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Featured Application: Agrifood industries may benefit from investing in energy efficiency and di-

versifying into new business models (distributed cogeneration and biochar production) through

waste gasification, while promoting circular economy and environmental sustainability.

Abstract: This research work presents a techno-economic analysis of a biomass gasification plant fu-

eled with residues from the olive oil and almond industries for combined heat and power generation

in the agrifood sector. The experimental plant consists of a downdraft fixed bed gasifier, a producer

gas cleaning and cooling system and a spark-ignition engine–generator set as a power generation

unit, which generates about 10–12 kW of rated electric power. With an average consumption between

13–14 kg/h of exhausted olive pomace pellets as feedstock, the producer gas volumetric flow rate

was 31 Nm3/h (vol. %: 19.2 H2, 12.9 CO, 1.9 CH4, 19.2 CO2, 46.7 N2). The average cold gas efficiency

was nearly 63%. This work also addresses the characterization and potential application of the

carbonaceous solid residue (biochar), discharged from the gasifier at 1.7 kg/h. Finally, an economic

feasibility analysis was developed, wherein the payback period ranges between 5–9 years.

Keywords: agrifood industry wastes; downdraft gasifier; combined heat and power (CHP)

1. Introduction

Agriculture and agrifood processing activities generate vast amounts of wastes world-
wide and concurrently demand considerable amounts of electrical and/or thermal energy.
These wastes are typically not valorized, leading to significant negative impacts on the
global sustainability of the agrifood sector. The olive tree (Olea europaea L.) and the almond
tree (Prunus dulcis) are two of the most extensive and widespread crops in Mediterranean
countries. Although virgin olive oil and almond products stand out for their excellent
nutritional properties, both generate large amounts of wastes and by-products throughout
their respective supply chains. In both cases, it is estimated that around 80% by weight of
the total amount collected per annual harvest represents wastes.

1.1. Olive Oil Industry Wastes

The cultivation of olive trees for the production of olive oil is a well-known and
established practice in the Mediterranean region for millennia. The largest area under olive
groves worldwide is located in Spain, with over 2.5 million hectares [1], accounting for
more than half of the total area dedicated to this crop in Europe, followed by Italy and
Greece. In terms of olive oil production, Spain is also the world’s leading country, with a
yearly production of about 1.35 million tonnes on average in the last ten years [2].

The olive oil supply chain generates a wide variety of by-products, particularly during
the agricultural and oil production phases, which are currently not suitably managed
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and usually dealt with as waste. The amount and physicochemical properties of these
wastes depend on the olive oil extraction method. Figure 1 shows the main products
and by-products of the most common and efficient olive oil extraction process in Spain
(continuous two-phases). It is estimated that for every 100 kg of olives harvested, approxi-
mately 80 kg represent wastes: olive leaves and twigs (∼8 kg), olive pits (9–10 kg), olive
pomace (70–75 kg) and waste water [3]. The two-phase olive pomace from oil mills is
deposited and dried in large ponds for subsequent extraction of crude olive pomace oil,
generating exhausted olive pomace as a by-product. Olive oil industry wastes not only
include those generated in the oil mill, but also those originated in the olive grove after the
pruning activities, which represent another abundant source of wastes in the olive oil value
chain. On average, the residual woody biomass from olive pruning in Mediterranean areas
ranges between 2.31 t/ha for irrigated olive groves in annual pruning and 4.52 t/ha for
rainfed olive groves in biennial pruning [4]. As a result, the yearly production of olive tree
pruning in Spain can be estimated at roughly 5–7 million tonnes.
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Figure 1. Products and by-products of the olive oil industry supply chain (two-phase extraction process).

Table 1 summarizes the main characteristics of the different by-products generated
in the olive oil supply chain, as well their production rate, current management status,
market price and some of their physicochemical properties [3–7].

Table 1. Main properties of olive oil industry by-products (two-phase extraction process).

By-Product Olive Tree Pruning Olive Pits Olive Pomace Leaves and Twigs

Location Olive grove Olive mill Olive mill Olive mill

Yearly production rate 2–3 t/ha
90–100 kg/t 650–750 kg/t ∼80 kg/t

of olives of olives of olives
Ash (wt. %) 3–5 0.5–2 2–5 8–10
Moisture (wt. %) 15–20 30–35 65–70 5–10
LHV (MJ/kg) 16–18 17–19 16–18 10–12

Current application None (burnt or
scattered onsite)

Heating, sold to
biomass traders

Olive pomace oil
extraction plants

Livestock feed

Selling price (e/kg) Free 0.15–0.20 (dry) Disposal fee Free

In the past years, the olive oil sector has experienced important investments in the
modernization of oil mills that led to many of the older, traditional mat presses being
replaced by more efficient, high volume continuous flow plants for centrifugal separation
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(two or three phases) of the oil from the rest of the olive fruit. As a result, there are currently
over 1800 olive mills operating in Spain [8], of which more than 90% are based on the
two-phase extraction process. However, the olive oil sector is nowadays facing several
additional challenges toward environmental sustainability concerning waste management
and recovery, as well as energy efficiency improvement.

1.2. Almond Industry Wastes

The cultivation of almond trees has been for centuries a significant economic activity
in Mediterranean dry areas. Nowadays, almond tree cultivation is concentrated in three
main regions: California, Southeastern Australia and the Mediterranean countries. The
Almond tree currently represents the second fruit-bearing tree in terms of cultivated land
in Spain, after the olive tree, with over 650,000 hectares under cultivation [1]. Although far
behind California in terms of almond production, Spain leads the Mediterranean region,
with a yearly production of about 225,000 tons of unshelled almonds on average in the last
ten years [1].

Almond production leads to a large amount of by-products (Figure 2): hull, shell and
skin. It is estimated that for every 100 kg of almonds harvested, around 70–85 kg represent
wastes at the end of the supply chain [9]. Considering the physicochemical properties
of the diverse solid wastes from almond processing, the brownish–green hull accounts
for an average of 52% of the total fresh weight; whereas the shell and kernel (including
skin) represent around 33% and 15% of the total fresh weight, respectively [9]. Moreover,
during the industrial process of skin removal in the blanching process, two additional
types of wastes are produced: blanched skin (4–8% of the total shelled almond fresh
weight) and blanch water (wastewater) [9]. Finally, almond-tree pruning activities generate
large amounts of woody biomass available in the field, which in most cases are left on
the land and incorporated into the soil as an amendment or incinerated, leading to air
pollution and fire risks [10]. Almond groves in Mediterranean areas produce annually on
average 1.34 tonnes of residual woody biomass on a dry basis per hectare after pruning [11].
Therefore, the yearly Spanish production of almond-tree pruning is estimated at about
870,000 tonnes on a dry basis.
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Almond nut
Almond hull

Almond skin

Blanch water

Almond shell

Almond kernel

Blanched kernel

Hulling

Shelling

(33.0%)

(15.0%)
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Kernel + Skin
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Figure 2. Parts of almond fruit (left) and almond processing by-products (right).

1.3. Gasification for Distributed Cogeneration

A mature and efficient technology currently available in some countries such as In-
dia, China and the USA for successful biomass waste management and valorization is
gasification. This technology involves the production of a gaseous fuel, usually referred
to as producer gas or synthesis gas (syngas), whose main components are hydrogen,
carbon monoxide, methane, water, nitrogen and carbon dioxide [12,13]. The producer gas
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can be used for distributed cogeneration, defined as the simultaneous generation of electri-
cal and thermal power in the close vicinity of end-users. Additionally, the solid remnant
residue from gasification, known as biochar, has a potential application as soil enhancer.

During the gasification process inside the reactor, a gasifying agent (air, pure oxygen
and/or steam) is required so as to transform the feedstock into producer gas through a se-
ries of exothermic and endothermic reactions [12], which determine four different stages de-
pending on the temperature at which they occur: drying, pyrolysis, combustion/oxidation
and reduction [13]. Gasification is an autothermal process, through which the exothermic
combustion reactions provide enough energy for the endothermic reactions responsible for
the producer gas formation to take place.

Gasifiers are generally classified according to the contact between the gas-solid
medium (bed) and the gasifying agent. Thus, they can be grouped into three main types:
fixed or moving bed, fluidized bed and entrained flow [12,13]. Each type of gasifier is used
in a given range of thermal power output [13]. For gasification plants on a distributed
generation scale with small thermal power (10 kWth–10 MWth), fixed bed gasifiers are
generally more suitable because of their simplicity and ability to generate a moderately
energy-dense producer gas (4–6 MJ/Nm3). Fixed bed gasifiers are further classified as
updraft and downdraft gasifiers, depending on whether the gasifying agent is supplied
from the bottom (counter-current) or the top of the reactor (co-current), respectively [13,14].
Updraft gasifiers are typically more efficient than downdraft gasifiers, but lead to a pro-
ducer gas with a greater tar content (30–150 g/Nm3) [14], which hampers its use in internal
combustion engines. Downdraft gasifiers, however, are able to generate a producer gas
with much lower tar content (<3 g/Nm3) [14], since tars are cracked down in the combus-
tion zone. For intermediate thermal powers (5 MWth–100 MWth), fluidized bed gasifiers are
a better choice; whereas for large powers (>50 MWth), entrained flow gasifiers are the most
appropriate reactor configuration [13]. Table 2 shows a comparison of the most relevant
operating parameters for each type of gasifier and their power application range [13,14].

Table 2. Operating parameters for different types of gasifiers.

Parameter Fixed Bed Fluidized Bed Entrained Flow

Feedstock particle size (mm) 3–51 <6 <0.15
Reaction temperature (◦C) 1000–1100 800–1000 1800–2000
Producer gas output
temperature (◦C)

450–800 800–1000 >1250

Producer gas LHV (MJ/Nm3) 4–6 3–13 4–6
Power range (MWth) 0.01–10 5–100 50–1000

Main drawbacks
Limited tolerance
for fine particles
Tar formation
(updraft reactors)

Lower efficiency of
carbon conversion

Cooling of
producer gas

There are already numerous theoretical and simulation studies of gasifiers coupled
to small-scale power plants and distributed generation technologies such as gas microtur-
bines [15,16], gas engines [17,18], external combustion turbines [19,20] and steam engines
based on organic Rankine cycles [21–23]. Although the electricity generation efficiency
of this technology is relatively low (around 15–20%), CHP efficiencies over 50% can be
achieved. Biomass gasification is slightly less efficient than combustion, with conversion
efficiencies up to about 85%. However, it has greater application potential, since it allows
using raw materials with higher moisture and ash content. Biomass gasification also leads
to significantly lower emissions of carbon dioxide, particulate matter and even nitrogen
oxides, since the reaction temperature is lower than that of combustion [13].

The fixed-bed gasification technology also produces a solid residue with a high carbon
content commonly referred to as biochar. This by-product, which can represent about
15–25% by weight of the input biomass, is characterized by the following properties [24,25]:
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• Extremely high porosity. If deposited in agricultural soil, biochar can absorb water
including dissolved nutrients up to five times its own weight.

• High cation exchange capacity, which avoids the leaching of mineral nutrients and
ensures greater availability of them in the soil.

• Biochar benefits microbial life and increases the potential of microorganisms and roots.

2. Materials and Methods

2.1. Description and Characteristics of the Gasification Plant

The gasification plant consists of a downdraft fixed bed reactor, a producer gas cooling
and cleaning system and a spark-ignition engine–generator set as a power generation unit.
The choice of a downdraft fixed bed gasifier is perfectly justified for these main reasons:

• Compared to fluidized bed and entrained flow gasifiers, fixed bed gasifiers are fairly
simpler reactors and involve a considerably lower investment cost.

• Fixed bed gasifiers are generally intended for small-scale power and distributed
generation applications, since agrifood processing facilities usually require electric
powers below 1 MW.

• Fixed bed gasifiers are more suitable for coarse and non-fine particles (between 3 and
51 mm). This property is very important in the agrifood industry, since one of the
most abundant residues, tree pruning, can be directly fed into this type of gasifiers
after a mild crushing pretreatment.

• As opposed to updraft gasifiers, a downdraft reactor configuration leads to a cleaner

producer gas with considerably lower tar content (<3 g/Nm3) and thus more suitable
for being supplied to internal combustion engines.

Figure 3 shows a general layout of the experimental gasification plant. The residues
from the olive oil and almond industries are loaded through the upper hopper into the
downdraft gasifier (1), while the gasifying agent (air) is introduced through a small injector.
In the upper part of the gasifier, the drying, pyrolysis and combustion stages occur; whereas
the endothermic reduction reactions responsible for the formation of the producer gas take
place in the lower part of the gasifier. The general chemical equation of the gasification
process can be expressed as follows [5,13]

CHaObNcSdAsh + w H2O + ṁ(O2 + 3.76 N2) −→ y1 H2 + y2 CO + y3 CH4 + y4 CO2

+y5 N2 + y6 H2O + Carbon + Ash + Impurities
(1)

The first element symbolizes the chemical composition of the biomass feedstock based
on the ultimate analysis (CHNS), where subscripts a, b, c, d are the number of hydrogen,
oxygen, nitrogen and sulfur atoms, respectively. The second element represents the moisture
content of the biomass feedstock and the third term is the airflow rate on a mass basis. On
the products side, coefficients y1–y6 stand for the chemical composition of the producer gas,
which depends on the feedstock properties, such as moisture, ash, LHV and particle size.

The producer gas at the outlet of the downdraft gasifier is at high temperature (>400 ◦C)
and contains impurities (particles, dust, etc.) and tar (liquid particles with CxHy chemical
composition). Under these conditions, the producer gas is not suitable for use in internal
combustion engines, so it must be cooled and cleaned up to a certain extent according to the
manufacturer’s specifications. For this purpose, the gasification plant has a producer gas
cleaning and cooling system with the following units: a cyclone (2) that separates a large part
of the particulate matter; a Venturi scrubber (3) that drastically reduces the gas temperature
and also removes the tars by spraying a pressurized water jet; moisture removal filters
(units 4 and 5) and a safety filter (6) that ensures a thorough cleanliness of the producer gas
before entering the power generation unit (10). Additionally, the gasification plant has a
waste-water treatment unit (11) for recirculating the process water into the Venturi scrubber
and several pressure and temperature gauges (12) to continuously monitor the gasification
process. The characteristics of the gasification plant are summarized in Table 3 (information
provided by the manufacturer for rice husk).
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Table 3. Rated operating parameters of the gasification plant.

Gasifier Parameters Rated Output Parameters for Rice Husk

Type Downdraft Producer gas volumetric flow rate 60 Nm3/h
Gasifying agent Air Average lower heating value >4.4 MJ·Nm3

Operating pressure Atmospheric Biomass consumption 25–30 kg/h
Max. operating temperature 1050–1100 ◦C Gasification efficiency >65%

Producer gas output temperature 400–500 ◦C

Fuel Specifications Biochar production 25%

Biomass type Rice husk

Producer gas composition
for rice husk (vol. %)

H2 = 15 ± 2
CO = 17 ± 2
CO2 = 14 ± 3
CH4 < 3
O2 < 1
N2 = Rest

Maximum size D = 50 mm
L = 50 mm

Minimum size 3 × 3 mm
Maximum moisture 20%
Maximum ash content 6%

Figure 3. Layout of the gasification plant. (1) Downdraft fixed bed gasifier; (2) cyclone; (3) Venturi scrubber; (4) moisture

and particle filter; (5) fine filters; (6) safety filter; (7) air blower; (8) flare stack; (9) engine feed valve; (10) spark-ignition

engine–generator set; (11) waste water treatment unit; (12) pressure and temperature gauges.

Finally, a spark-ignition internal combustion engine was used as a power generation
unit. The producer gas at room temperature, free of dirt and tar, is eventually introduced
at atmospheric pressure into a natural gas engine, whose carburetor was modified to
work with the producer gas from gasification. The technical specifications of the engine–
generator set are presented in Table 4, which shows that the engine running on natural gas
is able to generate a total net electric power of 20 kWe.
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Table 4. Technical specifications of the engine–generator set.

Spark-Ignition Engine Electric Generator

Manufacturer NPT Rated electric power (natural gas) 20 kW
Aspiration mode Atmospheric Rated voltage 400/460 V
Compression ratio 10.5 Frequency 50 Hz
Number of cylinders 4 (inline) 4T Power factor >0.8
Diameter × stroke (mm) 98 × 115
Rotation speed (rpm) 1500
Rated thermal power (natural gas) 24 kW
Fuel temperature <40 ◦C
Tar content <20 mg/Nm3

Lower heating value (LHV) >4.2 MJ/Nm3

2.2. Physicochemical Properties of Agrifood Industry Wastes

The next step for validating the gasification technology is to determine the physic-
ochemical properties of the different residues from the olive oil and almond industries.
For this purpose, their proximate and ultimate analyses (CHNS), particle size, bulk density
and heating value were determined and reported in Table 5.

Table 5. Proximate, ultimate analysis and other properties of olive oil and almond industry wastes.

Olive Oil Industry (2-Phase Process) Almond Industry

By-Product Pruning Leaves Twigs Pits Exhausted Pomace Pruning Shells Hulls

Proximate analysis (wt. %, dry basis)

Moisture 10–15 8.5 25–30 12.6 8–12 9.2 12.2
Ash 3–5 8.7 1–2 5–6 1–3 1–5 5–10
Volatile matter 78.2 71.4 76.4 73.1 76.8 75.1 71.2
Fixed carbon 17.1 19.9 21.6 20.9 17.3 20.4 19.8

Ultimate analysis (wt. %, dry basis)

Carbon 47.10 45.08 50.08 51.31 44.62 47.37 45.16
Hydrogen 6.18 5.89 5.90 6.40 6.40 5.60 5.51
Nitrogen 0.55 0.52 0.64 2.00 0.36 0.50 0.98
Sulfur 0.10 0.09 0.02 0.26 0.04 0.22 0.20
Oxygen (by difference) 41.66 39.70 41.03 35.01 46.80 42.20 39.58

Other properties

LHV (MJ/kg) 16.3 12.3 17.9 16.1 16.3 16.1 15.6
Ash melting point (◦C) >1200 >1000 >1200 >1000 >1200 >1100 >1000
Bulk density (kg/m3) 195 108 709 675 205 356 320
Average particle size (mm) 20–60 20–40 2–4 10–20 20–60 15–35 20–40

Exhausted olive pomace is one the most suitable by-products from the olive oil in-
dustry to be fed into the gasifier, mainly due to its massive rate of production in oil mills,
for which it represents a huge economic, environmental and energy burden. Additionally,
exhausted olive pomace has a high carbon and hydrogen content, low ash and moisture
content and substantial heating value. Therefore, it was used as feedstock for the gasifica-
tion tests. However, the exhausted olive pomace had to be pelletized in advance because its
raw particle size is smaller than 3 mm and hence, not recommendable for direct load into
the gasifier. Fine particles in downdraft fixed bed gasifiers favor the formation of ash clink-
ers [26], which disturb the optimal fuel and airflow in the gasifier bed (bottom), causing
pressure drop problems, low temperatures in the reduction zone and unstable operation.

One of the objectives of this research work was to ensure the correct operation of the
downdraft gasifier fueled with exhausted olive pomace pellets. The results may represent
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an attractive opportunity to promote distributed cogeneration systems in Spain, providing
techno-economic and environmental benefits to agrifood industries.

2.3. Experimental Procedure

In order to monitor the performance of the gasification plant, a series of temperature
and pressure sensors, a portable gas chromatograph (Varian CP4900) and a gas flow meter
were installed.

Type K thermocouples were installed to measure the temperatures (up to 1000 ◦C) at
different points of the gasifier: two thermocouples inside the reactor (drying and pyrolysis
zone), one thermocouple just at the outlet of the reactor and another one after the Venturi
scrubber.

A pressure sensor was placed in the reactor bed to monitor the gasification process.
The pressure difference between the bed pressure and the atmospheric pressure indicates
the pressure drop in the reaction zone. This is an essential parameter to monitor the
performance of the gasification process and, therefore, it must remain within the pressure
limits established by the manufacturer (40–90 mmH2O).

A Venturi flow meter, placed before the portable gas chromatograph (GC), and a
differential pressure sensor (Omega PX653) were used to monitor the producer gas flow.
The gas flow measurement was placed after the safety filter and before the main gas flare
(between units 6 and 8 of Figure 3). The portable GC was used to determine the volumetric
composition of the producer gas and was calibrated using the following gas mixture
(vol. %): CO: 19%, H2: 18%, CH4: 3%, CO2: 10%, O2: 1%, N2: 50%. The calibration mixture
was injected into a Molsieve column (channel 1), using argon as the carrier gas. Channel 2
was equipped with a Cp-PoraPlot U column to detect CO2 in the gas sample. The sampling
point was located immediately after the safety filter, recording the gas composition every
25–30 min. Only H2, CO, CO2, CH4, N2 and O2 were the gases considered. Data sampling
began when the plant reached steady-state conditions (∼20 min). Data were recorded in
3 test runs of 4 h each.

The system start-up process begins with the weighing and loading of the feedstock
(exhausted olive pomace pellets) into the gasifier through the upper hopper. In the first
start-up, the gasifier requires external heat input, which is supplied with a blowtorch or a
hand torch. Approximately 10 min after ignition, and with the inlet valve to the engine gas
closed (unit 9, Figure 3), the producer gas begins to form and evacuate through the main gas
flare (unit 8, Figure 3). At this time, using a small torch, the gas flare is lit. In steady-state
conditions, the flare is colorless or may exhibit a blue hue if the ignition is performed at
night. A colorless or blue flame indicates that the producer gas is clean and free of tars.
After 5–10 min of flare ignition, the next step is the progressive opening of the inlet valve to
the combustion engine and the gradual closing of the main gas flare valve. At this stage, the
gas engine is started by opening the inlet valve until reaching the rated electric power of the
gasification plant.

Finally, in order to determine the electrical parameters of the gasification plant (active
power, frequency, current injected into the power grid, voltage, etc.) a three-phase network
analyzer (Chauvin Arnoux CA 8331) was used. This device was connected to the output of
the engine–generator set, which in turn was connected to the power supply to the oil mill.

The lower heating value of the producer gas (LHV) was determined by gas chromatog-
raphy using the Equation (2), which takes into account the mass fraction (yi) of each of the
fuel components that make up the producer gas (H2, CO and CH4) [5,27,28].

LHVg =
3

∑
i=1

yi LHVi. (2)

The gasification efficiency (ηcg) after the gas cleaning and cooling stage (cold gas efficiency)
was determined as shown in the next expression:

ηcg =
ṁg LHVg

ṁb LHVb
, (3)
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where ṁg and ṁb represent the mass flows of producer gas and biomass feedstock, respectively.
Once the operating parameters (producer gas composition, heating values, mass flows,

etc.) were determined, the net electrical efficiency of the gasification plant (ηe) was calcu-
lated according to the following expression:

ηe =
Pe

ṁb LHVb
. (4)

The three-phase active electric power (Pe) developed by the engine–generator set was
determined as follows:

Pe =
√

3UI cos φ, (5)

where U represents the generator output line voltage (V), I is the line current (A) and cos φ

is the power factor (PF). These electrical parameters were measured by installing a network
analyzer at the output of the engine–generator set.

The ratio between the net electrical efficiency and the cold gas efficiency in Equations (3)
and (4) determines the overall efficiency of the engine–generator set, expressed as follows:

ηgenset =
Pe

ṁg LHVg
=

ηe

ηcg
. (6)

3. Results and Discussion

3.1. Gasification Performance Parameters

The preliminary tests consisted of monitoring and recording various performance
parameters every 30 min for 4 h of continuous operation. These tests were performed in
triplicate after the plant had reached steady-state operation (∼20 min) using exhausted
olive pomace pellets as feedstock. Figure 4 shows the evolution of the pressure loss in
the gasifier bed, the producer gas temperature at the gasifier outlet, the producer gas
temperature at the engine inlet and the producer gas flow rate.
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Figure 4. Monitored operating parameters of the gasification plant.
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The pressure drop across the downdraft gasifier bed was 38–45 mmH2O, which lies
near the lower limit set by the manufacturer (40–90 mmH2O). This relatively low-pressure
drop indicates that the feedstock particle size was adequate, as well as the reactions
originating in the reduction zone (lower part of the gasifier).

The producer gas temperature at the gasifier outlet was around 550 ◦C, slightly
above the temperature range recommended by the manufacturer (400–500 ◦C). This minor
deviation did not have any significant impact on the operation of the gasification plant, only
leading to a small increase in the producer gas temperature after the cleaning and cooling
stage. However, the producer gas temperature at the engine inlet (cold gas temperature)
was maintained at around 29 ◦C in accordance with the technical specifications of the
combustion engine (<40 ◦C, Table 4).

During the gasification process of exhausted olive pomace pellets, the producer gas
volumetric flow was kept between 30–34 Nm3/h. This value is remarkably below the rated
value set by the manufacturer (60 Nm3/h, Table 3). The main reason behind this is the
difference in composition between rice husk and exhausted olive pomace pellets. Rice
husk has an LHV equal to 12.0 MJ/kg [29]; whereas that of exhausted olive pomace pellets
is 16.1 MJ/kg. Therefore, the amount of air necessary to reach the optimum gasification
temperature (1000 ◦C) is much lower with exhausted olive pomace pellets as feedstock, and
hence, the lower mass flow of producer gas generated. It is noteworthy that the gasification
temperature was maintained at around 1000 ◦C in order to reduce the production of tars
and promote their cracking. Tars are very damaging to the internal combustion engine
and the different units and devices that make up the gasification plant, leading to severe
corrosion problems and lifespan reduction [21]. Table 6 shows the average producer gas
composition, heating values and other efficiency parameters of the three tests performed in
the gasification plant.

Table 6. Composition of the producer gas and efficiency parameters of the gasification plant.

Measured Parameters Unit Test 1 Test 2 Test 3 Average Std. Dev.

H2 vol. % 19.97 19.99 19.24 19.73 0.43
O2 vol. % 0.12 0.07 0.13 0.11 0.03
N2 vol. % 47.51 47.83 46.72 47.35 0.57
CH4 vol. % 1.71 1.66 1.85 1.74 0.10
CO vol. % 13.01 13.28 12.88 13.06 0.20
CO2 vol. % 17.68 17.17 19.18 18.01 1.04
Lower heating value (LHV) MJ/Nm3 4.40 4.41 4.35 4.39 0.03
Higher heating value (HHV) MJ/Nm3 4.85 4.87 4.80 4.84 0.04
Exhausted pomace pellet consumption kg/h 13.33 13.12 13.42 13.29 0.15
Producer gas volumetric flow Nm3/h 30.7 30.2 31.1 30.7 0.45
Cold gas efficiency % 62.86 63.09 62.61 62.86 0.24
Biochar (dry basis) kg/h 1.71 1.78 1.74 1.74 0.04

The performance of the gasification system was evaluated in terms of the producer
gas composition, heating value, volumetric flow rate and cold gas efficiency.

The gas chromatography results showed a very promising producer gas composition
with a high hydrogen content (19.7%). In addition, the contents of methane (1.7%) and car-
bon monoxide (13.1%) are acceptable. The average LHV of the three tests was 4.39 MJ/m3,
which is included within the usual range for downdraft gasifiers (4–6 MJ/Nm3) [14,30].
The average biomass consumption (13.3 kg/h), was lower than that set by the manufac-
turer (25–30 kg/h). This is mainly due to the higher energy density of exhausted olive
pomace pellets compared to that of rice husk. Therefore, it follows that the higher the
LHV, the lower the biomass feedstock consumption, the higher the energy content of the
producer gas and the lower the volumetric flow generated by the gasifier. Another relevant
parameter in the gasification process is the producer gas yield, which is defined as the ratio
between the producer gas volumetric flow rate (Nm3/h) and the feedstock consumption
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rate (kg/h). The average producer gas yield was 2.3 Nm3/kg, which agrees with the typical
range of producer gas yield values reported for wood gasification in downdraft gasifiers
(2–3 Nm3/kg) [30].

The gasification process is governed by the equivalence ratio (ER), which is the amount
of air supplied to the downdraft gasifier in relation to the amount of air required for
stoichiometric combustion [5]. Atmospheric air with an oxygen concentration of roughly
21% by volume was supplied to the gasification plant with a blower (unit 7, Figure 3).
The volumetric flow rate of air supplied to the downdraft gasifier was not measured onsite.
However, as the equivalence ratio (ER) in fixed bed gasifiers is directly related to the
producer gas yield [30], it was estimated at about 0.30–0.35 as shown in [31]. This means
that the volumetric airflow rate supplied to the downdraft gasifier was about 30–35% with
respect to that necessary for stoichiometric combustion [30]. This parameter lies within
the usual range in downdraft gasifiers (ER = 0.2–0.4) [30] and is in accordance with the
equivalence ratios reported for olive pit (ER = 0.31) and olive tree pruning (ER = 0.32) in
a 70 kWe downdraft gasification plant [5].

On analysis about the overall performance of the gasification process, the average cold
gas efficiency (ηcg) achieved by the plant was 62.9%. This parameter represents the available
energy in the cold producer gas related to the LHV of the feedstock supplied to the gasifier
through the upper hopper, as shown earlier in Equation (3). In general, the efficiency of
a gasification process is greater than that of other thermochemical conversion processes,
such as direct combustion [18]. For biomass gasification in downdraft gasifiers, the cold
gas efficiency typically ranges between 50–70% [18,30]. The average cold gas efficiency
lies within this range and is in accordance with the value indicated by the manufacturer
(∼65%), demonstrating a correct operation of the gasification plant with exhausted olive
pomace pellets as feedstock.

Figure 5 presents the electrical parameters of the engine–generator set connected to an
olive oil mill’s low voltage electrical network in self-consumption mode. The objective of
these measurements was to demonstrate the stable operation of the generator coupled to
the power grid.

Figure 5 shows the electrical variables measured in one of the tests during 4 h of opera-
tion. The two remaining tests showed similar values. The three-phase output voltage of the
engine–generator set is perfectly coupled to the voltage of the olive oil mill, synchronizing
with the network correctly (408 V). The current generated by each phase (equal to the
line current in star-connected generators) ranged between 15.0 and 16.4 A. The electrical
frequency of the engine–generator set was kept constant during all the tests and equal to
50 Hz. The three-phase active electric power was determined according to Equation (5),
ranging from 10.3 kW to 11.3 kW, being the average value equal to 10.6 kW. These results
confirm that the electrical energy production of the gasification plant is slightly higher than
that set by the manufacturer with rice husks as feedstock (limited to a rated electric power
of 10 kW). Finally, the spark-ignition–engine generator set was able to reach a relatively
high efficiency of energy conversion into electricity (ηgenset = 28.3%).

Table 7 summarizes the most important performance parameters of the gasification
plant operating with residues from the olive oil industry (exhausted olive pomace pellets)
and their comparison with those provided by the manufacturer. Gasification of exhausted
olive pomace pellets improved nearly all performance parameters compared to gasification
of rice husk. Two parameters stand out, the lower feedstock consumption of the plant
(13.3 kg/h) and the higher electric power generation (10.6 kW). All this is due to the
excellent energy properties of the exhausted olive pomace pellets in comparison with those
of rice husk. The electrical efficiency of the gasification plant increased by 4.7 percentage
points up to 17.8%. The main drawback observed during the experimental validation of the
plant was the lower production of biochar as a result of the lower feedstock consumption.
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Figure 5. Electrical parameters measured at the output of the engine–generator set.

Table 7. Gasification performance parameters with residues from the olive industry and manufacturer specifications for rice husk.

Gasification Parameter Olive Oil Industry Manufacturer Specs.

Feedstock Exhausted olive pomace pellets Rice husk
Biomass consumption (kg/h) 13.3 25–30
Producer gas volumetric flow (Nm3/h) 30.7 60

Producer gas LHV (MJ/Nm3) 4.4 >4.4
Producer gas output temperature (◦C) 553 400–500
Producer gas temperature at engine inlet (◦C) 29.0 <40
Cold gas efficiency (%) 62.9 >65
Electric power (kW) 10.6 10.0
Electrical efficiency (%) 17.8 12.1
Biochar production (wt. %, wet basis) 21.3 >25

Producer gas composition (vol. %)

H2 19.7 11–17
O2 0.1 <1
N2 47.4 45–50
CH4 1.7 <3
CO 13.1 15–19
CO2 18.0 11–17

Gasification processes for power generation are environmentally friendlier than direct
combustion processes, since not only do they perform more efficiently, but also lead to
lower emissions of greenhouse and other polluting gases into the atmosphere. This is due
to the fact that combustion of gaseous fuels is inherently more efficient than that of solid
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fuels and also because the producer gas from biomass gasification is generally purified
before being combusted in spark-ignition engines [13].

Table 8 provides the exhaust gas composition from the 10 kWe engine–generator set
running on the producer gas from gasification of exhausted olive pomace pellets.

Table 8. Exhaust gas composition from the spark–ignition engine running on the producer gas from

gasification of exhausted olive pomace pellets.

Theoretical Composition of Wet Exhaust Gas at 100% Fuel Gas Combustion (mg/Nm3)

O2 21,428
CO2 179,143
CO 1500
NOX 150

Emissions (vol. %)

O2 1.50
CO2 9.12
CO 0.12

The European Directive (EU) 2015/2193 lays down rules to control or monitor emis-
sions of sulfur dioxide (SO2), nitrogen oxides (NOX), dust and carbon monoxide (CO) into
the air from combustion plants with a total rated thermal power between 1 MWth and
50 MWth, irrespective of the type of fuel they use [32]. The content of this European Direc-
tive was transposed into Spanish law by means of Royal Decree 1042/2017 [33]. As stated
therein, the emission limit value of nitrogen oxides (NOX) for new engines running on
gaseous fuels other than natural gas is 190 mg/Nm3. Emissions of carbon monoxide (CO)
must be monitored, but so far no specific emission limit values have been set for them.
Therefore, even though the rated thermal power of the gasification plant under assessment
is much lower than 1 MWth, the emissions of polluting gases are still below any limit values
established in the current legislation. Additionally, there is a substantial reduction of CO2

emissions as a result of installing and operating the 10 kWe gasification plant fueled with
exhausted olive pomace pellets, taking into account that biomass gasification emits around
10% less CO2 into the atmosphere than direct combustion and considering the advantages
derived from self-consumption of renewable electricity.

3.2. Biochar Characterization

Biochar is a by-product of the gasification process at high temperatures (>700 ◦C).
This by-product has a high carbon content and offers a very important and yet unknown
potential for farmers in the agrifood sector. Due to its macroscopic structure and composi-
tion, it acts as an amendment to the soil, returning the carbon captured by olive trees to the
soil and providing the following benefits:

• Biochar boosts the growth of plants and roots. The use of biochar improves the
rhizosphere, supporting the development and activity of a huge and diversified
microbial community, which includes microorganisms capable of promoting plant
growth [34,35].

• Due to its porous structure, biochar can absorb up to five times its own weight.
Therefore, it retains nutrients and water, avoiding leaching and soil erosion [36].

• Biochar from gasification at temperatures above 700 ◦C leads to the formation of macro-
scopic structures with high conductivity and cation exchange capacity (graphene). This
type of biochar facilitates and promotes ion exchange, benefiting the microbial life of
the soil and increasing the potential for microorganisms and roots [37].

• Finally, from an environmental sustainability point of view, biochar captures carbon
in agricultural soil. Therefore, the carbon that was earlier retained by the olive tree
is later returned to the soil, avoiding its emission into the atmosphere in the form of
carbon dioxide [24].
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The biochar produced during the gasification process of exhausted olive pomace
pellets was physicochemically characterized. Table 9 shows the main physicochemical
properties of this by-product, such as proximate analysis, ash elemental analysis, parti-
cle size or heating value.

Table 9. Physicochemical properties and sample of biochar from exhausted olive pomace gasification.

Biochar Parameter Value Unit

Gasification temperature >800 ◦C
Bulk density 550 kg/m3

Particle size 1–20 mm
Higher heating value 24.93 MJ/kg

Proximate analysis wt. % (dry basis)
Moisture 39.11
Ash 25.61
Volatile matter 6.13
Fixed carbon 68.26

Ash composition wt. % (dry basis)
Ca 51.20
O 30.32
K 10.30
Mg 5.35
P 2.83

Another essential aspect of biochar is its current market price. The sale price of biochar
in England ranges between e162–480/t [38]; while other publications estimate its price at
around e150/t [39]. These values are very attractive to boost the economy of the agrifood
sector with new business models.

3.3. Profitability Assessment and Economic Impact

This section aims to demonstrate the economic viability of gasification technology
in the agrifood sector. The economic feasibility analysis was developed for a 125 kWe

gasification plant fueled with exhausted olive pomace pellets and applied to a real olive
oil mill in Spain. The economic analysis involved the calculation of an objective function
known as profitability index (PI) [5], defined as the ratio between the net present value
(NPV) and the initial investment (INV):

PI =
NPV

INV
. (7)

The net present value (NPV) is a standard method for the financial appraisal of
investments. It involves discounting the net cash flows and making the sum over the plant
lifespan period as follows:

NPV = −INV +
n

∑
t=1

NCF (1 + i)−n, (8)

where n is the total number of periods of one year that make up the useful lifespan of the
gasification plant, i is the discount rate (real interest rate) and NCF are the net cash flows
in each period.

The internal rate of return (IRR) is the discount rate for which the NPV is equal
to zero. Its calculation was done iteratively by variation of the discount rate using the
Newton–Raphson method.

Before showing the results of the economic feasibility assessment, it is essential to
consider the following assumptions, which are conveniently summarized in Table 10.
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• The gasification plant, in addition to electricity, generates waste heat in the form of
hot water at 90 ◦C and combustion gases at 350 ◦C. This source of thermal energy is
used to produce the hot water required for the milling and malaxing stages of the
virgin olive oil extraction process, avoiding the burning of a substantial part of olive
pits from the oil mill, which can later be sold at about e60/t.

• Currently, there are non-refundable subsidies from the Regional Government of An-
dalusia (in Spanish, Junta de Andalucía) for sustainable small–medium size enterprises,
which can amount up to a 40% of the total investment [40]. In this study, a 35%
non-refundable subsidy was considered.

• Annual discount rate equal to a real interest rate of 1%.
• The gasification plant was installed in self-consumption mode, according to Royal

Decree 244/2019 [41], largely reducing the variable term of the olive oil mill’s cost of
electricity.

• The gasification plant operates for 4.5 months in total, during the entire production
season from October to March. The plant requires two stops per month for maintenance
works.

• The operation and maintenance of the gasification plant may require the creation of
a permanent part-time technical job. A skilled labor cost of e15,000/year has been
considered.

• Finally, the cost of the gasification technology was consulted directly with the man-
ufacturer (e2500/kWe). Therefore, for a 125 kWe gasification plant with a 35%
non-refundable subsidy, the capital expenditures were determined as
INV = (1 − 0.35)× 125 kWe ×e2500/kWe = e203,125. The initial investment (INV)
takes into account both the fixed costs of the whole gasification plant and the installa-
tion costs (civil, electrical and mechanical works).

Table 10. Input parameters and results of the economic feasibility assessment of the gasification plant.

Input Parameters

Rated electric power 125 kWe

Available thermal power 150 kWth

Working hours 3100 h/year
Plant lifespan 15 years

Rate of biomass consumption
1.28 kg/kWh
(496 t/year)

Rate of biochar production
15 % on input biomass, dry basis

(74.4 t/year)
Cost of the gasification plant (turnkey) 2500 e/kWe

Cost of operation and maintenance 0.03 e/kWh
Cost of exhausted olive pomace pellets 30 e/t
Cost of labor (new part-time job) 15,000 e/year
Cost of electricity 0.095 e/kWh
Sale price of olive pits 60 e/t
Sale price of biochar 150 e/t
Non-refundable subsidies 35 % of the total investment
Discount rate (real interest rate) 1 %

Results (Considering Labor Costs of Hiring New Personnel)

Payback period 8–9 years
Net present value (NPV) 111,161 e

Internal rate of return (IRR) 7.26 %
Profitability index (PI) 54.73 %

Results (without Considering Labor Costs of Hiring New Personnel)

Payback period 5–6 years
Net present value (NPV) 319,137 e

Internal rate of return (IRR) 16.72 %
Profitability index (PI) 157.11 %
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Table 10 shows that the payback period or return on investment is 8–9 years when
deciding to hire new part-time maintenance personnel and the net present value (NPV) is
roughly e100,000. On the other hand, if the maintenance personnel already available in oil
mills are trained on this type of technology, the payback period can be reduced down to
5–6 years. Under these circumstances, the investment would provide a net present benefit
of around e300,000 (NPV) during the plant lifespan and a profitability index (PI) higher
than 1.5.

4. Conclusions

This research work aimed at performing a techno-economic feasibility assessment
for applying the gasification technology in the agrifood industry. The main findings are
summarized below:

1. Gasification is already a mature and developed technology in some countries such as
India, China and the USA. However, its penetration in the Spanish market is negligible
or very incipient. The residues from the olive oil and almond industries with potential
use as feedstock in the gasification process are the following: exhausted olive pomace,
olive pit, olive tree pruning, almond shell, almond hull and almond tree pruning.

2. A small-scale gasification plant was installed for power generation and biochar pro-
duction using exhausted olive pomace pellets as feedstock. The plant was capable of
generating 10–12 kW of rated electric power with an average biomass consumption
of 13.3 kg/h. Most of the operating parameters have improved compared to those
reported by the manufacturer, leading to a lower feedstock consumption and a higher
net electrical efficiency (ηe = 17.8%).

3. In addition to the electrical energy generated for self-consumption, the gasification
plant produces two additional outputs. One of them is thermal energy in the form of
hot water and combustion gases from the engine. Another by-product of gasification
is biochar, an extremely porous activated carbon that can absorb water including
dissolved nutrients up to five times its own weight when deposited in agricultural
soil. Additionally, it has a high cation exchange capacity, avoiding the leaching of
mineral nutrients and ensuring greater availability of them in the soil. It also benefits
microbial life and increases the potential of microorganisms and roots. Its sale price in
international markets ranges between e150–200/t.

4. Finally, profitability analysis of the gasification technology for a real olive oil mill in
Spain was developed. For an initial investment of approximately e200,000, the pay-
back period is 5–9 years. This technology generates direct employment (operation
and maintenance work) and about 10–15 indirect jobs during the installation phase
that are technical in nature.

The results of this research work demonstrate a feasible and attractive possibility
for the Spanish agri-food sector to invest in energy efficiency through waste gasification,
improving environmental and economic sustainability, diversifying into new business
models and promoting a circular economy.
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Abbreviations

The following abbreviations are used in this manuscript:

CHP Combined heat and power

ER Equivalence ratio

GC Gas chromatograph

I Current (A)

INV Initial investment

IRR Internal rate of return

LHV Lower heating value

ṁ Mass flow (kg s−1)

NCF Net cash flow

NPV Net present value

P Power (kW)

PF Power factor (cos φ)

PI Profitability index

U Voltage (V)

y Mass fraction

η Efficiency
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