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Abstract: The current concerns on global energy security, climate change, and environmental
pollution represent some of the major elements of the growing interest on renewable energy. In this
framework agro-food energy systems are at the center of a twofold debate: on the one hand they
represent a key option for energy production while on the other their sustainability is threatened
by the expansion of the bioenergy market that could lead to negative social and environmental
consequences. The aim of this work is to evaluate—through a case study—the technical and economic
feasibility of the replacement of energy crops (ECs) with used cooking oil (UCO) in an anaerobic
digestion (AD) full-scale plant. At this purpose, a full-scale plant performing AD was monitored for
two years. Three scenarios were developed and compared to evaluate the impacts and the potential
benefits in terms of land saving in case of a substitution of ECs with UCO. Results highlighted
a reduction of land use of over 50% if UCO is introduced in co-digestion with ECs. The lack of
an appropriate legislative framework limits the utilization of used cooking oils (UCOs) in AD with
a consequently missed opportunity for biogas owners that could find an important alternative
in UCO.

Keywords: anaerobic digestion (AD); energy crops (ECs); used cooking oils (UCOs); land saving;
waste management

1. Introduction

The global energy demand is growing under the pressure of the current context of increasing
food demand, diffusion of diets based on products with a high density of energy (livestock products,
vegetable oils, sugar), globalization of food production and trade, growing intensity of agricultural
practices, competition on land use, exacerbation of global warming, and environmental concerns [1–3].

These factors are leading national governments and the international community to increase
the support and the investments to stimulate a reduction from the dependency on fossil fuels and
a transition to a low-carbon society [4–6]. These commitments represent key elements for several
international protocols, such as the Kyoto Protocol [7] and the European Climate-Energy Package
“202020” [8,9], that aim at regulating emissions, cutting waste, and reducing the use of energy.

Agriculture represents a focus sector since it is, at the same time, an important energy consumer
and bioenergy producer [10]. Dedicated crops and agricultural byproducts have been used to
generate energy through thermo-chemical conversion processes, such as combustion, gasification,
and pyrolysis [11], or bio-chemical conversion, such as fermentation and anaerobic digestion
(AD) [12]. This work focuses on AD due to its rapid development in several EU (European Union)
countries—including Italy—as a consequence of high renewable energy subsidies [13].

Along with the general recognition of the potential of biogas production, there is a growing debate
on its sustainability due its impact on land use [14]. Land use change potentially leads to a variety
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of direct and indirect effects in agrarian systems. Direct effects include environmental degradation
and the loss of biodiversity. Indirect effects comprise those related to economic changes as rising rents
for land leases and growing commodity prices, and to social changes caused by the violation of land
rights [15,16].

Within this context, the identification of solutions to ensure the sustainability of biogas production
represents a crucial step to exploit the full potential of AD. An option is represented by the use of
dedicated energy crops (ECs) associated with waste organic materials, by-products, and residues from
agricultural and agro-industrial production [17] both in AD and in co-digestion processes.

Such practices could mitigate the environmental consequences of the production of ECs and
increase the capacity of energy generation in rural areas.

Literature shows high energy efficiency values in the co-digestion of barley, molasses,
industrial bakery products, and sludge crushers [18], pomace, tomato puree by-products [19],
tomato skin, seeds and whey [20], artichokes [21], and fruit products, such as pineapple skin and
pulp [22]. Additional by-products are derived from olive oil extraction as skin pieces, pulp, stone,
and kernel olive [23].

As any agricultural product, by-products are also characterized by seasonality and yield
fluctuations so that planning tools and supply analysis are particularly important [24].

As kitchen waste, used cooking oil (UCO) is not affected by seasonality or yield fluctuations as
other by-products and is characterized by a relatively high availability: in Europe 5 kg per person
corresponds to an overall potential of 2.5 × 106 Mg per year [25].

Before the entry into force of the European Commission Regulation 1774/2002 [26], which outlines
the health rules concerning animal by-products not intended for human consumption, UCO was reused
mainly as animal feed. With the introduction of this limitation, the attention on vegetable waste oils
and its sub-products (glycerin and raw-biodiesel) increased significantly. Additionally, this attention
was also raised by the potential profit opportunities generated by the exploitation of UCO [8,27] and
the application of the Decree 152 of 3 April 2006 [28], which introduces the obligation for its collection.

The 22 × 106 Mg of biodiesel produced with vegetable oil in the EU-27 in 2011 stimulated
the development of a number of projects aimed to improve UCO collection [29–32]. Additionally,
several studies were carried out to assess its potential utilization in the biodiesel industry [33–35]
and the valorization of its sludge by co-digestion with swine manure [36]. Positive results have
been obtained also with the anaerobic digestion of glycerol and co-digestion of glycerol and pig
manure underlying its versatility [37]. The 1.4 × 106 Mg produced annually in Italy are, in large part,
collected and reused from C.O.N.O.E. (Italian National Consortium for Mandatory Collection and
Processing of Waste Vegetable and Animal Oils and Fat) as vegetable waste oil [38]. Other uses are
limited by the national and European regulatory framework that is currently prohibiting the use of
UCO in the biogas sector.

The aim of this work is to assess the technical and economic feasibility of the substitution of
energy crops with UCO in AD, with particular emphasis on the potential implications on land use.

2. Materials and Methods

2.1. Case Study Area

The case study area is represented by the Emilia-Romagna region, which is located in the southern
part of the Pianura Padana and is characterized by a highly developed agricultural sector [39] where
the introduction of the feed-in tariff at the beginning of 2009 stimulated a rapid diffusion of biogas
with consequent implications on biomass availability and land rental rates [40].

Six of Emilia Romagna’s biogas plants out of 24 are located in the municipality of Medicina that,
for this reason, has been identified as the center of the study area.

The identification of the case study area was then based on the principle of short chain,
which authorizes biomass-based biogas plants to procure within an area of 35 km [41] to facilitate the
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potential development of local energy districts. Such a mileage restriction allows significant benefits
for reducing the emissions and the costs of biomass transportation.

Following this approach UCO is collected in a circle that has 50 km diameter, with Medicina at its
center, and includes other 17 small municipalities plus the city of Bologna (Figure 1).Energies 2017, 10, 192 3 of 12 
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Figure 1. Case study area, 50 km diameter.

Five of the biogas plants of Medicina operates with a mix of agricultural by-products and
dedicated energy crops, while the remaining one has a mixed feeding system that includes animal
waste. The research was carried out in one of the plants operating with agricultural by-products and
dedicated energy crops.

2.2. Data Gathering and Used Cooking Oil Collection

UCO quantification was based on a two-step methodology. Firstly, questionnaires were sent to
A.R.P.A (Regional Agency for Prevention and the Environment) and C.O.N.O.E. to quantify the amount
of UCO at local level (UCO is collected by the multi-utility H.E.R.A. (Energy Resource Environment
Holdings), with the exception of the municipality of Castel Maggiore, where the collection is managed
by Geovest Environmental Services.), identify the trends over time and collect market price data.

With the second step the information retrieved with the questionnaires were integrated and
cross-checked with those available on the ISTAT (National Statistics Institute) databases.

2.3. Biogas Plant Description

The biogas installation analyzed in this study is located 8 km outside the town of Medicina.
The plant has a potential power of 999 kW and started its operations in 2012 taking full advantage
of the comprehensive tariff (incentive + electric energy produced) of 0.28 €/kWh that allows paying
off the investment in a particularly short time (the legislative decree “Sviluppo” (Development) 1141
(approved on 1 July 2009) ensure a comprehensive tariff of 0.28 €/kWh for the plants entering into
operation in 2012 and with a potential power of less than 1 MW). AD is a wet process with an average
percentage of feed dry matter (DM) lower than 10%. It takes place in a mesophilic digester with
a hydraulic retention time (HRT) ranging between 55 and 65 days, a temperature range of 44–47 ◦C,
and a reuse of 30% of the energy produced by the combined heat and power (CHP).

The digester is composed of two reactors of 3000 m3 each where the DM is mixed by stirrer blades.
The CHP is based on an internal combustion engine modified by natural gas with an electric power of
1063 kW and an electrical efficiency of 40.1%. The volumetric load of about 37 Mg·day−1 of the total
mass (wet basis) is charged without any pretreatment of the biomass.

2.4. Scenario Analysis

To analyze the substitution of ECs with UCO three different scenarios were developed: baseline
(S1), intermediate (S2), and best case (S3).
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2.4.1. Scenario S1: Baseline

The baseline scenario was developed along the real diet of the biogas plant for the 2013–2014
biennium. The daily load of each biomass qx,i [Mg] was averaged over a week to obtain the average
daily load Qx [Mg] where:

Qx =
∑7

i=0 qx,i

7
(1)

The load was calculated in terms of corn silage equivalent tons (CSET) to allow a comparison
among the energy potential of the different biomass utilized as feeding material and divided for
simplicity into corn and byproducts.

CSET was calculated as the ratio between the biochemical methane potential of corn (BMPc)
assumed equal to 95 Nm3CH4·Mg−1 wet basis (considering a 30% of volatile solids on the load) and
the biochemical methane potential of each biomass used in co-digestion (BMPx) multiplied for the
load of each biomass Qx [42–44]. The use of the BMP [Nm3CH4·Mg−1] value as references allows the
identification of the most appropriate feedstock to achieve the optimum biogas yield.

CSET was defined as:
CSET[Mg] =

BMPc

BMPx
Qx (2)

A cumulative regression of the used corn was introduced to ensure a better data analysis.
The 2013–2014 biennium has been divided in periods of four months to obtain six different trends,
three per each year. The linear functions show the highest weekly energy corn consumption.

The amount of hectares needed to produce the quantity of corn required to feed the plant (LU)
was calculated after the estimation of the total load plant diet per year (as average of the two years),
in terms of corn (CTOT,c) and biomass (CTOT,b),:

LU
[

ha
year

]
=

CTOT,c

AAY
(3)

where AAY Mg·ha−1 represents the corn average annual yield estimated in 55 Mg·ha−1. The same
corn yield was also maintained for S2 and S3.

2.4.2. Scenario S2: Intermediate

The intermediate scenario (S2) builds on the dataset of the baseline scenario (S1) replacing corn
with the real amount of UCO collected in the 2013–2014 biennium.

Corn was replaced with UCO when the corn quantity was exceeding the threshold value of
30 Mg·day−1 (CTOT,c). The amount of LU needed to produce the requested quantity of corn was
calculated using a new value of CSET assuming UCO’s BMP as 10.21 times BMPc [45].

2.4.3. Scenario S3: Best Case

The best case scenario (S3) assumes the potential collection of UCO in all the municipalities to
be at the same rate of the one with the higher collected amount of UCO for 2013–2014 biennium.
This new hypothetical quantity of UCO (QIUCO) was calculated as the UCO per capita collected in
the municipality with the higher UCO collection multiplied for the resident population of all of the
municipalities. QIUCO is supposed to be used to replace corn in the weeks with a total use over the
fixed threshold.

Finally, the utilized land and the Mg day−1 of corn needed to feed the biogas plant were calculated
utilizing the same methodology used in S2.

2.5. Revenue Account

The average market price of the UCO matrix during the 2013–2014 biennium was approximately
€490 per Mg [38]. The price refers to the regenerated UCO utilized in different sectors.
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The net present value (NPV) was estimated calculating the potential profit opportunities for the
power contractor in a scenario where the entire amount of collected UCO is allocated to the production
of energy. NPV was calculated as:

NPV =
∞

∑
t=0

Rt

(1 + i)t (4)

where Rt are the inflow and outflow discounted back to the actual value and then added up.
The total cost (CT) was valued as the sum of three different categories of costs/inflows: initial

investment costs (Ci), management costs (CG), and procurement costs (CA). Ci is equivalent to 4 M
based on a constant payment [46]; CG represents an annual cost and depends on the amount of working
hours corresponding to 8760 h·year−1 and an output of 999 kWh. Moreover, the energy produced has
been paid as a management cost at a price of €0.03 per kWh. CA represents the sum of the amount of
each biomass used to feed the plant at its specific market price. Price changes depending on whether
the biomass is purchased on the market or self-produced.

Revenues are calculated as the sale on the electricity market multiplied for the annual incentive
before 2012, equivalent to €0.28 per kWh. Financial costs depend on the overall amount, on the interest
rate (r) and on the mortgage term (qn). The value of r is fixed and it is equal to 5%. The annual
installment is calculated through the multiplier (k), which is defined as:

k =
(rqn)

(qn − 1)
(5)

Within each scenario the specific NPV was calculated as the difference between the total revenue
(RT) and CT. The annual money save (MS) was based on the difference between the NPV of the three
different scenarios indicated respectively as NPVS1, NPVS2, and NPVS3.

The profit opportunity (PO), that represents the potential market price that the UCO should have
in a new energy chain, was estimated as:

PO =
(NPVS2;S3 − NPVS1)

QIUCO,c
(6)

3. Results and Discussion

3.1. Scenario S1: Baseline

The average composition of the feed-in matrices to be utilized in the digestion process are
reported in Figure 2. Data are expressed in months, indicated as numbers (1, 2, 3, etc.), with each
month composed of four periods (weeks) of seven days and the subsequent month starting at the end
of the fourth period (i.e., Month 2_’13 is starting at day 29). Remaining days are included in months
13_’13 and 13_’14.
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Figure 2. Monthly real biogas plant diet in the 2013–2014 biennium.



Energies 2017, 10, 192 6 of 13

The total load is composed by corn (69.92%) and agricultural by-products (30.08%) with the
generic term “by-products” including coffee beans, pomace, blueberries, flours, wheats, husk spelt,
cocoa, and sorghum. By-products are characterized by a quite diversified mix and a relatively limited
quantity of organic matter.

The diet includes also wheat that was not considered as an energy crop since it was originally
produced for human consumption and was then reallocated to energy use only if it was degraded or
affected by diseases.

Additionally, a reduction in the use of corn was registered between months 6 and 10 of the
two years under analysis mainly due to the seasonality of the corn production cycle.

Considering corn yield per hectare the average annual land consumption was 182.20 ha·year−1

equal to 0.84 ha·day−1.
Figure 3 highlights the surplus in the use of corn with the six series representing the periods of

four months within the biennium under analysis.
R2, the value of the coefficient of determination representing the average cumulative consumption

of corn in the two years for all six series, is close to one, suggesting a good explanatory capacity of
the model.

UCO was introduced in the weeks with a higher intensity in the use of ECs corresponding to the
time series with a higher slope (3, 4, 6).
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Figure 3. Cumulative distribution function of the corn used in the biennium 2013–2014.

3.2. Scenario S2: Intermediate

The average annual amount of UCO collected by authorized companies was approximately
146.28 Mg. Figure 4 shows the breakdown of the UCO collected in the selected municipalities.
As predictable the municipality with the higher resident population (Bologna) presented the higher
share of collected UCO.

The replacement of corn with UCO was assumed to ensure unaltered values for the total load,
the electrical power, and the energy production.
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Figure 4. Used cooking oil (UCO) collected in the selected municipalities (as the percent of the total) in
the 2013–2014 biennium.

During the 2013–2014 biennium, UCO has been introduced in all 46 weeks—out of 104—when
the threshold value of 30 Mg·year−1 of corn was exceeded.

The 146.28 Mg of UCO were equally distributed along the 46 weeks for a weekly average of
3.18 Mg. The real plant diet has been reset for the new feedstock maintaining constant values for the
production of electrical energy and for the total load. Figure 5 suggests that the introduction of this
matrix ensured a reduction of the quantity of corn maintaining the same electrical system power.
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Figure 5. Corn required in the weeks that exceed the threshold value within S2.

In this scenario the overall amount of corn decreases of about 1480 Mg per year. This reduction
corresponds to significant land savings: the corn area decreased from 182.20 ha in scenario S1 to
155.3 ha·year−1 in scenario S2 corresponding to the 14.8%.
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3.3. Scenario S3: Best Case

The municipality of Mordano recorded the highest UCO collection value for a total amount of
3.35 Mg per year or to 0.71 g per capita. The specific production per capita was calculated to provide
a parameter of the correlation between UCO collection with the resident population (Figure 6).Energies 2017, 10, 192 8 of 12 
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Figure 6. UCO specific production per capita in the selected municipalities.

The value recorded in Mordano was used as baseline for all the other municipalities to calculate
the potential amount of collectible UCO. If all of the other municipalities would collect the same UCO
per capita, a potential growth of 486.50 Mg (more than three times) would be possible. Figure 7 shows
the current collection rates (per capita) and the additional production for all the municipalities within
the case study area.
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The new UCO amount introduced in the 46 weeks identified in the S2 scenario, represents the
sum of that currently collected with the potentially collectible UCO. The weekly average amount from
S2 to S3 was increased from 3.18 Mg to 10.34 Mg.
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This amount of UCO would allow to ensure enough organic matter for 38 weeks out of the
46 where the threshold value of 30 Mg·day−1 was exceeded. Figure 8 shows that these eight weeks
are concentrated in the last quarter of the year. This is mainly explained by the limited capacity to
forecast the supply since both the energy crops and the by-products are characterized by a remarkable
seasonality, with a limited availability in certain periods of the year, and by the structural weaknesses
of the by-products market that is still fragmented and unstable. In this scenario the corn area would
decrease from the 182.20 ha·year−1 of scenario S1 to 92.7 ha·year−1 of scenario S3 with a land savings
of 49.1% (Table 1).
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Figure 8. Corn required in the weeks exceeding the threshold value within S3.

Table 1. Summary of the three scenarios.

2013–2014 Average S1 S2 S3

CTOT,C [Mg per year] 10,020.70 8450.20 5097.70
LU [ha per year] 182.20 155.30 92.70
LUd [ha per day] 0.50 0.43 0.25

UCO collected [Mg per year] 0.00 146.30 486.50
UCO fed plant [Mg per year] 0.00 146.30 486.50

Land save [ha per year] 0.00 26.90 89.50

3.4. Economic Assessment

For a biogas entrepreneur, the average cost of feedstock (CA) represents one of the most important
parameters. In the economic assessment, the costs of all the feedstocks, with the exception of those of
UCO, are fixed. Similarly, the market price of all the inputs remain the same under the three scenarios.
Considering that in S2 and S3 the cost of UCO is equal to zero, the main variable is represented by the
quantity of biomass.

In the case of the substitution of corn with UCO, the potential savings lead to a reduction of the
production cost from € 0.61 million (scenario S1) to € 0.43 million (scenario S3) (Table 2).

The initial investment cost (CI) results an unvaried item in the three scenarios since the biogas
plant was already built. For the same reason also the management cost (CG) remained unchanged.

With the biogas plant under operation and with a fixed electricity conversion, it was possible to
calculate the plant revenue that results unvaried in the three scenarios.

NPV increased from €1.1 million (1,118,826.45) in S1 to €1.2 million (1,170,645.91) in S2 to
€1.3 million (1,291,123.50) in S3.
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The economic profitability of energy recovery from UCO is confirmed also from the MS value.
In the S2 and S3 scenarios the substitution of corn with UCO allowed savings for €51,820 and €172,297.

Similarly, S2 and S3 were characterized by a positive PO value. If compared with the UCO market
price of €490 per Mg the increased value of PO might find two different explanations. On the one hand
the growth can be explained with the new allocation of UCO that would lead to a reduction of the
price paid by recovery companies to regenerate it, thanks to the maximization of the present value and
of the net benefits, and to the increase of the collectible quantity. On the other hand, the growth of the
value of PO can be explained as the additional collection of UCO stimulated by a higher demand.

Table 2. Economic assessment overview results.

Value S1 S2 S3

CA [M€] 0.61 0.56 0.43
CI [M€] 0.21 0.21 0.21

Cg [M€·(kWh)−1] 0.23 0.23 0.23
CT [M€] 1.1 1.0 0.89
RT [M€] 2.1 2.1 2.1

NPV [M€] 1.1 1.2 1.3
MS [M€] 0.0 0.05 0.17

PO [€·Mg−1] 0.0 350 350

4. Conclusions

The paper aimed to assess the technical and economic feasibility of the substitution of energy
crops with UCO in AD with particular emphasis on the potential implications on land use. To carry out
the analysis a full-scale plant performing AD was monitored for two years, three scenarios to evaluate
the energy and environmental impact of the introduction of UCO were developed, and an economic
assessment to estimate the cost-effectiveness and the potential income generation of the biogas system
was performed.

Results suggest that the introduction of UCO in the feeding mix of the biogas plant could lead to
land saving up to 50%. The use of UCO would allow to maintain a stable production of energy along
the year, to mitigate the environmental impact of biogas production (less land used for the production
of energy crops), and to ensure economic benefits for farmers (an additional source of revenue and
reduced costs for biomass collection).

The partial substitution of ECs with UCO is technically feasible and economically viable with
a major constraint put in place by the current legislative framework that limits the collection and the
utilization of UCO for anaerobic digestion. Policy interventions should be aimed at removing the
barriers that currently limit UCO collection and reuse in biogas energy systems.
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