basis of full costs, we see that the amount of ligno-
cellulose-based biofuels more than doubles, see Fig. 14. As
a consequence, we also see a significant increase in con-
sumption of straw and energy grasses and nonwoody per-
ennial crops. The increase of lignocellulose-based biofuels
mainly concerns diesel substitutes. Lignocellulose-based
biodiesel can develop in this variant, so investment cost
drops over time due to learning effects. The result is that
the marginal cost for biobased diesel in 2030 are 10-20%
lower in the variants with reduced lock-in effects. Another
consequence of reduced lock-in effects is that they result in
6-7 billion euro per year lower system costs. However, this
number is only valid if early retired installations for crop-
based biofuels can be reused or retrofitted.

Q5: Forced phase-out of crop-based
biofuels

The final question is ‘to what extent it is possible to aban-
don crop-based biofuels (domestic and imported) while
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maintaining overall biofuel ambitions, and thus forcing
lignocellulose-based biofuels to develop at their maximum
rate?” Based on our model setup and assumptions regard-
ing, e.g., maximum deployment of new technologies and
feedstocks, it is possible to limit the amount of crop-based
biofuels to 1.5% by 2030. Stronger reductions lead to infea-
sible outcomes in the model. Reaching the corresponding
rapid development of lignocellulose-based biofuels is,
however, still very ambitious. To be able to achieve such
ambitions the following additional assumptions were
made in the model analysis:

« The voluntary minimal percentage of 0.5% lignocellu-
lose-based biofuels in 2020 was changed to a manda-
tory 1% share for that year.

o The model constraints were changed to allow a more
rapid introduction of advanced lignocellulose-based
technologies, to the maximum rates we consider
possible.

o An ambitious and mandatory minimal percentage
path of lignocellulose-based biofuels between 2020 and
2030 was laid out, and the introduction dates of non-
ethanol lignocellulose-based production routes was
set three years earlier than in the default run. In most
of this study we assumed that the introduction year
of DME, Fischer-Tropsch diesel, and pyrolysis diesel
would be in 2023. For HTL diesel we assumed this
to be in 2025. In the analysis in this section all these
introduction years are set three years earlier.

o Weintroduced a mandatory reduction pathway for

crop-based biofuels towards 1.5% in 2030.

(I - il
0 4
Base run

H Ligno-based bioethanol import

Ligno-based bioethanol

Reduced lock-in run

Ligno-based biodiesel

Figure 14. Consumption of lignocellulose-based biofuels in 2030 in the base run and

its variant with reduced lock-in effects.
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Figure 15. Corresponding developments of the shares of
lignocellulose-based biofuels (dashed blue), and of crop-
based biofuels (dashed red) in the run with forced phase-
out of crop-based biofuels. The maximum deployment rate
of lignocellulose-based biofuels limits the maximum reduc-
tion rate of crops-based biofuels.

Although biofuels based on used fats and oils are
expected to play an important role in the period up
to 2030, the availability of this kind of feedstock is a
bottleneck for a strong contribution to the biofuels mix
compensating for the reduction in crop-based biofuels.
Most growth is therefore needed from lignocellulose-
based biofuels, as is shown in Fig. 15.
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In Fig. 16, the different amounts of biofuels is given
in 2030 for the base run and for a ‘low crop-based run’
with a 1.5% cap on crop-based biofuels. One can see that,
although lignocellulose-based diesel shows the largest
increase in relative terms, lignocellulose-based ethanol
shows the largest increase in absolute terms and will also
have a larger total volume in 2030.

The transition to such a large share of lignocellulose-
based biofuels also has a significant impact on the bio-
mass consumption mix and on trade flows. There is a
strong increase in lignocellulosic biomass consumption,
of both domestic biomass and imported wood pellets, as
shown in Fig. 17. However, the total amount of imports
decreases due to a strong decline in liquid biomass
imports.

A shift towards such a strong growth of lignocellulose-
based biofuels also comes at a cost. Due to the market
demand for lignocellulosic feedstocks, their marginal
costs also rise strongly: wood pellets by almost 50%, bio-
diesel by 50%, and ethanol by 75%. Correspondingly, the
total system costs increase by 5 billion euros per year in
2030. If crop-based biofuels are to be reduced in volume,
these cost impacts suggest that it is probably cost effective
to reduce the total contribution of biofuels towards the

Base run

~ Biodiesel Import
. Crop-based bioethanol Import

# Biodiesel from imported used fats/oils

m Biodiesel from used fats and oils

Low crop-based run

@ Ligno-based bioethanol import
\ Biodesel from imported palm oil
m Biodiesel

m Ligno-based bioethanol

Figure 16. Biofuel volumes per category in 2030 in PJ for the base run and in run

with a 1.5% cap on crop-based biofuels.
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m Biodegradable fraction from MSW

m Energy grasses & perennial crops (non wood)

m Short rotation coppice on agricultural land = Stemwood

= Primary forestry residues
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Figure 17. Additional consumption of lignocellulosic biomass in 2030 for the low
crop-based run as compared to the base run. Only biomass categories that show a

significant increase are shown.

energy and climate ambitions for 2030, and compensate
this with other renewables and CO, mitigation measures.
For the period beyond 2030, this picture may change again
as lignocellulose-based biofuels reduce their costs due to
learning effects and because these fuels probably need to
play a significant role in the low-carbon end picture for
transport.1

Discussion and conclusions

Our key impression from the base run is that our ana-
lytical tool is capable of assessing implications of both
biobased energy and chemicals demand. This is consist-
ent with the development history of the RESolve-Biomass
model, which has been applied to a variety of settings and
questions over more than a decade now." The base run
also indicates that feedstock and technology mixes are
relatively inert: a rapid introduction of new technologies
requires specific additional policies and does not come on
by itself. The base run also indicates that biomass demand
for chemicals will remain very small in comparison with
the demand for energy, at least by 2030. An uncertain
point in this analysis is the future biomass demand for
chemicals. For example, Schipfer et al.** indicate signifi-
cantly higher demand figures for cellulosic sugars and
lignin by 2050, but also mention that these chains will
probably be deployed significantly after 2025, and that reli-
able data are scarce. This will therefore need to remain a
point of attention in future studies.

The answers to ‘what if” questions 1 and 2 (more active
biomass mobilization and reduced feedstock availabil-
ity) illustrate the importance of the feedstock side of all
biobased routes. Policies mobilizing actual biomass avail-
ability lead to a clear system costs reduction. If biomass
availability is limited, policies to mobilize feedstocks and
advanced lignocellulose-based technologies will be essen-
tial to reach the foreseen biofuel ambitions, and overall
system costs still go up, consistent with earlier analyses.*
This role of feedstock is an important element specific
to biobased options compared with other renewable
resources, as most generic support schemes for renewa-
bles (such as feed-in subsidies and quota obligations) only
provide a market stimulus at the end of the chain. For
biobased options, additional support in other parts of the
supply chain will improve effectiveness, as was also quali-
tatively indicated by Smith et al.*®

The answer to question 3 illustrates that both competi-
tion and synergy effects occur between energy and chemi-
cals applications of biomass, the latter mainly when pro-
duction of chemicals and energy carriers is combined. In
general, biorefineries capable of (flexibly) serving various
market outlets will improve synergy effects and be more
robust towards price dynamics as well. This has already
been observed in Brazil for sugar cane-processing plants
able to flexibly produce sugar and ethanol.?”

The results for questions 4 and 5 (on the dynamics
between lignocellulose-based and crop-based biofuels)
reveal that the current capacity of the latter creates a need
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for a specific subtarget on lignocellulose-based biofuels
before they can enter the market. This is consistent with
current efforts in the USA to force lignocellulose-based
bioethanol into the market.*® The results also suggest

that crop-based biofuels may be gradually phased out,

but only when considerable efforts have been made to
ramp up lignocellulosic biofuels, and against significant
additional costs. The extent to which the indirect land use
change (ILUC) and other sustainability concerns that led
to the introduction of a cap on crop-based biofuels can be
addressed by other approaches, such as the development of
low-ILUC safeguarding schemes,**** was not part of this
study.

The method and data applied in this paper inherently set
limitations to the scope of the results. In the formulation
of our conclusions, we have taken these into account; nev-
ertheless they are worth explicit mentioning.

o These conclusions arise from a modeling exercise that
focuses on biobased routes only with exogenously
given targets; there is no interaction with other renew-
able options for production of heat and electricity, or
with other routes for decarbonization of chemical pro-
duction, power, heat, and transport. Particularly where
results show differences in system costs, such interac-
tion is relevant and deserves further attention, e.g. by
using more integrated analytical tools.

o Within its scope, the RESolve-Biomass model opti-
mizes on least-cost pathways for meeting given targets
for biobased options, given various preconditions and
constraints. This essentially means that the model
analyses are merely useful to explore different scenar-
ios and ‘what-if” situations. They certainly do not pre-
dict what will happen in the real world, where policies
are always imperfect and developments are influenced
by more factors than costs alone (think of public per-
ception, investment risks, etc.).

o Asindicated above, our analysis of the interactions
between biobased demand and the forestry sector was
relatively simplified. New developments, particularly
in the use of biomass as a direct resource for material
in, for example, construction may have an impact on
the availability of biomass for chemical and energy
applications.

o Finally, model studies such as this strongly depend on
input data quality. In this case, data on biomass avail-
ability, technology performance and costs, and on bio-
mass demand from the different (energy and chemical)
sectors are essential. While we are convinced that we
have used a state of the art dataset, uncertainties in it

© 2018 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 12:1065-1081 (2018); DOI: 10.1002/bbb
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inherently limited the extent to which we have drawn
conclusions from the model outcomes.
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