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Abstract: Small-scale plants that produce biodiesel have many social, economic and environmental
advantages. Indeed, small plants significantly contribute to renewable energy production and rural
development. Communities can use/reuse local raw materials and manage independently processes
to obtain biofuels by essential, simple, flexible and cheap tools for self-supply. The review and
understanding of recent plants of small biodiesel production is essential to identify limitations and
critical units for improvement of the current process. Biodiesel production consists of four main
stages, that are pre-treatment of oils, reaction, separation of products and biodiesel purification.
Among lots of possibilities, waste cooking oils were chosen as cheap and green sources to produce
biodiesel by base-catalyzed transesterification in a batch reactor. In this paper an overview on
small-scale production plants is presented with the aim to put in evidence process, materials, control
systems, energy consumption and economic parameters useful for the project and design of such
scale of plants. Final considerations related to the use of biodiesel such as renewable energy storage
(RES) in small communities are discussed too.

Keywords: small-scale plants; biodiesel; waste cooking oils; in-situ analysis; nanogrid; renewable
energy storage (RES)

1. Introduction

During last years, research is focusing on design and implementation of small plants
to produce biodiesel from waste cooking oils (WCO), in order to achieve the double aim of
making people independent in biofuel production and taking advantage of wastes destined
to expensive disposals.

Biodiesel is a renewable, biodegradable and green energy source, which can be used
as a fuel in the transport sector and for heating, without the need to make modifications
to engines or boilers, in partial or total replacement of the diesel fuel. As a biofuel, it
guarantees the reduction of polluting emissions, as it does not contain sulfur and aromatic
compounds, and it contributes to the reduction of particulate matter emitted [1]. Biodiesel
may be effectively used in pure form or blended with fossil diesel. European motor
manufacturers undertook successful tests on blends with different diesel compositions
(5–10%, 25–30%, 100% pure) [2]. Minor modifications (seals, piping) are required when
100% biodiesel is used, but no change is necessary in the distribution system, therefore
avoiding expensive infrastructure changes. Biodiesel is also used as an efficient heating oil.

The biodiesel use decreases global warming impacts, reduces emissions, increases
energy independence and has positive impact on agriculture. The use of 1 kg of biodiesel
leads to the reduction of 3 kg of CO2 [3]. Consequently, CO2 emissions are significantly
lower by 65–90% than with conventional diesel use, as well as particulate emissions and
other harmful emissions. Moreover, biodiesel has a high lubricity and fast biodegradability.

European countries promoted and regulated the use of biodiesel by specific legislation
and publication of strict guidelines in compliance with European Committee for Stan-
dardization (CEN). The European fuel standard EN 14214 was developed in co-operation
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with the automotive, oil and biodiesel industries, in order to ensure biodiesel quality and
performance in the most modern engines. A typical set of normative specifications for
Biodiesel is reported in Table 1 [2,4].

Moreover, Directive 28/2009/EC established sustainability criteria for biofuels in its
articles 17, 18 and 19 [5].

Table 1. Biodiesel characterization parameters.

Biodiesel Properties Unit Lower–Upper
Limit Test-Method

Fatty Acid Methyl Esters (FAME) % (m/m) * 96.5 EN 14103

Density a 15 ◦C kg/m3 860–900 EN ISO 3675
EN 12185

Viscosity at 40 ◦C mm2/s 3.5–5 EN ISO 3104
Acidity mg KOH/g max 0.5 EN 14104

Flash point ◦C 101 EN ISO 3679
Copper strip corrosion (at 50 ◦C, 3 h) grad corrosion Classe 1 EN ISO 2160

Stability to oxidation, 110 ◦C hr 6 EN 14112
Cetane number - min 51 EN ISO 5165

Iodine value g iodine/100 g max 120 EN 14111
Methanol % (m/m) 0.2 EN 14110

Monoglycerides % (m/m) max 0.8 EN 14105
Diglycerides % (m/m) max 0.2 EN 14105
Triglycerides % (m/m) max 0.2 EN 14105

Free glycerol % (m/m) max 0.02 EN 14105
EN 14106

Total glycerol % (m/m) max 0.25 EN 14105
Linoleic acid methyl ester % (m/m) max 12 EN 14103

Polyunsaturated methyl esters (more
than 4 double bonds) % (m/m) max 1 EN 15779

Alkaline content (Na + K) mg/kg max 5
EN 14108
EN 14109
EN 14538

Alkaline earth metals (Ca,Mg) mg/kg max 5 EN 14538

Sulfur content mg/kg max 10 EN ISO 20846
EN ISO 20884

Phosphorus content mg/kg max 4 EN 14107
Carbon residue % (mass) max 0.3 EN ISO 10370

Sulfur ash % (mass) max 0.02 ISO 3987
Water content mg/kg max 500 EN ISO 12937

Total contamination mg/kg max 24 EN 12662
* mass fraction; readapted from BS EN 14214:2008 [6]. The national standards organizations of the following
countries are bound to implement this European Standard: Austria, Belgium, Bulgaria, Cyprus, Czech Republic,
Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, Lithuania, Luxem-
bourg, Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, Switzerland
and the United Kingdom.

In the last 10 years, the production of biodiesel in Europe reached more than 12.5 billion
of liters per year [7] and the production of each country is reported in Figure 1.

Biodiesel is a mixture of alkyl esters usually produced by the following transesterifica-
tion of triglycerides with alcohol (Figure 2).

The reaction between oil and alcohol is facilitated by a catalyst. The most used inputs
are oil, short chain alcohol such as methanol or ethanol, catalyst (alkaline [9], acid [10],
or enzymatic [11,12]), water (optional) and electricity. The main by-product in biodiesel
production is glycerol, that can be used pure in different fields or diluted in water and used
as a dust suppressant fertilizer (when potassium hydroxide KOH is used as catalyst) or in
anaerobic digesters. Production of biodiesel in small-scale plants is convenient for the high
safety, ease of realization, low-cost single units and inexpensive process monitoring [13].
Biodiesel production entails the handling of flammable liquids (methanol, vegetable oil,
biodiesel, glycerol) and hazardous chemicals (catalysts and neutralizers), as well as the
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operation of electrical equipment. Consequently, operators are required to wear personal
protective equipment. Particularly, they must take care when they handle methanol, add
and mix hydroxide, and introduce methoxide into oil. Methanol must be protected from
heat and ignition sources, stored in a bermed, diked or bunded, well-ventilated area,
capable of containing at least 110% of the volume of the largest methanol storage tank in
the contained area [14,15].

 

 

 

Figure 1. Biodiesel production in some countries in Europe in the last 10 years, readapted from [7] Figure 1. Biodiesel production in some countries in Europe in the last 10 years, readapted from [7].

Energies 2021, 14, x FOR PEER REVIEW 3 of 22 
 

 

 
Figure 1. Biodiesel production in some countries in Europe in the last 10 years, readapted from [7]. 

Biodiesel is a mixture of alkyl esters usually produced by the following transesterifi-
cation of triglycerides with alcohol (Figure 2). 

 
Figure 2. Transesterification of triglycerides to biodiesel (methyl or ethyl–esters mixture) [8]. 

The reaction between oil and alcohol is facilitated by a catalyst. The most used inputs 
are oil, short chain alcohol such as methanol or ethanol, catalyst (alkaline [9], acid [10], or 
enzymatic [11,12]), water (optional) and electricity. The main by-product in biodiesel pro-
duction is glycerol, that can be used pure in different fields or diluted in water and used 
as a dust suppressant fertilizer (when potassium hydroxide KOH is used as catalyst) or in 
anaerobic digesters. Production of biodiesel in small-scale plants is convenient for the high 
safety, ease of realization, low-cost single units and inexpensive process monitoring [13]. 
Biodiesel production entails the handling of flammable liquids (methanol, vegetable oil, 
biodiesel, glycerol) and hazardous chemicals (catalysts and neutralizers), as well as the 
operation of electrical equipment. Consequently, operators are required to wear personal 
protective equipment. Particularly, they must take care when they handle methanol, add 

Figure 2. Transesterification of triglycerides to biodiesel (methyl or ethyl–esters mixture) [8].

Furthermore, methanol should be purchased only from reputable sources, as indicated
by the Methanol Institute [16].

According to the European Biomass Industry Association (EBIA) [3], the current
production costs of biodiesel from rapeseed oil are approximately 0.50 €/L (equivalent
to 15 €/GJ assuming a lower heating value of 37 MJ/kg). These costs depend on the
biomass prices and the size and type of production plant. The EBIA estimated short-term
investment costs of about 150 €/kWh for a 400 MWh plant. These costs may decrease on
the long term by about 30% for a larger-sized plant (thermal input capacity of 1000 MWh).
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Production costs of rapeseed, as well as other seed oils, biodiesel are significantly affected
by the yield and valorization of by-products, such as oil seed cake and glycerol.

You et al. [17] compared the costs of biodiesel production plants with different capaci-
ties. The plant capacity, price of feedstock oil, and yields of glycerol and biodiesel were the
most significant variables affecting the economic viability of biodiesel process.

The most important economic cost factors are related to capital costs such as fixed
capital cost (FCC) and total capital investment cost (TCC), as well as total manufacturing
cost (TMC). For the comparison between different capacity plants, net annual profit after
taxes (NNP), after-tax rate of return (ARR), and biodiesel break-even price (BBP) could
be used.

Therefore, the cost of small-scale biodiesel production strongly depends on the pro-
ducer’s choice of oil source, process, equipment and local/global market.

In small-scale plants the total cost of production corresponds to 72.38% of revenues,
whereas the capital cost was estimated as 16.90% of production costs. Additionally, in
the case of small-scale plants, the cost of production includes the costs of management,
maintenance, raw materials, personnel, waste disposal, and charges [18].

Biodiesel produced in small-scale plants is mostly addressed to small communities
(e.g., families, companies, farms, villages). Moreover, possible users are institutes with
canteens and restaurants producing high amount of waste oil. As an example, the small
system BioPro TM 380 is recently used in USA [19]—in university campus, casinos, hotels,
resorts, prisons, military bases, farmers—to produce biodiesel from cooking oil, with
economic and environmental benefits.

Suffice it to know that use of biodiesel in modern engines in universities reduces
the emissions of CO2 and particulates in atmosphere by 88% and 55%, respectively. It is
expected that in 2040 biodiesel from renewable sources will replace entirely petro-diesel in
all military missions in USA. Small biodiesel production units were investigated also in
developing rural areas, as in Mango’o village (Cameroon) [20], in order to meet the local
energy needs, prevent depopulation and reduce dependence from fossil fuels. As well in
Yemen [21], the implementation of small plants to produce biodiesel from WCO has been
studied since 2015, when a conflict blocked the supply of diesel oil and essential public
services. After a preliminary step in laboratory to find optimal production conditions,
the feasibility of small and medium scale plants was studied starting from the economic
situation in Yemen. Another important study was done in a Malaysian island, Langravi, in
order to convert WCO to biodiesel as an alternative fuel for diesel vehicles [22].

Recently, the use of biodiesel as an energy storage system (ESS) as smart energy for
small communities gained great interest among the scientific community [23].

It is evident that the recent research trend is to find alternative biofuels with eco-
nomic/technical feasibility and environmental sustainability. The small-scale plants meet
all these needs, because they can produce a standard-quality biodiesel with a proper invest-
ment also in economically underdeveloped regions by optimization of energy consumption
and its efficient distribution.

In view of this, in the present paper we compared small plants described in literature
and we analyzed the main biodiesel production units (pre-treatment, reaction, product
separation and purification); then, we went through the criteria to select materials of
reactors, tanks, pipes, seals and connections; finally, we reviewed cheap, rapid and reliable
methods to follow the reaction during time and evaluate the performances in single process
units with minimal equipment needed.

Finally, the analysis of energy consumption with some case-studies is presented. The
integration of a small-scale system for biodiesel production from wastes in a smart-energy
system is also discussed as a source of renewable energy storage (RES) for the need of small
communities by means of a nanogrid energy optimization system.
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2. Oils Used in Small-Scale Biodiesel Production

Oils used for the biodiesel production in a small-scale plant can be own-produced,
purchased or recovered from wastes.

2.1. Own-Produced Oils

Many farmers are interested to process own-produced oilseeds. The farmer investment
in their crops may be minimal and oilseeds are a relatively cheap oil source, but the
economic feasibility of biodiesel production require the evaluation of such crops farm
at full market prices. The storage of oilseeds, that are not processed immediately, is an
additional cost to the total expense.

The preliminary extraction of oil from oilseeds—generally by a mechanical press—may
improve the profitability of biodiesel production. During the extraction, oil is separated
from the meal portion of the seed used as a livestock feed or for other applications. The ex-
penses of oil extraction include investment costs of the pressing equipment, and operating
costs for fuel, labor, and repairs. For this reason, small-scale biodiesel producers may not
find this option attractive.

2.2. Purchased Oils

Virgin oil purchased from oilseed crushers or processors is the most expensive feed-
stock for biodiesel production, but it has the highest quality. Typically, the cost of oilseeds
or oils, that are not own-produced, is more than 70% of total costs. Even though the virgin
oil or seeds may be free, producers need to consider their time and transportation costs to
determine the overall profitability [13].

2.3. Recovered Oils from Wastes

Waste cooking oils (WCOs) and greases are inexpensive and environmentally friendly
biodiesel feedstocks [24]. Biodiesel from waste grease reduces by 86% the greenhouse gas
emissions, compared to petro-diesel [25–27].

WCO, also called used cooking/frying oil or waste vegetable oil, is edible oil used
several times in a deep-fat fryer. Usually, it is relatively clean and easy to process. Instead,
a more “dirty” biodiesel feedstock is the recovered grease in grease traps, that are installed
by restaurants to prevent tube fouling and sewer blockages [28–34]. Fats from industrial
food grease trap, scum from the grease trap at wastewater treatment station and sludge
from sumps and septic tanks are other feedstocks for biodiesel production [33,35].

While oilseeds are rural resources, waste oils and greases originate in urban areas.
Their purchasing cost is lower than virgin oil cost, but their processing cost is higher
because of impurities.

Another option is to purchase filtered used oils from companies that collect waste oil
from restaurants and other food processing companies. These pre-treated used oils are
cheaper than virgin oils, but they have lower quality and limited quantity and geographic
availability.

Finally, the cheapest option for small-scale producers is to collect waste oils themselves
from local restaurants. In this case, oils can have very low quality, requiring pre-treatments
to produce a good-quality feedstock. Moreover, oil supplies could be seasonal depending
on restaurant activity.

3. Small-Scale Biodiesel Plants
3.1. Small-Plant Units

The biodiesel production consists of four main steps: production of oil, pre-treatment
of oil, reaction and biodiesel purification, as reported in Figure 3.
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3.1.1. Pre-Treatment of Waste Oils

Waste oil is usually dark colored and murky because of chemical changes—due to the
high temperatures of cooking processes leading to polymerization, hydrolysis, oxidation—
and food leftovers or other insoluble impurities after frying or food processing. The quality
of waste oil depends on different properties, such as free fatty acids (FFAs) and water
content, density, kinematic viscosity at 40 ◦C, acidity, saponification value, peroxide value
and iodine number. FFAs and water in oil make happen saponification and hydrolysis,
with consequent reduced selectivity of reaction to biodiesel. Since feedstock quality is
very important and has to be suitable to obtain standard biodiesel accordingly to quality
regulations of each country, waste oils need to be pre-treated before transesterification.

The first stage is the removal of food particles (chunkles) and insoluble impurities
from waste oils, usually by filtration. A 100 micron sock filter [36], cotton cloth, adsorbent
filter [37], consecutive filters with different mesh (1 mm, 0.5 mm and 10 µm) [38] and
Whatman filter paper no. 41 [39] were used in small-scale biodiesel plants. Secondly,
pre-heating is often performed to settle water out. In most cases, a temperature of 50–
54 ◦C is considered enough to evaporate water [40,41]. In a lab procedure, Waickman [36]
suggested to pre-heat waste oils to 70 ◦C. A higher temperature (100 ◦C) was reached in a
heating pre-treatment of waste frying oils, followed by the removal of dissolved salts by
water and, successively, by the adsorption on silica gel. Later, silica gel was separated by
vacuum filtration and oil was de-colored at 80–110 ◦C by 5% activated clay. The moisture
content is reduced to below 500 ppm by heating up the samples even above 110 ◦C [38].

Finally, oil is usually titrated to calculate the acidity and to calculate the additional
amount of catalyst required to neutralize FFAs and to successfully complete the transes-
terification reaction. Indeed, when the FFA content is less than 1% no pre-treatment is
necessary, otherwise it is possible to add extra alkali catalyst in order to neutralize the FFAs
by forming soap.

Extra catalyst is usually added in a feedstock with less than 3–4% FFA, in order to
convert the FFAs into soap, then removed. Nevertheless, when the FFAs level is higher
than 5% other techniques are considered, including acid esterification, steam stripping,
nanocatalytic technology, biological conversion, glycerolysis, supercritical esterification,
and simultaneous in situ conversion [32,42–47]. Among them, the most convenient ap-
proach is the acid catalysis followed by alkali catalysis. The acid pre-treatment effectively
reduces the FFAs content, but acids can damage metal equipment. In this case, tanks need to
be coated with Teflon or plastic or super-alloy tanks. Moreover, extra methanol is required
in acid pre-treatments. For this reason, when oil contain 3–15% of FFAs, another solution is
the removal of FFAs from oil by vacuum distillation. Then, the oil can be converted into
biodiesel and the FFAs can be used as animal feed or esterified separately [42].

3.1.2. Reactor

Different types of catalysts and alcohols can be used in transesterification, but we focus
on alkali transesterification with methanol. Most biodiesel is produced by homogeneous
base catalysis because the reaction occurs at low temperature and atmospheric pressure,
leading to high conversion in a minimum time [48]. Moreover, capital and operating costs
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are low, and the resulting plant is easy to manage. Methanol is the most used alcohol
in biodiesel production, because of its low cost and physical/chemical features. Batch
transesterification is the preferred technology for small-scale biodiesel productions.

The biodiesel production requires 11% (w/w) of methanol during the transesterifi-
cation, but most producers use 18–22% of methanol to ensure a more complete reaction,
mostly when whole oilseeds or contaminated waste greases are used [13]. Although large-
scale biodiesel producers recycle the excess methanol, small-scale producers tend to find
technically and economically unfeasible the methanol recovery.

It is clear that the reactor is the heart of the process and its design aims to reach high
product yields taking into account the configuration, construction materials, kinetics of
the reaction, heat and mass transfer, and all reaction parameters. A batch stirred reactor is
the simplest configuration in small plants. Critical variables which significantly influence
the final conversion are reaction temperature and time, amount of catalyst, molar ratio
of alcohol to oil, use of co-solvent and mixing intensity [39,49]. The stoichiometry for the
reaction is 3:1 alcohol to lipids, but this is usually increased to 6:1 for a higher product yield.
The rate of reaction increases as the temperature increases up to a temperature of 60 ◦C,
under the boiling point of methanol at atmospheric pressure. A low amount of catalyst
could give a low yield, but a too high amount of catalyst may give saponification.

In a lab scale, many studies investigate the optimal operating conditions for the
reaction. A volume of 500 mL of filtered waste sunflower oil were heated up to 55 ◦C and
poured into a conical flask with methanol (alcohol/oil 1:4.5 v/v) and NaOH as catalyst
(0.5%) [50]. The same volume reactor, equipped with a mechanical stirrer, was used from
Encinar et al. [51] to transesterify waste frying oil with methanol at different operating
conditions. The optimal conditions were methanol/oil molar ratio of 6:1, potassium
hydroxide as catalyst at 1% concentration, and temperature of 65 ◦C. A better performance
was observed in a two-stage process where glycerol was separated after each stage. A
two-stage transesterification was investigated in laboratory scale by other researchers: the
first stage was conducted at 55–60 ◦C, whereas the second stage was conducted without any
heating [41]. Another configuration consists of two reactor tanks connected to pumps for
recirculating and mixing of reactants, and equipped with a mechanical mixer with impellers
and static mixers [40]. Homogeneous alkaline transesterification was also performed at
60 ◦C using methanol (maximum yield at alcohol/oil molar ratio of 12:1) and NaOH as
catalyst in a modified 1 L dissolution apparatus with automatic temperature control bath
and paddle stirring rate [21].

In a pilot scale, Olaoye et al. [52] designed a 12 L reactor provided of a helical—ribbon-
like mixer. The tank was cylindrical at the top and conical at the bottom for an easier
product discharge. Transesterification of pre-treated waste cooking oils was carried out at
6:1 molar ratio of alcohol to oil, temperature of 62 ◦C, and 421 rpm stirrer speed.

Two 15 L reactors were designed and constructed to transesterify waste frying oil with
methanol at 60 ◦C. A steel mixer was used for mixing catalyst and the plant was integrated
in a closed loop integrated process [37].

A 20 L unit (Figure 4) consisting of two concentric cylinders with a shaft connected to
an electric motor promoting the mixing of reaction mixture was also developed [53,54].

Transesterification of pre-heated vegetable oils and waste cooking oils—containing
low amounts of FFAs—was catalyzed by sodium hydroxide (1.4% of oil weight), with
methanol in excess (molar ratio of 6:1), stirred at 200 rpm for 3 h at a temperature of 60 ◦C.
Glycerol was separated by gravity in situ after settling for 24 h and removed by a valve at
the bottom.

A higher-capacity reactor was designed by Abbaszaadeh et al. [55]. The 70 L batch
stirred was equipped with mechanical (by a pitched blade turbine down flow with two
inclined blades at 45◦) and hydraulic mixing systems (Figure 5).
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Figure 5. The fabricated 70 L reactor for biodiesel production [55].

Waste oils from the dining facilities on Auburn’s main campus were processed in a
208 L batch plant with methanol and NaOH at 57 ◦C [56].

Cooking oil produced in campus dining facilities was recycled also at the University
of Cincinnati in a 250 L pilot reactor, equipped with a hot water heater and a circulation
system. About 54–64 L/week of biodiesel can be produced with NaOH at 60 ◦C and
volume ratio oil to methanol of 5:1 [57].

A 316 L reactor provided of a mechanical stirrer and reflux condenser to avoid alcohol
evaporation was used to process about 10 L/h of frying oil for local power generation in
Morocco [58].

The production of biodiesel from waste vegetable oil was also scaled up from labora-
tory scale to small and medium scale (500–600 and 2000 L/day of biodiesel, respectively),
and the production line configuration was optimized in both cases [21].

Other small-scale reactors were designed for vegetable oils and can be used in a batch
biodiesel production from pre-treated waste cooking oils.

Rahmat et al. [59] designed a reactor producing 500 mL of biodiesel per batch and
consisting of a conical glass column, circulation pump and static mixer (considered more
effective than the agitator blades), sprayer, electrical heating, thermostat, hand thermometer,
distributing pipeline, regulated DC power supply. Glycerol was gradually separated in situ
as soon as it was produced during the reaction and removed by a valve at the bottom of the
reactor. This configuration was found to be more effective than traditional one, increasing
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the biodiesel production and decreasing the use of methanol in excess (molar ratio 5:1) and
the processing time.

A pilot reactor—producing 10 L of biodiesel at full capacity—was designed and
realized to convert fish oil with potassium hydroxide as catalyst at 30 and 60 ◦C [60].

A 50 L reactor was designed from Shahare et al. [61]. It consisted of a vessel and a jet
mixing mechanism.

Ramesh et al. [62] proposed a pilot plant to produce 250 L/day of biodiesel from
Jatropha oil.

A mobile unit—producing 100 L of biodiesel per hour—was designed and built in
Brazil [63]. It consists of storage tanks for the reagents and products, a power generator,
two 180 L-capacity reactors equipped with mechanical stirrers and heating coils, two settler
tanks for the phase separation and purification units.

A batch reactor producing 180 L of biodiesel per batch and a maximum of 4 batches
per day was investigated with the aim to cover the energy needs of the population in a
small village in Cameroon [20].

Finally, vegetable oil and low-cost animal fats with high free fatty acid were used for
biodiesel production in a pilot plant with the capacity of about 100 kg per day, scaling
up from laboratory scale to pilot scale. After decreasing the FFA level by one or two step
acid catalyzed pretreatment, alkaline catalyzed transesterification was carried out with
methanol and potassium hydroxide at 60 ◦C and 300 rpm as stirring rate [64].

3.1.3. Separation of Biodiesel from By-Products

The first step of product recovery in most biodiesel plants is the separation of esters
and glycerol, based on significantly different densities between the two phases. This
difference is enough to use inexpensive gravity separation techniques. Decanter systems
are usually used in small-scale batch production and their design depend on residence
time and product mixture flow rate. Generally, they have a range of length/diameter ratio
of 5–10 [43]. The product is usually allowed to settle down into a separating funnel for a
certain time [21,39,50,57], depending on several factors such as pH, size of glycerol droplets
in the reaction mixture, etc. [43]. Two distinct liquid phases are separated: crude biodiesel
at the top and glycerol at the bottom (Figure 6).
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Other methods used to separate glycerol in small-scale plants are electrostatic coales-
cence [55], centrifugation [52] and hydrocyclone-based system [43].

3.1.4. Purification

Purification of crude biodiesel is necessary to remove residual excess alcohol, excess
catalysts, soap and glycerol and leads to a clear product (Figure 7).
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Three main approaches are adopted for purifying biodiesel obtained from waste
oils: water washing, dry washing, and membrane extraction (usually in continuous pro-
cesses [65]). Usually, hot distilled water—approximately 30% of the biodiesel volume [50]
or the same volume [21]—is added to biodiesel [39]. Slightly acidic water removes cal-
cium and magnesium and neutralizes the residual base catalyst [43]. The catalyst can be
extracted by successive rinses with distilled water [39,51,57].

After simultaneous transesterification and glycerol removal [59], biodiesel can be
mixed with water at 60 ◦C and stirred for five, before settling for two hours.

Washing is preferably gentle in order to avoid emulsions [41]. Other researchers
recommend aeration to wash biodiesel, minimizing the risk of emulsification [37,40].

Although the separation between esters and water is typically rapid and complete,
drying is required to remove water and obtain a standard biodiesel. Vacuum driers,
molecular sieves, silica gel, etc., can be used to this aim in a batch process [43]. Oven drying
at 60 ◦C for one hour [59], heating at 70 ◦C [39], adsorption on sodium sulfate [39,62] or on
CaCl2 followed by filtration [51] are other possibilities.

Wet washing of biodiesel has some disadvantages, such as high-water consumption,
sewage output, emulsion formation, and drying of final product. Alternatively, dry wash-
ing could be a good option. AmberliteTM BD10 [56], ion exchange resins and magnesium
silicate powder as filter aid [66] are used to this aim, whereas methanol can be recovered
by vacuum distillation [55] or heating at 80 ◦C [51,56].

In a mobile unit producing 100 L of biodiesel per hour, the excess alcohol in ester and
glycerol phase is removed, separately, by evaporation and condensed to be recycled as
reagent. Then, the ester phase is transferred to a water washing column to remove glycerol
and to a distillation column to remove water and residual alcohol [63].

Traces of glycerol in the biodiesel can be removed by rapid gelification in a cold room
(≤4 ◦C) [57]. The glycerol phase can be acidified with sulfuric acid, to neutralize any
residual catalyst and to decompose the soaps formed during the reaction [51].

3.2. Material Selection and Chemical Compatibility

Biodiesel production comprises the reactant storage, their processing in the plant and
the product storage. The storage of reactants and products entails their contact with tanks,
while the reaction mixture is in contact with reactors and all plant equipment, such as
mixers, pumps, pipes, seals, gaskets, valves and heaters.

The material selection is essential to guarantee process safety, to avoid losses of
corrosive/toxic substances and to limit plant damages during time. Nevertheless, the use
of the best materials in all production steps is very expensive. The study of the chemical
compatibility can help to select cheaper materials where possible.

Since in small plants biodiesel is usually produced by basic transesterification with
methanol, it is important to study the chemical compatibility of all reagents (oil, methanol,
catalyst) and products (biodiesel, glycerol) involved in all production steps.

The interaction between biodiesel and materials of equipment and components was
investigated in literature. The compatibility of biodiesel with metallic (aluminum, steel,
copper, stainless steel, bronze, miscellaneous) and polymeric (high density polyethylene,
nitrile rubber, miscellaneous) materials was reviewed in [67]. The recommended materials
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for equipment, pipelines, facilities, tanks, containers and other elements that are in direct
contact with biodiesel are:

- Metals: aluminum, steel, stainless steel;
- Elastomers: Viton, fluorosilicone, HiFluor, fluorocarbon, Chemraz, Teflon;
- Polymers: polypropylene, polyethylene, high-density polyethylene, fluorinated mate-

rials, nylon.

Instead, incompatible materials in contact with biodiesel are copper, brass, zinc, lead,
and tin among metals; nitrile rubber, natural rubber, butadiene, and hydrogenated nitrile
among elastomers; neoprene, chlorosulfonated polyethylene, and synthetic rubber among
polymers [67,68].

Copper and zinc—usually used in check valves of heat exchangers, pressure relief
valves and other process systems—are not chemically compatible with biodiesel because
they cause greenish discoloration and corrosion of components. Moreover, these metals in
contact with biodiesel accelerate its oxidation and degradation with consequent formation
of high sediment that may clog filters [69].

Other metals—lead, tin, bronze, brass—facilitate biodiesel oxidation and sediment
formation [68]. Aluminum is good to be used in storage tanks, but not in reactors because
it is degraded by hydroxide-based catalysts. Indeed, stainless steel is the most chemically
resistant material for reactors.

In addition, corrosion can be due to impurities in biodiesel such as water, glycerol, free
fatty acids and residual catalyst. Therefore, quality control reduces risks. Among polymeric
materials, Teflon, Viton, nylon and fluorinated plastics have good compatibility [70].

Chemical compatibility of pipes, seals and connections need to be tested too. Resis-
tance of chemically resistant fluoroelastomer, Buna-nitrile, FKM (®Viton) and Expanded
Polytetrafluoroethylene (PTFE) was investigated by submerging each material in methanol
for 24 h. Among them, PTFE showed the best performance [69].

3.3. Analysis Methods in Small Plants

Long and expensive standard analysis are a serious limitation in small-scale biodiesel
plants, because they considerably affect the production cost. Simple and low-cost methods
have been proposed in literature as effective to obtain good-quality biodiesel meeting
international standards for use.

3.3.1. Analysis in Pre-Treatment

After WCO filtration and water removal, it is important the evaluation of free fatty
acid content in oil, in order to decide upon the following steps (reaction or further pre-
treatments). The most simple method is classic titration where oil is dissolved in a iso-
propanol/water (90/10 v/v.) solution and titred using 0.1 N isopropanol/KOH solution
and phenolphthalein as indicator [71].

3.3.2. Analysis during Reaction and before Product Separation

Chromatography-based analysis (GC [72,73], HPLC [11]) are traditional methods to
follow the reaction progress and to verify when it is complete. Nevertheless, these methods
require long analysis and expensive equipment and columns, which is why it is not possible
to follow continuously the reaction.

FTIR (Fourier transform infrared) and NIR (near infrared) are reliable spectroscopic
techniques. The FTIR analysis was used to evaluate the biodiesel quality by the methyl
ester content measurement [74], but also to on-line monitor the functional group changes
during the transesterification [75]. The NIR analysis was applied to determine the content
of water and methanol in biodiesel samples [76] and for the in-line monitoring of the
reaction [77].

Alternative methods have been recently proposed in literature. They are very easy to
perform and based on spectrophotometry [78] and ultrasounds [79]. However, the most
promising and cheapest solutions in small plants are continuous measures of refractive
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index [80,81] or viscosity [82]. Tubino et al. [80] used a digital refractometer to on-line
monitor the biodiesel synthesis by methanolysis with KOCH3. This method measures
the refractive index and correlate it with triolein concentration. Instead Zabala et al. [81]
consider the off-line measure of refractive index more reliable and stable than on-line
measure. Ellis et al. [82] used an acoustic wave solid state viscometer to monitor the
reaction until the end-point as verified by gas-chromatography.

Reaction completeness could be verified by the 27/3 (sometimes called 3/27) test [83].
This test is simple, effective and cheap to pick up traces of triglycerides in biodiesel, by
dissolving 3 mL of biodiesel in 27 mL of methanol [71,84]. Since pure biodiesel is completely
soluble in methanol, turbidity is due to unreacted glycerides. Therefore, the 27/3 test is
qualitative but not quantitative. Moreover, it is not sensitive to glycerol, because it is
soluble in methanol. It is convenient to carry out this test on a centrifuged sample before
the product separation, in order to continue the reaction if is not complete.

3.3.3. Analysis before Biodiesel Washing

After the product separation and before the possible washing by water, it is convenient
to carry out the blue bromophenol soap test, in order to detect soap content and prevent
emulsions.

3.3.4. Analysis during Biodiesel Water Washing

Crude biodiesel needs to be washed one or more times to remove impurities. Biodiesel
is effectively washed when washing water is clear and with the same pH as before the
washing step. A further analysis is the shake-em up test, based on vigorous shaking of
washed biodiesel and water: if water and biodiesel separate quickly and the water is clear,
soap content in biodiesel is very low.

3.3.5. Analysis on Biodiesel

Pure biodiesel should be clear, without water, soap, particles or microbial growth.
The pHLip Test is commercially available to determine biodiesel quality in terms of

oxidation and soap, glycerol, catalyst and acid content. This test is cited as reliable in lab
manual and web sites about biodiesel [85]. Moreover, cloud point test and gel point test
are essential to determine biodiesel quality and prevent filter blockage. Cloud point is
temperature at which biodiesel becomes cloudy, while gel point is temperature at which
biodiesel starts to gel. If the outdoor temperature is lower than cloud and gel point, it is
necessary to mix biodiesel with petro-diesel.

3.4. Energy Consumption

The production of biodiesel and glycerol from oleaginous crops and residual oils
permits to use their potential energy content.

With reference to the production of biodiesel from waste oil in a small-scale plant, the
flow sheet including analytical systems and energy inputs is reported in Figure 8.

The energy inputs are referred to the energy required from the pumps (P), the heating
and stirring systems (E).

Recycle of methanol guarantees higher process sustainability. During biodiesel pro-
duction it is possible to estimate energy requirements and to compare it with the heating
value of produced biodiesel. The net balance is favorable and biodiesel can be considered
as renewable energy storage (RES) system. By this way energy supply could be planned
and optimized, by the control and optimization of energy supply and storage.

Consequently, the production process could be integrated in a scheme of rationaliza-
tion of consumption and use of the accumulated energy in an aggregate management, with
continuous automated operations, for the integration of storage systems into nanogrid
which can operate both in grid-connected and in isolated systems.
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3.4.1. Energy Storage

Energy storage is related to the heating value of biodiesel, as a liquid biofuel, which
can be stored and used when and where necessary.

In Directives 2009/28/EC and 2009/30/EC of the European Parliament and of the
Council, sustainable biofuels are defined as biofuels that guarantee savings in greenhouse
gas emissions generated by the entire production chain, increasing in the time, compared
to fossil fuels.

In order to encourage the development of biofuels produced from waste, residues,
cellulosic materials of non-food and lignocellulosic materials, Directive 28 and the ILUC
Directive account the relative energy contribution as twice the other sustainable biofuels.
For this reason, these biofuels are defined as “double-counting biofuels” [86].

The evaluation of the energy aspects of the production process was assessed to estimate
the potential of biodiesel as an unconventional energy storage system, with reference only
to the quantity of sustainable double-counting biodiesel [18] and to lower heating values.

The data of several industrial biodiesel plants in Italy were analyzed. The energy
consumption per unit of product was estimated with reference to the production data from
companies producing over than 5000 t/year of biodiesel from waste oils in small-scale
plants [87].

The power available on the biodiesel market based on data of sustainable double-
counting biodiesel consumed in Italy in 2017 is reported in Table 2 for different feedstocks.

Table 2. Power of sustainable double-counting biodiesel.

Sustainable Double Counting Biodiesel
Available Power

MW
Min Max

Biodiesel from used cooking oils in Italy (UCO) 104 119
Biodiesel from animal oils and fats in Italy 361 409

Biodiesel from processed used vegetable oils in Italy 686 779
Biodiesel from other agro-industrial waste 9 10
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It is interesting to estimate the energy consumption per unit of product for industrial
plants operating in Italy for the production of biodiesel from waste oils, with reference to
small-scale plants, about 10–15 t/day.

Data are referred to a production of about 6400 t of biodiesel with a heating value of
37–42 MJ/kg from waste oils (44%) and waste animals fats (56%), consuming 2900 MWh/y
of electrical energy and 8300 MWh/y of thermal energy. The biodiesel production requires
4.67 MJ/kg of thermal specific energy and 1.67 MJ/kg of electrical specific energy, for total
6.30 MJ/kg (15–17%). It is evident that the energy requirement for the biodiesel production
is lower than energy provided by biodiesel combustion. Therefore, the energy balance of
the fuel production chain is positive. The energy and power available represent the energy
storage potentiality of biodiesel, close to 80–85%.

3.4.2. Energy Indicators for Small-Scale Plants

The main energy indicators for small-scale biodiesel production from waste oils are
energy use efficiency, energy productivity and net energy [88,89].

Energy use efficiency =
Output energy (MJ/L)
Input energy (MJ/L)

Energy productivity =
Yield (kg/L)

Input energy(MJ/L)

Net energy = Output energy (MJ/L)− Input energy (MJ/L)

Energy indicators require the evaluation of process variables such as input energy,
output energy and yield. The input energy is calculated by adding the energy contributions
related to human work, reagents, catalyst as well as the consumption of electricity and
machinery. Instead, the output energy consists of the energy contributions of products
and catalyst. The yield of the reaction is defined as the ratio between mass of biodiesel
produced and mass of oil.

In the work of Ayoola et al. [88], the reaction from groundnut oil was carried out by
magnetic stirring and the input and output energies included the oil pre-treatment and the
biodiesel purification by washing. In the work of Yari et al. [89], the reaction from fish oil
was assisted by microwaves and the pre-treatment and washing process were not included.
The input and output energies and the energy indicators in the two works were compared
in Table 3.

Table 3. Comparison between the input and output energies and the energy indicators.

Ayoola et al. [88] Yari et al. [89]

Input energy (MJ/L) 124.31 48.839
Output energy (MJ/L) 89.47 50.866
Energy use efficiency 0.72 1.041
Net energy (MJ/L) −35.04 2.027
Energy productivity (kg/MJ) 0.08 0.018
Yield % 92 92.44

Since the yields are comparable, the differences observed in the values of the energy
indicators can be attributed to different input and output values. Among inputs, electricity
consumption seems to have particular importance (52.37 MJ/L vs. 0.629 MJ/L) which
depends on the type of process adopted as well as on the energies required for the oil
pre-treatment and the biodiesel washing. Additionally, the energy content of the waste oil
used is different in the two works (31.25 MJ/L for groundnut oil and 41.929 MJ /L fish oil).

A specific study on the energy consumption of oil pre-treatment is reported in
Palanisamy et al. [90]. This work proposed a 20 L-module with the function of removing
impurities by filtration and traces of water by a vacuum pump and a condenser. The
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estimated consumption was 157 Wh/L vs 386 Wh/L required by traditional heating. The
water content was reduced to 500 ppm.

3.5. Economic Analysis

An economic evaluation is required to verify that small-scale biodiesel production
performed by the final consumer is competitive with petro-diesel production (Table 4). The
biodiesel production cost is lower than the selling price in an economically feasible process.

Table 4. Production costs of biodiesel from waste vegetable oil in the individual items, per unit of
available energy [18].

Items Unit Values

Specific energy available on an annual basis kWh/kg per anno 10.28–11.67
Energy available on the market (annual data) MJ/kg 37–42

Selling costs per unit of available energy Euro/kWh 0.081–0.092
Capital cost (plant) (equal to 16.9% of the

production cost and 12.23% of the revenue) per
unit of available energy

Euro/kWh 0.010–0.011

O&M production costs (equal to 72% of the sales
cost) per unit of available energy Euro/kWh 0.059–0.067

Raw material costs (equal to 56.75% of the
production cost) per unit of available energy this

cost is included in the O&M
Euro/kWh 0.033–0.038

Inputs in biodiesel production are the energy worker or human labor expense, oils,
alcohol, catalyst, electricity, machine, rant land, service and maintenance, contributing to
the total production cost [89,91]. It strongly depends on the type and cost of feedstock,
conversion technology and production scale. A reasonable biodiesel production cost of
0.6–0.7 $/L needs a production cost of 100,000 ton/year [21]. The capital investment cost is
the capital necessary for the process equipment design, building and installation, while
the biodiesel production cost includes all plant operating costs, general expenses and
the recovering of the capital investment [92]. Labor time and electrical energy input are
important factors to consider. Labor time include the time spent to mix the catalyst with
alcohol, to transfer the catalyst and oil in the reaction vessel, to wash the product and to
maintain the equipment. The electrical costs include the power consumed by the heating
elements and by the electric motor. The small-scale biodiesel production can be started with
relatively little capital investment. Nevertheless, the choice of feedstock is very important
since the use of vegetable oils contributes to the 77% of the biodiesel production cost [92].
Waste cooking oils as feedstock and salvaged materials for plant units greatly decrease
costs of production [93]. Total production costs from waste oils reported in literature are
0.6541 $/L, 1.201 $/L [91] and other values in Table 5.

Biodiesel, glycerol and residual alcohol, oil and catalyst are usually considered outputs
in biodiesel production [89].
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Table 5. Cost of production in small-scale plant producing biodiesel by basic transesterification from waste oils.

Capacity Reactants

Start-Up Cost Cost of Production

Ref.Materials and
Equipment

Assembly
Labor Cost Other Costs Reactants Labor Cost of

Production Electricity Other Costs Total

10,000 t/year
Methanol

Basic catalyst
Vegetable oils

2,080,000 € - 1,920,000 € 1 6,550,000 €/year 300,000 €/year 60,000 €/year 810,000 €/year 2 780 €/t [92]

150 L/batch
Ethanol + methanol

KOH
Waste cooking oils

1200$ 610$ (61 h) - 31 $/batch 28.2 $/batch
(2.82 h/batch)

1.99 $/batch
(0.077 $/KWh) - 1.63 $/gallon [93]

208 L/batch Methanol
Waste vegetable oils - - - 1498 $/year 1450 $/year 27 $/year 4314 $/year 2.21 $/gallon [56]

600 L/day
165 t/year

Methanol
NaOH

Waste cooking oils
48,800$ - 23,256$ 3 0.47 $/L 1483.7 $/month - 490.7 $/month 4

+ 0.08 $/L 5 0.67 $/L [21]

10 t/day

Methanol
Sulfuric acid + KOH

Waste chicken fat
- - - 10,233 €/day - 273 €/day - 1.40 €/L

[64]

Methanol
Sulfuric acid + KOH

Waste fleshing oil
- - - 9778 €/day - 219 €/day - 1.13 €/L

90 t/day
Methanol

Sulfuric acid + KOH
Waste cooking oil

4,049,000$ - 8,321,000$ 6 56,076 $/day 94 $/day 138 $/day 339 $/day 7 0.519 $/L [94]

1 Building and services, working capital, land, other costs; 2 water, natural gas, waste water treatment, operation and maintenance cost, property insurance cost, plant overhead costs, contingencies, general
expenses; 3 land; 4 fixed costs (bills, consumables, food, maintenance, filters); 5 variable costs (raw water, generator fuel); 6 civil and construction cost, installation, shipment and loading; 7 maintenance supplies.
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4. Conclusions

Biodiesel is industrially produced by alkaline transesterification, obtained by reacting
the oil-based raw materials (oils and fats) with a short-chain alcohol, usually methanol, in
order to obtain esters and glycerol. Processes and materials, as well as control and analysis
systems, have been investigated with reference to small scale, modular or transportable,
biodiesel production plant. These systems could represent an energy storage system in
an aggregate management, with continuous automated operations, for the integration
of storage systems into the nanogrid which can operate both in grid-connected and in
isolated systems able to be used as renewable energy storage RES system. Energy storage
is inherent in the calorific value of biodiesel, as a liquid biofuel, which can be stored and
used when and where necessary for the need of small communities by means of a nanogrid
energy optimization system.

Integration of power systems using biodiesel produced by RES System and their
integration into nanogrid represent an opportunity for massive and distributed diffusion
of storage systems at user communities whose installations are managed in real time from
the community Producers. By this way it is possible to make the end user aware and
proactive of the energy system by providing the implementation of a hybrid system based
on nanogrid, for individual users capable of integrating RES generation. The production of
biodiesel and by-products such as glycerol, from oleaginous crops and residual oils, permits
to use the potential energy content of such residual oils, which from waste (family waste or
from a condominium building or a series of condominiums, or from hotels, restaurants,
tourist complexes, school canteens) become an energy resource, with reference to systems
and plants of small size, so as to satisfy, if possible, the same needs of the communities that
produced them. The production process could be integrated in a scheme of rationalization
of consumption and use of the accumulated energy in an aggregate management, with
continuous automated operations, for the integration of storage systems into the nanogrid
which can operate both in grid-connected and in isolated systems.

Author Contributions: Conceptualization, M.G.D.P. and I.M.; methodology, M.G.D.P. and I.M.; in-
vestigation, M.G.D.P., I.M., R.P. and C.G.L.; writing—original draft preparation, M.G.D.P. and C.G.L.;
writing—review and editing, C.G.L.; visualization: V.C.; supervision, V.C.; funding acquisition, V.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Italian Ministry of Research (MIUR) by the project
“ComESto—Community Energy Storage: Gestione Aggregata di Sistemi d’Accumulo dell’Energia in
PowerCloud”. CUP H56C18000150005. Project code: ARS01_01259.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hill, J.; Polasky, S.; Nelson, E.; Tilman, D.; Huo, H.; Ludwig, L.; Neumann, J.; Zheng, H.; Bonta, D. Climate Change and Health

Costs of Air Emissions from Biofuels and Gasoline. Proc. Natl. Acad. Sci. USA 2009, 106, 2077–2082. [CrossRef]
2. European Committee for Standardization. Automotive Fuels—Fatty Acid Methyl Esters (FAME) for Diesel Engines—Requirements and

Test Methods; European Committee for Standardization: Brussels, Belgium, 2008.
3. European Biomass Industry Association. Available online: https://www.eubia.org/ (accessed on 28 February 2021).
4. SRS Plus. Available online: www.biodiesel-intl.com/standards_e/standards.htm (accessed on 28 February 2021).
5. EUR-Lex. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1410967635606&uri=CELEX:02009L0028-

20130701 (accessed on 28 February 2021).
6. British Standard. Automotive Fuels—Fatty Acid Methyl Esters (FAME) for Diesel Engines—Requirements and Test Methods; British

Standard: London, UK, 2010.
7. Farm Advisory System. Available online: https://ec.europa.eu/info/food-farming-fisheries/key-policies/common-agricultural-

policy/income-support/cross-compliance/fas_en (accessed on 28 February 2021).

http://doi.org/10.1073/pnas.0812835106
https://www.eubia.org/
www.biodiesel-intl.com/standards_e/standards.htm
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1410967635606&uri=CELEX:02009L0028-20130701
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1410967635606&uri=CELEX:02009L0028-20130701
https://ec.europa.eu/info/food-farming-fisheries/key-policies/common-agricultural-policy/income-support/cross-compliance/fas_en
https://ec.europa.eu/info/food-farming-fisheries/key-policies/common-agricultural-policy/income-support/cross-compliance/fas_en


Energies 2021, 14, 1901 18 of 20

8. Calabrò, V.; Ricca, E.; De Paola, M.G.; Curcio, S.; Iorio, G. Kinetics of Enzymatic Trans-Esterification of Glycerides for Biodiesel
Production. Bioprocess Biosyst. Eng. 2010, 33, 701–710. [CrossRef]

9. Keera, S.T.; El Sabagh, S.M.; Taman, A.R. Transesterification of Vegetable Oil to Biodiesel Fuel Using Alkaline Catalyst. Fuel 2011,
90, 42–47. [CrossRef]

10. Miao, X.; Li, R.; Yao, H. Effective Acid-Catalyzed Transesterification for Biodiesel Production. Energy Convers. Manag. 2009, 50,
2680–2684. [CrossRef]

11. Lopresto, C.G.; Naccarato, S.; Albo, L.; De Paola, M.G.; Chakraborty, S.; Curcio, S.; Calabrò, V. Enzymatic Transesterification of
Waste Vegetable Oil to Produce Biodiesel. Ecotoxicol. Environ. Saf. 2015, 121, 229–235. [CrossRef]

12. Lopresto, C.G.; De Paola, M.G.; Albo, L.; Policicchio, M.F.; Chakraborty, S.; Calabro, V. Comparative Analysis of Immobilized
Biocatalyst: Study of Process Variables in Trans-Esterification Reaction. 3 Biotech 2019, 9, 1–12. [CrossRef]

13. Schumacher, J.; Gustafson, C. Economics of Small-Scale Biodiesel Production. Available online: https://farm-energy.extension.
org/economics-of-small-scale-biodiesel-production/ (accessed on 28 February 2021).

14. National Fire Protection Association. Guide to Fire Hazard Properties of Flammable Liquids, Gases and Volatile Solids; National Fire
Protection Association: Quincy, MA, USA, 1994.

15. National Fire Protection Association. Flammable and Combustible Liquids Code—Volume 30; National Fire Protection Association:
Quincy, MA, USA, 2008.

16. Methanol Source Request. Available online: www.methanol.org (accessed on 28 February 2021).
17. You, Y.-D.; Shie, J.-L.; Chang, C.-Y.; Huang, S.-H.; Pai, C.-Y.; Yu, Y.-H.; Chang, C.H. Economic Cost Analysis of Biodiesel

Production: Case in Soybean Oil. Energy Fuels 2008, 22, 182–189. [CrossRef]
18. Panvini, A. Biodiesel—Produzione, Utilizzo, Valutazioni Economiche Ed Ambientali. Available online: https://www.cti2000.it/

Bionett/BioNett_Biodiesel_ITA.pdf (accessed on 28 February 2021).
19. Learn More About Small Scale Biodiesel Production. Available online: http://www.springboardbiodiesel.com/small-scale-

biodiesel-production (accessed on 28 February 2021).
20. Sarantopoulos, I.; Che, F.; Tsoutsos, T.; Bakirtzoglou, V.; Azangue, W.; Bienvenue, D.; Ndipen, F.M. An Evaluation of a Small-Scale

Biodiesel Production Technology: Case Study of Mango’ o Village, Center Province, Cameroon. Phys. Chem. Earth 2009, 34, 55–58.
[CrossRef]

21. Al-attab, K.; Wahas, A.; Almoqry, N.; Alqubati, S. Biodiesel Production from Waste Cooking Oil in Yemen: A Techno-Economic
Investigation. Biofuels 2016. [CrossRef]

22. Kumaran, P.; Mazlini, N.; Hussein, I.; Nazrain, M.; Khairul, M. Technical Feasibility Studies for Langkawi WCO (Waste Cooking
Oil) Derived-Biodiesel. Energy 2011, 36, 1386–1393. [CrossRef]

23. Huang, Y.; Wang, Y.D.; Chen, H.; Zhang, X.; Mondol, J.; Shah, N.; Hewitt, N.J. Performance Analysis of Biofuel Fired Trigeneration
Systems with Energy Storage for Remote Households. Appl. Energy 2017, 186, 530–538. [CrossRef]

24. Canakci, M. The Potential of Restaurant Waste Lipids as Biodiesel Feedstocks. Bioresour. Technol. 2007, 98, 183–190. [CrossRef]
[PubMed]

25. Transportation, Air Pollution, and Climate Change. Available online: https://www.epa.gov/transportation-air-pollution-and-
climate-change (accessed on 28 February 2021).

26. Used and Waste Oil and Grease for Biodiesel. Available online: https://farm-energy.extension.org/used-and-waste-oil-and-
grease-for-biodiesel/ (accessed on 28 February 2021).

27. What Is Biodiesel? Available online: https://biodieseleducation.org/Education/WhatIsBiodiesel.html (accessed on 21 February
2021).

28. Wiltsee, G. Urban Waste Grease Resource Assessment; National Renewable Energy Lab.: Golden, CO, USA, 1998.
29. Perotto, G.; Ceseracciu, L.; Simonutti, R.; Paul, U.C.; Guzman-Puyol, S.; Tran, T.N.; Bayer, I.S.; Athanassiou, A. Bioplastics from

Vegetable Waste: Via an Eco-Friendly Water-Based Process. Green Chem. 2018, 20, 894–902. [CrossRef]
30. Kolet, M.; Zerbib, D.; Nakonechny, F.; Nisnevitch, M. Production of Biodiesel from Brown Grease. Catalysts 2020, 10, 1189.

[CrossRef]
31. Spiller, R.; Knoshaug, E.P.; Nagle, N.; Dong, T.; Milbrandt, A.; Clippinger, J.; Peterson, D.; VanWychen, S.; Panczak, B.; Pienkos,

P.T. Upgrading Brown Grease for the Production of Biofuel Intermediates. Bioresour. Technol. Rep. 2020, 9, 100344. [CrossRef]
32. Pinotti, L.M.; Benevides, L.C.; Lira, T.S.; de Oliveira, J.P.; Cassini, S.T.A. Biodiesel Production from Oily Residues Containing

High Free Fatty Acids. Waste Biomass Valorization 2018, 9, 293–299. [CrossRef]
33. de Oliveira, J.P.; Antunes, P.W.P.; Santos, A.R.; Mordente, T.Z.; Pinotti, L.M.; Cassini, S.T.A. Transesterification of Sanitation Waste

for Biodiesel Production. Waste Biomass Valorization 2017, 8, 463–471. [CrossRef]
34. Huang, D.L.; Wang, Z.M.; Zhu, S.N. Optimization of Biodiesel Production from Acid Oil via Acid Catalysis. Int. Conf. Electr.

Control Eng. ICECE Proc. 2011, 25, 1654–1657. [CrossRef]
35. Oliveira, J.P.; Antunes, P.W.P.; Mordente, T.Z.; Santos, A.R.; Pinotti, L.M.; Cassini, S.T.A. Biodiesel Production from Scum of

Grease Traps and Sludge from Septic Tanks. Clean Technol. Environ. Policy 2017, 19, 1231–1237. [CrossRef]
36. Waickman, Z. Biodiesel Labs; Loyola University of Chicago, Institute of Environmental Sustainability, Biodiesel Program: Chicago,

IL, USA, 2017.
37. Paladino, O.; Neviani, M. A Closed Loop Biowaste to Biofuel Integrated Process Fed with Waste Frying Oil, Organic Waste and

Algal Biomass: Feasibility at Pilot Scale. Renew. Energy 2018, 124, 61–74. [CrossRef]

http://doi.org/10.1007/s00449-009-0392-z
http://doi.org/10.1016/j.fuel.2010.07.046
http://doi.org/10.1016/j.enconman.2009.06.021
http://doi.org/10.1016/j.ecoenv.2015.03.028
http://doi.org/10.1007/s13205-019-1985-0
https://farm-energy.extension.org/economics-of-small-scale-biodiesel-production/
https://farm-energy.extension.org/economics-of-small-scale-biodiesel-production/
www.methanol.org
http://doi.org/10.1021/ef700295c
https://www.cti2000.it/Bionett/BioNett_Biodiesel_ITA.pdf
https://www.cti2000.it/Bionett/BioNett_Biodiesel_ITA.pdf
http://www.springboardbiodiesel.com/small-scale-biodiesel-production
http://www.springboardbiodiesel.com/small-scale-biodiesel-production
http://doi.org/10.1016/j.pce.2008.07.005
http://doi.org/10.1080/17597269.2016.1196326
http://doi.org/10.1016/j.energy.2011.02.002
http://doi.org/10.1016/j.apenergy.2016.03.028
http://doi.org/10.1016/j.biortech.2005.11.022
http://www.ncbi.nlm.nih.gov/pubmed/16412631
https://www.epa.gov/transportation-air-pollution-and-climate-change
https://www.epa.gov/transportation-air-pollution-and-climate-change
https://farm-energy.extension.org/used-and-waste-oil-and-grease-for-biodiesel/
https://farm-energy.extension.org/used-and-waste-oil-and-grease-for-biodiesel/
https://biodieseleducation.org/Education/WhatIsBiodiesel.html
http://doi.org/10.1039/C7GC03368K
http://doi.org/10.3390/catal10101189
http://doi.org/10.1016/j.biteb.2019.100344
http://doi.org/10.1007/s12649-016-9776-x
http://doi.org/10.1007/s12649-016-9581-6
http://doi.org/10.1109/ICECENG.2011.6058149
http://doi.org/10.1007/s10098-016-1308-7
http://doi.org/10.1016/j.renene.2017.08.027


Energies 2021, 14, 1901 19 of 20

38. Iglesias, L.; Laca, A.; Herrero, M.; Díaz, M. A Life Cycle Assessment Comparison between Centralized and Decentralized
Biodiesel Production from Raw Sun Fl Ower Oil and Waste Cooking Oils. J. Clean. Prod. 2012, 37, 162–171. [CrossRef]

39. Foroutan, R.; Esmaeili, H.; Ghyasi, F.F. Optimization of Biodiesel Production from Waste Cooking Oil by Alkaline Catalysts. J.
Food Technol. Food Chem. 2018, 1, 1–7.

40. Fallon, W.; Kirkpatrick, N.; Mahon, S.; Bonnell, R. The Design and Construction of a Small-Scale Biodiesel Plant; Bellairs Research
Institute: Holetown, Barbados, 2005.

41. Prakoso, T.; Reksowardojo, I.K.; Soerawidjaja, T.H. Small Scale Biodiesel Production Plant by Utilizing Two Tanks System. In
Proceedings of the International Workshop on Automotive Technology, Engine and Alternative Fuels, Ho Chi Minh City, Vietnam,
December 2008.

42. Canakci, M.; Van Gerpen, J. Biodiesel Production from Oils and Fats with High Free Fatty Acids. Trans. Am. Soc. Agric. Eng. 2001,
44, 1429–1436. [CrossRef]

43. Van Gerpen, J.; Shanks, B.; Pruszko, R.; Clements, D.; Knothe, G. Biodiesel Production Technology; National Renewable Energy Lab.:
Golden, CO, USA, 2004.
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