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efficiency compared to first-generation technologies (Wang et 
. Introduction and motivation

  Biofuels are acknowledged to have a positive effect in terms of
nergy security, because they decrease the dependence on fos-
ils of oil-importing countries (Renewable Fuels Association,
012). Currently most used biofuels based on crops growing in a
emperate climate (i.e. corn-based ethanol and rapeseed-based
iodiesel) may deliver only limited environmental benefits

Farrell et al., 2006) and may lead to severe ethical issues
ecause of the arising competition between food and fuels

Tenenbaum, 2008; Gomiero et al., 2010).
Recently, the European Commission (EC) proposed a revi-

ion of the existing Directive (2009/28/EC) that regulates the
roduction of biofuels in the European Union and aims at

eaching a quota of 10% biofuels in the transport sector and

∗ Corresponding author. Tel.: +39 0498275468; fax: +39 049 827 5461. 
E-mail address: fabrizio.bezzo@unipd.it (F. Bezzo).
on energy basis by 2020, in order to promote more sustainable
biofuels, both on the environmental and the ethical points of
view, while maintaining their role in terms of energy security.
In particular, there is a will to “limit the contribution that con-
ventional biofuels make towards attainment of the targets in
the Renewable Energy Directive [and to] encourage a greater
market penetration of advanced biofuels by allowing such
fuels to contribute more to the targets in the Renewable Energy
Directive than conventional biofuels” (EurLex 52012PC0595).

Thus, the EC proposal aims at promoting second-
generation biofuel technologies that do not use food-
competitive raw materials capable of achieving higher
greenhouse gas (GHG) emission savings and higher energy
al., 2012). The measures suggested by the EC do not include

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cherd.2014.05.006&domain=pdf
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Nomenclature

DAP-I dilute acid prehydrolysis process based on
energy crops

DAP-II dilute acid prehydrolysis process based on agri-
cultural residues

DDGS dried distilled grains with solubles
DGP dry grind process
DGP-TS dry grind process with thin stillage anaerobic

digestion
EC European Commission
GHG greenhouse gases
LCA life-cycle analysis
LHV lower heating value
MILP mixed integer linear programming
NPV net present value
WTT well-to-tank approach for LCA
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(−3.3%) while it has a very good fit on ethanol quotations 
any financial incentive, but propose to limit the allowed
production of first-generation biofuels by creating a new
accountability technique to reach the European biofuel pro-
duction objectives. In fact, first-generation biofuels shall not
exceed 50% of total biofuel production and a new categoriza-
tion of biomasses used for biofuel production is introduced
(EurLex 52012PC0595):

a) bioethanol produced from technologies involving a food-
competitive feedstock is accounted “as is” in terms of
energy content for the satisfaction of European targets;

b) bioethanol produced from technologies involving
second-generation feedstock from a dedicated cul-
ture is accounted twice in terms of energy content with
reference to European targets;

(c) bioethanol produced from technologies involving second-
generation feedstock from waste materials is accounted
four times in terms of energy content with reference to
European targets.

This work discusses briefly how the new proposal would
affect the configuration of a biofuel (ethanol) production sys-
tem on a medium term horizon, and demonstrates how
process systems engineering techniques and methods can be
utilized advantageously to assess the effect of policy propo-
sals and directives in a quantitative way. The optimization of
the supply chain layout in northern Italy is taken as a case
study. The impact on taxpayers and consumers is also evalu-
ated and compared with the one that would be determined by
the current demand scenario.

Three types of plant technologies, corresponding to
the three biomass categories in the EC proposal (EurLex
52012PC0595), are included in the model:

(i) Standard dry grind process (DGP): feedstock is corn
grain (category (a)); products are ethanol and DDGS,
(Kwiatkowski et al., 2006; Franceschin et al., 2008);

(ii) Dilute acid prehydrolysis (DAP-I): feedstock is miscanthus
(category (b)); products are ethanol and electricity (Giarola
et al., 2012);

(iii) DAP-II: feedstock is corn stover (category (c)); products are

ethanol and electricity (Giarola et al., 2012).
Corn grain, miscanthus, and corn stover have been selected
respectively for the three plant technologies since they play a
major role in the panorama of bioethanol production within
the northern Italy domain.

The evolution of feedstock prices is a key issue in the
perfor-mance assessment of biofuel supply chains. Some
literature studies proposed a stochastic approach to take into
account the uncertainty of commodity prices in biorefinery
design (e.g., Dal-Mas et al., 2011; Kostin et al., 2012;
Gebreslassie et al., 2012; Giarola et al., 2013). Here, the
approach proposed by Mazzetto et al. (2013) will be followed
and feedstock and products prices will be estimated according
to some forecast models based on historical data.

The paper is organized as follows. Section 2 presents and
discusses the forecast models to predict price dynam-ics.
Section 3 outlines briefly the modeling approach. Section 4
presents and comments the simulation results. Some final
remarks conclude the paper.

2. Prediction of commodity prices
dynamics

Since the economic performance of a production system
depends heavily on the prices of raw materials, utilities, and
final products (Manca, 2013a, 2013b), a key aspect in the eco-
nomic analysis of the bioethanol supply chain in northern
Italy is the estimation of the future prices of such goods.

Several works studied the relationships between the prices
of commodities used for first-generation biofuels (Yano et al.,
2010; Chen et al., 2010; Marzoughi and Kennedy, 2012). Here
we adopt a time series decomposition approach (Zarnowitz
and Ozyildirim, 2006), which proved to have a very good fit
with the historical data (Mazzetto et al., 2013). The same
approach was adopted to forecast the ethanol price, which
appears to exhibit a similar trend. Thus, the price models are
as follows (Mazzetto et al., 2013):

Corn Pricet = (qCC + mCC · t)
(

ACC + BCC sin
(

2� · t

TCC
+ ϕCC

))

(1)

Ethanol Pricet = (qEE + mEE · t)
(

AEE + BEE sin
(

2� · t

TEE
+ ϕEE

))

(2)

where mCC [$/(bu*months)] and qCC [$/bu] are the parameters
of the linear component of the corn price function and qEE [$/
gal] and mEE [$/(gal*months)] of the ethanol one, while ACC [–],
BCC [–], TCC [months] and ϕCC [–] are required to define the
periodical component of the corn price function, and similarly
AEE [–], BEE [–], TEE [months] and ϕEE [–] for the ethanol price
function. For the sake of clarity, Eqs. (1) and (2) refer to the
time series decomposition method that evaluates a time
series as the product of a trend function and a periodic
function, with the residuals considered as a random
contribution.

The parameter values are listed in Table 1 and were
obtained by regression on historical U.S.A. average data from
2008 to 2011 (Hofstrand, 2012) and then adapted to the Italian
situation (for additional details, see Mazzetto et al., 2013).

The model slightly underestimates real 2012 corn prices
(+0.4%). The predicted prices for the whole supply chain life-
time are reported in Table 2.



Table 1 – Parameters of the corn and of the ethanol price forecast functions (1) and (2) according to the time series
decomposition model. 

Parameter qCC mCC ACC BCC TCC ϕCC mEE mEE AEE BEE TEE ϕEE

Value 3.5874 0.0486 0.9562 0.3057 41.703 1.0926 1.8674 0.0086 0.9728 0.2135 41.692 1.2616

Table 2 – Forecast corn and ethanol prices using the time series decomposition model.

Forecast good 2013–2015 2016–2018 2019–2021 2022–2024 2025–2027

Corn price [D /t] 181 229 286 348 406
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Ethanol price [D /kg] 6.32 7.12

In order to assess the effect of the EC proposal, second-
eneration technologies from dedicated second-generation
eedstock and waste material also need to be included in the
upply chain model. Miscanthus and corn stover were selected
espectively as the most promising energy crop and waste

aterial for bioethanol production. The choice is based on
he work developed by Giarola et al. (2012), and on the fact
hat their cultivation in northern Italy is also recommended
y some technical reports (VenetoAgricoltura, 2010).

With concern to miscanthus, no well-established market
xists, but rhizome producers (Terravesta, 2012), institutional
ources (VenetoAgricoltura, 2010; Teagasc-AFBI, 2010), and
iomass experts (Hasings et al., 2011) agree that miscant-hus
an be currently sold at about 50 D /t. Medium-term price

orecasts are difficult, but a recent study in the UK reported
hat the breakeven cost of generic energy crops is expected to
ncrease by about +25% by 2020 (Panoutsou and Castillo, 2011).
 detailed analysis of the production costs

VenetoAgricoltura, 2010) shows that 50% of the costs are
elated to yearly expenses, which are mostly due to
ertilization (13%), har-vest (26%), and transport inside the
arm (61%) and which are essentially related to manpower
nd oil. If such costs are assumed to grow according to the
talian inflation rate, we obtain a long-term increase, which is
onsistent with the pre-diction of Panoutsou and Castillo
2011). Thus, the approach was applied to forecast future

iscanthus prices as shown in Table 3.
Corn stover is currently priced at about 35 D /t (Euroforaggi,

012; Camera di Commercio di Forlì-Cesena, 2013). Quite
ecently, the American Department of Energy (Perlack, 2011)
roposed a corn stover supply curve trend until 2030 (Fig. 1)
ased on US data: it is shown that the supply curve may change

n time since an increasing demand will also determine an
ncrease in the corn stover availability. These curves were
caled to the Italian context according to local corn produc-

ions (IndexMundi, 2013). It can be inferred that the maximum

ig. 1 – Trend of the corn stover supply curve until 2030 in 
he U.S.A. (adapted from Perlack, 2011).

 
 
 
 
 

 
 
 
 

8.11 9.21 10.20

feasible stover supply (indicated by the change in the slope of
the supply curve) is reached if an additional demand of two
million dry tons is assumed. Even if the whole bioethanol pro-
duction in northern Italy were based on corn stover plants, the
maximum demand would not exceed 1.7 million dry tons with
a price increase of about 12 D /t.

Fig. 1 shows that such a stover demand would cause a sig-
nificant price increase in 2012. However, the shift in time of
the supply curve shows that the demand would have a neg-
ligible effect on 2022 stover price and would not cause any
price shock on 2030 prices. Therefore, if part of the Italian
bioethanol production were satisfied by corn stover, its price
would suddenly rise as soon as the supply chain is
established, but then increasing supply would compensate for
the price shock. This price behavior is summarized in Table 3.

2.1. Prediction of side-products prices

Two important side-products are related to the ethanol pro-
duction processes. Dried distillers grains with soluble (DDGS)
and electricity (Kwiatkowski et al., 2006; Balat et al., 2008;
Piccolo and Bezzo, 2009). DDGS are used as animal fodder with
nutritional properties similar to soybean (Tonsor, 2006) and
are obtained from the corn-based DGP technology. In the
United States, after the big-scale establishment of the
bioethanol supply chain, the DDGS price aligned to the corn
one and fluc-tuated between 75% and 110% of the corn price
(Hofstrand, 2012). Therefore, it seems reasonable to set the
DDGS price as 90% of the corn price also for the Italian
context.

Electricity can be produced in combined heat and power
modules from combustion of solid wastes from the lignocel-
lulosic biomass (Piccolo and Bezzo, 2009). The electric energy
produced by renewable biomasses can benefit from govern-
mental subsidies, whose grant system is currently under
renewal (DM 6/7/2012). Nonetheless, experts agree that in
mid-term subsidies will lower by around 15% compared to
current level (ELEMENS, 2012), and it seems reasonable that
this reduction will be confirmed on a ten-year horizon. Table 4
summarizes the forecast prices of by-products.

3. Problem formulation

This paper deals with the strategic design of the economi-
cally optimal bioethanol supply chain over a 15-year horizon.
This is achieved by maximizing the net present value (NPV) of
the whole supply chain during its operative life in a spatially
explicit configuration where northern Italy is discretized into

59 grid cells plus one representing the raw material imports. 
The mathematical formulation in terms of a mixed integer 
linear programming (MILP) framework is based on the work



Table 3 – Forecast miscanthus and corn stover prices by period.

2013–2015 2016–2018 2019–2021 2022–2024 2025–2027

Forecast miscanthus price [D /t] 50.50 54.10 58.50 63.20 68.40
Forecast corn stover price [D /t] 40 40 35 35 35

Table 4 – Forecast prices of by-products by time period.

2013–2015 2016–2018 2019–2021 2022–2024 2025–2027

Forecast DDGS price [D /t] 163 206 257 313 365
Forecast electricity price [D /MWh] 200 170 170 170 150
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of Giarola et al. (2011). The supply chain layout is obtained by
optimizing:

(i) geographical location of biomass production sites;
(ii) biomass production for each site;

(iii) supply strategy for biomass to be delivered to production
facilities;

(iv) biofuel production facilities location and scale;
(v) distribution processes for biofuel to be sent to blending

terminals

in order to maximize the supply chain NPV.
The environmental impact of the supply chain in terms of

GHG emission is estimated as in Zamboni et al. (2009) accord-
ing to IPCC (2001) directives, by assessing the impact of LCA
stages, i.e. biomass growth, biomass pre-treatment, biomass
transport, fuel production and fuel distribution. A well-to-tank
(WTT) approach is assumed. In addition, emission credits (i.e
GHG emission savings as a result of goods or energy displace-
ment by process by-products end-use) are accounted for. The
GHG impact on global warming is captured by a whole set of
burdens (CO2, CH4, N2O). They have been grouped together in
a single indicator representing the carbon dioxide equivalent
emissions (CO2-eq) as derived through the concept of 100-year
global warming potentials.

Ethanol demand is forecast assuming that gasoline and
diesel should reach the targets set by the Directive separately
starting from a negligible ethanol production in Italy in 2012
(USDA Foreign Agricultural Service, 2011). Therefore, it is sup-
posed that the ethanol blending rate in 2013 is the one fixed
by the Directive as the starting point in 2010, i.e. 5.75% on
energy basis. Consequently, the increasing trend in the
substitution quota is extended until 2027 in order to
anticipate further regu-lations and to take into account the
starting delay in achieving the targets (11.5% on energy basis
from 2023).

Since the technologies discussed in this work exhibit signif-
icant differences in their maturity, it was assumed to limit the
maximum capacity of second-generation production plants
to 110 kt/y (representing the size of largest planned conver-
sion facilities). Conversely corn-based plants were assumed to
reach a production capacity up to 350 kt/y (which is about the
size of largest existing plants, see also Mazzetto et al., 2013).

4. Results

The supply chain model has been optimized taking into

account the existing EU regulation (Scenario I) and the new EC 
proposal (Scenario II). It is assumed that production targets 
(calculated as is or as per the EC proposal) need to be satisfied.
The new proposal has a strong influence on the
profitability of the supply chain, since economic losses are
reduced by 27%compared to the optimal supply chain defined
by the existing legislation. In fact, although a negative NPV is
still obtained (−594 MD ), the economic losses are significantly

lower than the ones obtained with current configuration
(−815 MD ). This is simply achieved by producing less ethanol,

thanks to the multiplicative effect assigned to second-
generation ethanol. According to Scenario I, at the end of time
horizon, the 970 kt/y ethanol production would be satisfied by
first-generation DGP technology, whereas the new EC
proposal would lead to a reduced capacity of 520 kt/y satisfied
by both first and second-generation technologies. Notably, the
ethanol production in the simulation of the EC proposal
would not comply with the production targets of the current
directive as the new multi-plicative factors allow producing
less ethanol and still “satisfy” the targets. In other words, in
case of a non-profitable business (as this one), the EC proposal
would allow producing less (and therefore losing less money).
Table 5 shows the actual ethanol production (represented as
percentage) with respect to target quotas.

As illustrated in Fig. 2, both scenarios determine the even-
tual establishment of three plants. The effect of current
policies is represented in Fig. 2a, while Fig. 2b shows the final
supply chain layout of Scenario II. In the latter case (Fig. 2b),
two 110 kt/y second-generation plants (i.e. stover-based and
miscanthus-based), and a 300 kt/y first-generation DGP plant
would be required, while in Scenario I (Fig. 2a) three DGP
plants would be built, two of them producing 350 kt/y and the
remain-der 270 kt/y. As intended, a result of the EC proposal
appears to be that of promoting second-generation
technologies.

The reduction of the ethanol content in the blended fuel
does not reduce its overall sustainability. Scenario II deter-
mines that the ethanol-related CO2-emissions are halved (36.9
kgCO2-equivalent/GJ of ethanol) with respect to Scenario I
(73.2 kgCO2-equivalent/GJ of ethanol). However, the lower
production determines that less bioethanol is blended with
gasoline. As a consequence, the emissions of the blended fuel
are reduced by about 3% only (81.1 kgCO2-equivalent/GJ fuel
with the EC proposal vs. 82.7 kgCO2-equivalent/GJ fuel with
the current regulation). In other words, although the EC
proposal appears to promote second-generation technologies,
its impact on fuel GHG emissions is hardly significant and
obviously it deteriorates the security for transport energy
since a lower amount of alternative fuels would be produced.

In order to verify that the resulting scenarios are not affected
by the price prediction models, the optimization problem has

been studied also considering fixed feedstock and ethanol 
prices. The prices were set as the average real quotations of the 
commodities in the last three years (182 D /t for



Fig. 2 – Optimal supply chain layout under the existing Directive (Scenario I) at the end of the time horizon (time period
2025–2027) (a); optimal supply chain layout with the EC proposal (Scenario II) at the end of the time horizon (b).
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orn, 5.75D /kg for ethanol, 50D /t for miscanthus and 35D /t
or corn stover). The resulting supply chain was nearly identi-
al in terms of adopted technologies and general layout as the
nes at variable prices, which is very encouraging about the
obustness of the supply chain design, because it proves that
he results are not dependent on the chosen price prediction

odel. The main differences concerned the estimated profit-
bility of the supply chain. In case of Scenario I a 5% increase in
he NPV is obtained, simply because there is not a significant
ncrease in the corn price as on the contrary predicted by the
orecast model. Conversely, the NPV of Scenario II deteriorates
y about 18% with respect to the case where price dynam-
cs is accounted for (mainly because the predicted growth

n ethanol price is not considered), but still outperforms
cenario I.

Table 5 – Production fulfillments of the current ethanol demand 
proposal was put into effect.

2013–2015 2016–2018

Demand fulfillment (%) 42 38
4.1. Impact on consumers and taxpayers

Since the ethanol supply chain is predicted to be unprofitable,
losses should be either transferred to final customers or com-
pensated for by governmental subsidies (as was done in the
United States until 2011). If the latter case is assumed, Table 6
shows the calculated governmental subsidies per period and
their equivalent amount in current terms. The comparison
with subsidies that should be granted with the current legisla-
tion shows that a reduction by 56% would be obtained thanks
to the recent EC proposal. Table 6 also shows a potential ben-
efit of the EC proposal. Although quantitative results depend
on models for price forecast, it appears that in Scenario II,

subsidies would be needed in the initial operation period only 
(i.e. for about 5 years), when losses occur. Conversely, in the

(referring to the existing Directive) in case the EC

2019–2021 2022–2024 2025–2027

44 50 55



Table 6 – Bioethanol supply chain losses per time period and over the whole horizon in current terms. For Scenario II, in
periods 2019–2021, 2022–2024, and 2025–2027 the 0 value denotes that there are no losses (in fact, the supply chain is 
profitable).

2013–2015 2016–2018 2019–2021 2022–2024 2025–2027 Total equivalent in
current termsa [MD ]

Supply chain losses in Scenario I [MD ] 379 211 359 506 706 1507
Supply chain losses in Scenario II [MD ] 506 198 0 0 0 670

a Discounted at the 15-year Italian bond rate.

Table 7 – Expected total fuel prices and fuel prices at equivalent mileage in the case with or without EC proposal
(Gasoline price assumed to be constant at 1.785 D /L).

2013–2015 2016–2018 2019–2021 2022–2024 2025–2027

Total fuel price with the EC proposal [D /L] 1.77 1.76 1.75 1.76 1.77
Total fuel price with current regulation [D /L] 1.73 1.72 1.74 1.76 1.78
Total fuel price difference +2.4% +2.0% +0.7% 0.0% −0.9%
Total fuel price at equivalent mileage with the EC proposal [D /L] 1.80 1.79 1.79 1.80 1.82
Total fuel price at equivalent mileage with current regulation [D /L] 1.78 1.78 1.80 1.83 1.86
Total fuel price at equivalent mileage difference +1.1% +0.5% −0.7% −1.5% −2.3%

 
 
 
 
 
 

 
 

 
. 
 

 
 

 
 

 

 
 
 

 
 
 

 
 
 

 
 
 
 
 
 
 
 
 

 
 

 

 
 
 
 

 
 

 

 

 
 
 
 

current state of things (Scenario I) government intervention
seems necessary along the entire business activity.

If losses were repaid by fuel consumers, the blended fuel
price would be composed of:

(i) Gasoline price plus taxes weighted on the volume fraction
of gasoline;

(ii) Ethanol price plus VAT (22% in Italy) and the per-liter losses
repayment.

If the gasoline price is assumed to remain constant at the
2012 average Italian price (1.785 D /L according to Ministero

dello sviluppo economico, 2013), the fuel prices with the EC
proposal would be more expensive at the beginning (because
of the very high capital costs of second-generation plants), but
then they would be cheaper by about 1% compared with the
ones obtained with current legislation.

Nevertheless, it is worth remembering that the blended
fuel has a lower heating value (LHV) that is inferior to that of
normal gasoline, since ethanol LHV is about 65% of the gaso-
line one. Table 7 reports the comparison both on the “pump
price” and at equivalent mileage, which is most meaningful
It can be seen that the EC proposal would guarantee after 2019
a cheaper fuel up to 2.3%.

5. Conclusions

   A recent European Commission proposal on the promotion of
the use of energy from renewable sources, which amends both
Directives 98/70/EC and 2009/28/EC, has been critically ana-
lyzed with concern to its effects on the design of bioethanol
supply chains. The economic optimization based on a MILP
model of the supply chain showed that the proposal can pro-
mote the establishment of a bioethanol supply chain, where
lignocellulosic biomasses are extensively used in the produc-
tion processes. However, since a possible consequence would
be a lower ethanol production, the advantages in terms of
reduction of GHG emissions would be hardly significant and

there would be deterioration in energy security for transport. 
On the other hand, probable economic losses would be less
aggravating, and accordingly the burden either on final fuel
consumers or on governmental incentives would decrease.
The authors consider this approach innovative and of critical
importance to limit the use of alimentary competitive feed-
stock, thus giving a concrete contribution to the debate on
biofuels ethics. Nevertheless, the energy security principles
on which the biofuels production is based cannot be altered;
therefore, it can be advisable to maintain the maximum pro-
duction quota for first generation biofuels, and to decrease the
multiplying coefficients for advanced biofuels. This solu-tion
would also allow increasing the environmental benefits of the
European Commission proposal, since a larger share of the
blended fuel would be composed of low-pollutant fuels. While
this option could engender worse economic configurations of
the supply chain than those based on the current values, it is
possible to arrange the multiplying coefficients of second
generation technologies so that the new supply chain would
still be more profitable than the one based on current legisla-
tion. In fact, the coefficient values can be chosen in a number
of ways, since there are no constraints on either of them. In
this perspective, the European Parliament has recently sub-
scribed a call on the Commission (Europarl, 2013) to amend
the factors in the original proposal, thus asking for a modifi-
cation of the accountability technique to reach the European
biofuel production objectives as required by the legislative
procedure (EurLex C 115/47, 2008). Notably in the proposed
amendment, the Parliament appears to endorse bioethanol
production from dedicated cultures (where a ×2 accountabil-

ity method would be maintained), whereas waste materials
such as straw (or corn stover) would be somewhat penalized
being accounted just once as occurs for first generation tech-
nologies. A high multiplicative factor (×4) would be retained

only for highly advanced (and not quite mature) technologies
such as algae-based fuel production systems. Our interpreta-
tion is that, according to the EU Parliament, promotion
policies should be directed either toward the more mature
second gen-eration technologies, which are based on
dedicated cultures and have already demonstrated a high

capacity potential (e.g., see Biochemtex, 2013), or toward high-
risk groundbreaking processing technologies.
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