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1. Abstract

Syngas produced from small-scale biomass gasification plants (tens of kW) can generate
power from biomass resources. However, due to the syngas gensets demand is marginal,
compared to gasoline gensets, it is not easy to find a genset specially designed to run on
syngas. In this paper, an experimental study of a genset running on two kinds of fuel has
been carried out. The genset used is a 10 kW ICE initially designed to run on gasoline, in
parallel, simulations based on CHEMKIN-PRO software were made. The study focuses on
the comparison of the ICE operation independently working on gasoline and syngas.
Modifications were required in the genset to adapt the intake system to run on syngas. The
syngas is obtained from a gasifier. According to the test, it is possible to convert a gasoline
engine to a 100% syngas engine through straightforward modifications in the inlet manifold
but reducing the efficiency and power. The electrical power running the genset on gasoline
was 6.7 KW, whereas, with syngas, it is 4.8 kW (31.4% of reduction). The efficiency running
the ICE on gasoline was 13.7% at its rated power, whereas for the genset fuelled on syngas,

it was 10.5% (23.4% reduction).
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Nomenclature
CR Compression ratio
EA Excess air %
ER Equivalence ratio, actual air/fuel ratio to the stoichiometric air/fuel ratio
Py, Gasoline input power in kW
isg Syngas input power in KW
ER Equivalence ratio
LHV,, 4 Lower heating value of gasoline-air mixture in MJ/Nm?
LHV,, 4 Lower heating value of syngas-air mixture in MJ/Nm?3
LHVy Lower heating value of the Syngas MJ/Nm3
LHY, Lower heating value of gasoline in MJ/kg
My Instantaneous mass flow of gasoline in kg/h
0, Airflow in Nmh
Om Mixture air/fuel flow Nm3h
Qsg Syngas flow Nm%h
Vsto.a Volume of the stoichiometric air in Nm?
(A/F)g: Stoichiometric Air /Fuel relation
Pa Air density in kg/m?
ng Gasoline mode overall efficiency in %
Nsg Syngas mode overall efficiency in %
AFV Adiabatic flame temperature
CDI Capacitor discharge ignition
BTDC Before the top dead center
ICE Internal Combustion Engine
LHV Lower heating value
OHV Overhead valve
RES Renewable energy sources
SI-ICE Spark-ignition internal combustion engine
TDC Top dead center
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2. Introduction

Nowadays, climate change and its effects are a reality, and the continued consumption of
electricity demand and its associated pollution is a significant problem [1]. It has been estimated
that almost 76% of the total energy consumed globally comes from fossil fuels [2]. One way to
mitigate climate change is through technologies and practices that reduce CO2 emissions [3].
An alternative to fossil fuels is renewable energy sources (RES); however, most RES has the
disadvantage of having a significant variability in terms of energy production. For example,
solar photovoltaic and plastic technologies rely heavily on environmental conditions [4]. A
storage system like batteries is an expensive solution. For continuous power generation
purposes from renewable energy sources without depending on the weather conditions, biomass
gasification is a technology to consider [5]. Since the biomass can be stored, a biomass
gasification plant could be integrated into a stand-alone hybrid microgrid to increase the
system's feasibility [6-10]. In 2016 about 2%, this is 500 TWh, from the energy generated
worldwide came from biomass [11], and it is estimated that by 2060 biomass will provide about

17% of the global total energy demand [12].

In recent years, gasified biomass for energy production has a renewed interest due to its
lower environmental impact than other sources such as biomass incineration for power
generation [13]. Syngas (synthesis gas) is a fuel obtained from biomass gasification, and it has
research interest nowadays [14]. Syngas is a mixture of different gases, and his typical molar
composition is 15-20% Hz, 15-30% CO, 1-5% CH4, 7-12% CO-, and N. balanced, with a
heating value (HHV) ranged from 5 to 6.5 MJ/Nm?3 [15-17]. The presence of H in the
composition of the syngas accelerates the laminar flame speed and improves its flammability
compared to biogas, which reduces engine emissions [18]. Removal of impurities, such as tars,

from the obtained syngas is necessary to burn it in an ICE typically operated with gasoline.



Following some modifications, the ICE would be able to run on syngas as a primary fuel for

power generation purposes [19,20].

Multiple studies have analyzed the use of syngas in internal combustion engines for power
generation purposes [15,21-26]. Other studies focus on the use of a syngas-diesel mix, taking
advantage of a diesel generator high compression ratio to increase the thermal efficiency,
obtaining a reduction in NOx and CO2 emissions compared to natural gas [3,17,27,28]. Other
authors use different combinations of syngas with methane, biogas, and hydrogen [26,29,30].
Monteiro et al. analyses the use of syngas in a rapid compression machine [31]. Shivapuji and
Dasappa study the concentration of H in the syngas used to run an ICE [26]. Also, some authors
use models to simulate the pure syngas combustion behavior compared to methane or mixed
with diesel [32,33]. Finally, Fiore et al. work on a detailed review of the ICE powered by syngas

[34]. A summary of the previous scientific works is shown in Table 11 in Annex I.

In this work, syngas was obtained from a downdraft gasifier using woodchips as a primary
fuel. A sensitivity analysis of the results is developed in section 5. Such analysis compares and
gives information about the laminar flame velocity, adiabatic flame temperature, and the
emissions as a function of the ER in both fuels. Also, efficiency, power, and torque as a function
of ER and ignition timing are analyzed. Finally, it was studied the evolution of the cylinder
pressure to crank angle. All this information plays an important role in the design of a syngas
ICE. Engine efficiency study is developed through tests. The data for the analysis were obtained
from the measuring device located in the experimental plant, composed of a downdraft gasifier
and a modified ICE able to run independently on syngas or gasoline. Compared to gasoline
gensets, the demand market for syngas gensets is marginal. It is not easy to find a small-scale
genset specifically designed to run on syngas. This work arises from the impossibility of finding

on the market an engine capable of operating on the syngas produced in a small-scale biomass



gasification plant. Hence, the work aims to verify the technical viability of running on syngas
without substantial modifications; an ICE initially intended to run on gasoline. The novelty of
the results is focused on this point. A sensitivity analysis is required to investigate the operation
conditions, the behavior, and the ICE response to reach the goal. Because the final solution's
cost is a decisive factor in making a biomass gasification power plant profitable, the conversion
must be developed quickly and easily, without significant and expensive modifications. The
only developed amendment was the admission system's adaptation. Because it requires a

substantial change in the engine design, the compression ratio was no altered.

Due to the complex operation of an ICE, the test has been complemented through
simulations. Because it is widely used in the scientific field for combustion process analysis
[33,35-40], CHEMKIN-PRO [41] was employed to simulate the combustion process of the
ICE analyzed. CHEMKIN-PRO is used by [42] to analyze the behavior of a dual-fuel engine
using gasoline and diesel, also [43] develops simulations of a biodiesel engine using a parallel
surrogate optimization algorithm. Besides, several works analyze the use of syngas in an ICE
to estimate the laminar burning velocity [44] and to test a dual fuel engine [32,45]. In this work,
CHEMKIN-PRO is used to carry out a sensitive analysis and compare experimental tests and

simulations.

3. Experimental setup

3.1. Biomass gasification plant

A downdraft gasifier was used to produce syngas to run an ICE for power generation purposes.
Downstream of the reactor, gas cleaning, and the cooling system were installed to clean the gas,

reaching the required quality (

Fig. 1).
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Fig. 1. General scheme of the experimental setup.

The four steps of the gasification process are carried out into the reactor (drying, pyrolysis,
combustion, and reduction, see Fig. 4), producing syngas to run an ICE after a cleaning process.
The downdraft gasification reactor has an essential advantage in power generation applications:
the syngas tar concentration is smaller than other technologies. A significant part of tars
produced in the pyrolysis process is cracked when the syngas goes across the throat (which is
the part of the reactor with the smallest area). Despite such advantages, a cleaning system is
required to remove ash, remaining tar, and unreacted carbonaceous material. The main

components of the gasifier are shown in Fig. 2, Fig. 3, and Table 1.
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Fig. 2. Diagram of the experimental setup and components.



Table 1. Main components of the biomass gasification plant.

Components of the plant
la Reactor (Biomass zone)
1b  Reactor (Reactions zone)
1c  Reactor (Ash zone)
Scrubber
Centrifugal tar separator
Filter
Vacuum pump
Torch
Internal combustion engine
Electrical box — control panel
Electric programable load

OCoo~NOOTU P WN

Fig. 3. Pictures and components of the biomass gasification plant. Front view (Left up) and rear sight
(Right up and down).

The datasheet of the biomass gasification plant is shown in Table 2. The genset efficiency
depends significantly on the kind, size, air or water-cooled, efficiency of the alternator, and

design quality of the genset. According to market availability, the small-scale gasoline genset



efficiency goes from 13 to 23%, and this value could be reduced to around 30% if the engine is

adapted to run on syngas.

Table 2. Datasheet of the biomass gasification plant used for the simulations [9].

Biomass gasifier (reactor type) Fixed-bed downdraft

Reactor material Stainless Steel

Fuel type Wood chips, wooden block < 5-40 mm
Gasification Agent Air

Airflow required by the gasification process 8 —15md/h

Biomass hopper capacity 226 liter (45 kg, bulk density: 200 kg/m?)
Biomass consumption 5 to 10 kg/h

Syngas production 12 - 28 Nm?é/h

Syngas Lower Heating Value 5-5.8 MJ/Nm?

Thermal power 17 - 42 kWw

Efficiency (biomass to syngas) 60-79%

Bed pressure drop (throat zone) 0.4 -1.2kPa

The tar formation process and the profile temperature into the reactor are shown in Fig. 4.
The highest temperature occurs in the reactor's combustion zone, where the throat (reactor's
smallest section) is located. In this zone, the tars cracks, provoking its concentration in the

syngas to decrease.
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Fig. 4. Tar formation and temperature profile into the reactor (adapted from [46])



3.2.Properties of the biomass used and produced syngas.

Properties of the biomass used are shown in Table 3. Characteristics of the syngas produced
are shown in Table 4. The produced syngas is free of tars and suspended particulates. There
was not available a device to measure the tar, humidity, and suspended particulates
concentration. The way to determine if the quality of gas was adequated was by a visual
inspection, initially every ten operating hours in two specific points: the syngas filter at the

engine inlet and the transparent methacrylate pipe (number 6 in Fig. 5 and Fig. 6).

Table 3. Characteristics of biomass.

Property Value
Type of biomass Woodchips

Bulk density Stored biomass (kg/m?3) 200

LHV (MJ/kg) 16.24
C 52%
Ultimate analysis % H 6%
(@) 42%
Fixed carbon (FC) 9%

Proximate analysis % Volatile 83%
Ash 1%
Moisture 7%

Table 4. Characteristics of the syngas produced and gasoline.

Property Value

Syngas LHV MJ/m3 54
Syngas Density (kg/m?) 0.95
Gasoline LHV M]/kg 44.3
Syngas composition (dry)

CO2 % 11.3
N2 % 48.6
CO % 22.2
CH: % 2.8
H2% 15.1

An alternative method used was the opacimeter technique, typically used to carry out a
smoke test and estimate the combustion process's unburned losses. Once the gasification plant

cleaning system was able to clean the syngas adequately, the inspection was carried out every



100 hours, and also the carburetor zone was inspected. As a result, after 500 hours of operation,

not tars, water or particles were found, and the syngas was considered able to run the ICE.

3.3. Generator set

The genset used is a PRAMAC P 12000, composed of an ICE (Table 5) and a synchronous

generator (Table 6).

Table 5. Details of the engine's specifications [47].

Engine specifications

Model
Engine type

Displacement
Compression ratio
Bore x Stroke
Carburetor

Continued rated power (gasoline)
Maximum net torque

Ignition timing

Ignition system

Starting system

Fuel

Gasoline storage capacity
Cooling system

Governor

Honda GX630

OHYV gasoline engine, air-cooled, 4-stroke, 90° V-
twin design, horizontal shaft

688 cm?

9.3:1

78 X72 mm

Horizontal type, two-barrel butterfly valve, internal
vent

10.5 kW at 3000 rpm

48.3 Nm at 2500 rpm

-20° referred to TDC at 3000 rpm

Digital CDI with variable ignition timing

Electric starter

Unleaded 86 octane or higher (gasoline)

241

Forced air

Mechanical centrifugal

Table 6. Electrical generator specifications [48].

Electrical Power Generator Specifications

Model

Poles

Speed rotation (50 Hz)
Nominal Voltage
Voltage accuracy
Nominal frequency
Efficiency (at 3/4 load)
Efficiency (at 4/4 load)
Electric Power
Overload

LINZ Electric E1 C11MB

2

3000 rpm

115/230 V

+ 5% from the nominal voltage

50 Hz

80.5%

79.5%

10 kVA

110% of rated power for one hour in a cycle of 6 hours.




3.3.1. Conversion of the generator set

The genset was initially designed to run on gasoline; therefore, modifying the intake system
to run it on syngas was necessary. The modification was carried out in the inlet manifold. It
consists of a set to regulate the air/syngas mixture (Fig. 5 and Fig. 6). The pressure regulator
valve (1) was installed to regulate the ER; the engine speed control (2) keeps the rpm in the set
value independently of the load. The system allows the genset to run on either gasoline or
syngas. If the engine works on gasoline, the air/fuel mixture system is the initial one originally
integrated into the ICE, consisting of a traditional carburetor (3) and a conventional air
admission system with a filter (6). When syngas feeds the ICE, the gasoline pipe's valvule (4)
is closed. The gate valve (5) allows the regulation of the quantity of air going to the ICE. Before
going into the ICE, the syngas goes through a filter (6) to avoid particles arrive in the engine
(The same filter cleans the air when the engine works on gasoline); this filter was adapted for

work in both modes (gasoline or syngas), and it is located on the top of the carburetor.
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Fig. 5. Components of the syngas intake system.
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Fig. 6. Pictures of the syngas intake system adapted to gasoline genset. Components of the intake system
(Up), carburetor, modified system to work on syngas, filter, thermocouple, (Down)

3.4.Measuring devices

Due to the behavior of the biomass gasification plant and reactor must be analyzed, a data
acquisition system was installed. The main component of the control and data acquisition
system is shown in Table 7. Table 8 shows the details of the instruments and their function, and
Fig. 7 shows a scheme with the biomass gasification plant’s automation and data acquisition

system.

Table 7. Equipment used during the experiment to acquire data.

Instrument Function

2 OMRON CJ1W TS561 6 — channel input unit for K-type thermocouples
1 OMRON CJ1W AD081 8 — channel analog input unit

1 CJIM-CPU11 OMRON SYSMAC PLC CPU

1 OMRON CJ1W SCU31 Modbus rs 485 communication

1 OMRON CJ1M OD212 16 - transistor outputs module

1 OMRON V1000 variable speed drive For regulating the input airflow

1 OMRON NS5 SQ10B-V2 touch screm. HMI - Human-machine interface

SCADA CX-supervisor HMI - Human-machine interface




Table 8. Equipment used during the experiment to acquire data.

Parameters to be measured Abr. Unit Device Signal Accuracy
Air inlet temperature T1 °C Type k mV +/-2.2°C or +/-0.75%
Pyrolysis zone temperature T2 °C Type k mV +/-2.2°C or +/-0.75%
Combustion zone temperature T3 °C Type k mV +/-2.2°C or +/-0.75%
Throat temperature T4 °C Type k mV +/-2.2°C or +/-0.75%
Reduction zone temperature T5 °C Type k mV +/-2.2°C or +/-0.75%
Syngas temperature at the reactor T6 °C Type k mV +/-2.2°C or +/-0.75%
Temperature at the scrubber outlet T7 °C Type k mV +/-2.2°C or +/-0.75%
Syngas temp. at the vacuum pump T8 °C Type k mV +/-2.2°C or +/-0.75%
ICE exhaust temperature T9 °C Type k mV +/-2.2°C or +/-0.75%
Biomass hopper pressure P1 kPa Dwyer 616K  4-20 mA #2.0% E.S.
Bed pressure drop P2 kPa Dwyer 616K  4-20 mA #2.0% E.S.
Filter pressure drop P3 kPa Dwyer 616K 4-20 mA #2.0% E.S.
Pressure at the filter outlet P4 kPa Dwyer 616K 4-20 mA +2.0% F.S.
Pressure at the vacuum pump outlet P5 kPa Dwyer 616K 4-20 mA +2.0% F.S.
Pressure at ICE inlet P6 kPa Dwyer 616K 4-20 mA +2.0% F.S.
Airflow at the reactor inlet Q1 m3/h  KimoCTV 100 4-20 mA +/-0.3m/s or +/-3%
Airflow at the ICE inlet Q2 m3/h  KimoCTV 100 4-20 mA +/-0.3m/s or +/-3%
Syngas at the ICE inlet Q3 m3/h EE65 series 4-20 mA +/-0.2m/s or +/-3%
Syngas at the filter outlet Q3a m3/h TecFLuid PT ~ 4-20 mA 6% (qG=50%)
Syngas composition CO, Hz, CHy, % Gasboard- rs232 CO, CO2, CH+ < +2%;

CO2, O 3100p series O2, H2<+3%
Electrical parameters V,ILP,Q,S, Siemens MB V,LPQ+/-1%
COSQ SENTRON rs485

Communication
* Signal
— Grid
w— Syngas
— 24V DC

Ox211 ~CIIWMADAT ~CIIWTS

Modbus RTU RS485

MOTOR

TYPE-X

THERMOCOUPLES

PRESSURE

TRANSDUCTORS

SYNGAS
ANALYZER

Lp
|

Fig. 7. Scheme of the automation and data acquisition system

BIOMASS GASIFICATION




4. Methodology

Many power generation options use the syngas produced in a downdraft biomass
gasification plant, but the ICE is the most common. Due to its cost-benefit, it has been chosen
a gasoline engine adapted to run on syngas. A methodology to compare both fuels' behavior to
operate a genset is established and summarized in Fig. 8. It is mainly based on simulations
through the software CHEMKIN-PRO and experimental tests. These tests required choosing
the gasoline genset, adapting it to work on syngas, implementing the data acquisition system,
running the engine test (on gasoline and syngas), and finally comparing and validating the
results. The engine's adaptation to run on syngas and the data acquisition system was described
in sections 3.3 and 3.4. Further explanation and contribution to the general methodology of

simulations, tests, and calculations were detailed in sections 4.1 to 4.3.

Gasoline Data .
o . . Calculation,
genset acquisition Simulations comparison
selection and system Tests (CHEMKIN- vaIiF()jation !
syngas implementa PRO) and results
adaptation tion

Fig. 8 Methodology carried out.

4.1.CHEMKIN-PRO simulations

Ansys CHEMKIN-PRO software package has been used for simulation purposes as it is
widely used and accepted for modeling and simulating complex gas-phase chemical reactions.

The performed simulations allowed us to estimate the behavior and carry out a sensitivity



analysis of the laminar flame velocity, the adiabatic flame temperature, the engine thermal
efficiency, and mechanical power as a function of the equivalence ratio (ER) and the ignition
timing.

4.1.1. Laminar flame velocity and adiabatic flame temperature

The adiabatic flame velocity was obtained from simulations developed in CHEMKIN-PRO.
The 1-D Premixed Laminar Flame Speed Calculator module was used for that purpose. For
preliminary considerations, two essential parameters for syngas and gasoline combustion
processes are laminar flame velocity and adiabatic flame temperature. Main inputs for
simulations are included in Table 9. Laminar flame velocity is compared for both fuels as a
function of ER [49]. For gasoline, the laminar flame velocity was also obtained from previous
studies reported by [50] and [51], used for comparison purposes in the results and discussion
section. The chemical kinetics mechanisms used for gasoline are the NUI Galway mechanism

[52], and for syngas, it was used the Gri-mech 3.0 mechanism [53].

Table 9. Laminar flame velocity input parameters

PARAMETER VALUE

FUEL (REACTANT SPECIES)

Gasoline composition 100% iC8H18 (ISO-OCTANE)

Syngas composition (%molar fraction) 22.2% CO; 15.1% Hz; 2.8% CHa
11.3% COz2; 48.6% N2

OXIDIZER

Air (%molar fraction) 21% Oz2; 79% N2

Equivalence ratio - ER 09to1.2

INITTAL MIXTURE CONDITIONS
Temperature 300 K
Pressure 0.1 MPa

CHEMICAL KINETICS MECHANISM Gasoline: NUI Galway; Syngas: Gri-mech 3.0

One of the factors affecting the efficiency of the syngas engine is the adiabatic flame

temperature (AFT) since higher temperature should provide higher thermal efficiency [5]



(considering the Carnot cycle as a reference). AFT is a theoretical reference and is defined as

the maximum flame temperature considering complete combustion and no heat losses.

4.1.2. Power, efficiency, torque, and emissions.

The gasoline spark-ignition internal combustion engine (SI-1CE) was simulated employing
the specific module included for that purpose in the CHEMKIN-PRO package, where chemical
kinetics mechanisms and species thermodynamic properties are based on the previous
bibliography as described in the following lines. The ICE simulation module follows a
multizone model approach reported by Aceves et al. [54]. Chemical kinetics mechanisms used
for the internal combustion engine's simulations were the NUI Galway mechanism developed
by the National University of Ireland Galway and the Gri-mech 3.0 Mechanism developed by
[55] and sponsored by the Gas Research Institute. It is explained in detail in [56]. Also, recent
scientific works have used this mechanism for syngas to estimate the laminar burning velocity
or simulate the combustion process [22,57-59], or for natural gas to simulate the combustion
process [44,57,60]. Other mechanisms are available in the scientific bibliography, but they need
to be adapted to the structure required by CHEMKIN-PRO and must also be tested [61-64].
The simulations were carried out for the real engine conditions (3000 rpm and compression
ratio 9.3:1); however, to compare the engine behavior under favorable conditions for syngas,
simulations were also carried out at 1500 rpm and a compression ratio of 11:1. It is well known
that the knock limits the maximum CR in an ICE. Since running on syngas, the ER could reach
aCRof 11:1 [34], itis not expected knocking combustion working at such CR. Main simulation
inputs and boundary conditions for the operation of the SI-ICE running on gasoline and syngas

are summarized in Table 10. and

The main simulation output considered for comparison purposes is the thermal efficiency of the

working cycle (EFF.TH, the net work ratio from the system to the heat added to the system,



expressed in percentage) and the cycle's power (the net work from the system, expressed in

kW). The model was calibrated with the engine datasheet's information (Table 5) and added

thermal losses to reach the same efficiency obtained in the tests (running on gasoline and

syngas). Once the model was calibrated, it analyzed the impact of CR, ignition timing, ER, and

rpm on the engine performance to define the optimal operation parameters with syngas. The

model's obtained power and the experimental tests were compared to verify the consistency of

the results.

Table 10. SI-ICE simulation inputs.

PARAMETER VALUE

ENGINE PHYSICAL PARAMETERS

Engine type 4-stroque, two cylinders
Displacement 2x344 cm?

Compression ratio 9.3:1

Bore x Stroke 78 X 72 mm

FUEL (REACTANT SPECIES)
Gasoline composition
Syngas composition (%molar fraction)

OXIDIZER
Air (%molar fraction)
Equivalence ratio - ER

INITIAL MIXTURE CONDITIONS
Temperature
Pressure

SIMULATIONS CARRIED OUT

Start of combustion

Starting crank angle

End of simulation crank angle

Speed engine

Compression ratio

CHEMICAL KINETICS MECHANISM

100% iC8H18 (ISO-OCTANE)
22% CO ; 15% Hz; 2.9% CHi
11% COz2; 0.04% O2; 48.5% N2

21% O2; 79% N2
0.8to1.2

373 K
0.1 MPa

-60 to -15° (syngas), -30 to -10° (gasoline)
-120.2°

-139.8

1500 and 3000 rpm

9.3 and 11

Gasoline: Galway, Syngas: Gri-mech 3.0

To have a more complete evaluation, it will be included typical SI-ICE performance

indicators like NOy, torque and cylinder pressure as a function of the crank angle. These



indicators provide both further performance information and additional validation of simulation

results, as they will be compared with previous bibliography and manufacturer specifications.

Regarding torque and cylinder pressure, for torque it is directly related with mechanical
power for a fixed engine specifications and shaft dimensions, and for cylinder pressure it is
expected both higher power and efficiency when higher pressure is reached in the cycle

[15,65,66].

Regarding NOx emissions, it is related to temperature, so a higher temperature inside the
engine should produce higher NOx emissions [19,67] Despite it is a theoretical reference, the
higher adiabatic flame temperature should also indicate higher NOx emissions. In point 5.1.4 it

Is shown emissions according to simulations and comparison with the previous bibliography.

4.2 Experimental tests

The gasification plant requires about 15-20 minutes to start up. Tests were carried out once
the biomass gasification plant produced syngas with adequate quality (more than 5 MJ/Nm?2)
and after a reasonable time (about 10 minutes) of engine operation. The tests consisted of
increasing the power demand by 1 kW every 5 minutes (starting without load) until the engine
is not able to feed the load. During the test period, the data acquisition system was storing the

information every 5 seconds.

4.3. Calculations

4.3.1. Power output and efficiency

It is possible to predict the electrical power output reduction when changing fuel, just
considering the fuel composition [17,18,68,69]. The mixture of air/fuel flow Q,, is given by

Equation (1):



Qm = ng + Q.sto_a(1 + EA) ( 1)

Qsg is the syngas flow, Qsto a is the stoichiometric airflow required to produce complete
combustion, and EA is the excess air. The energy content in the air/fuel mixture is given by
Equation ( 2):

LHVm_sg = LHV;g X (ng/Qm) (2)

Where LHV;, is the lower heating value of the syngas. The LHV was obtained from the
tests carried out in a downdraft gasifier; on average, LHV;, is equal to 5.4 MJ/Nm?® (22% of
CO, 15% Ho, and 2.9% CHa). The composition has been obtained using the syngas analyzer
Gasboard 3100. Other authors report similar values [13,15,22,70,71]. For this composition, the
ratio of syngas volume to the air/fuel mixture volume (ng/Qm) is about 0.45, hence the LHV
of air/syngas mixture is 2.43 MJ/Nm?®. Comparable results of air/syngas mixture have been
reported by [70] and [72]. From a study carried out by [46], the LHV of the air/gasoline mixture
(LH Vm_g) is 3.6 MJ/Nm?3, the energy content in the air/syngas mixture is two-third of the energy
content in the air/gasoline mixture. As the ICE is the same and power derating is attributed
mainly to the syngas' lower LHV of mixture air/fuel [5], a power reduction of 30-35% can be
expected. This is a gross estimation since the power reduction is also related to other parameters
such as the reduction of the laminar flame velocity and the adiabatic flame temperature.

4.3.2. Experimental efficiency evaluation methodology

The system's efficiency can be estimated, employing the relation between total input energy
content in the fuel and electrical power production. The electrical power is measured using a
Siemens SENTRON PAC3200 power meter. The instantaneous power input in the gasoline

operation mode P, is estimated as shown the Equation (3).



@)

And the gasoline mass flow m, is estimated by Equation ( 4)

Mg = (Qa X pa)/((A/F)g X (1 + AE)) (4)

Where @, is the volume of air going into the engine, measured by a hot wire anemometer.

Furthermore, p, is the air density and (A/F); is the stoichiometric air-fuel ratio [73].

Alternatively, for syngas, P;, Is estimated by Equation (5).

P, = Qsg X LHVy, ®)

sg

Qs is the volume of syngas calculated by an anemometer.

5. Results

This section includes simulation and experimental test results. The simulated and the
experimental performance of the ICE fuelled on syngas and conventional gasoline are
presented, especially regarding engine output power reduction and previous efficiency
considerations. The expected performance was determined by specific calculations (as

described in section 4.3.1), bibliography review, and simulations through CHEMKIN-PRO.

5.1. Simulation results

5.1.1. Laminar flame velocity and adiabatic flame temperature

In addition to the CR or the rpm, the lower flame velocity of syngas are factors that affect
the efficiency of the combustion process [18,20,69]. The results of the laminar flame velocity
simulation are shown in Fig. 9. Simulations performed for laminar flame velocity provide
values of 29-32 cm/s (ER of 1 to 1.1) for syngas. These values are close to those reported by

Oliveira[44], where authors used syngas of similar composition. In the case of gasoline, the



velocity increases to 45 — 50 cm/s. For syngas with a lower LHV, laminar flame speed is
reduced to 20 cm/s, as Ouimette et al. [56] reported. This reduction is mainly due to a decrease

in the H2 and CO concentration in the syngas.
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Fig. 9. Comparison of the laminar flame velocity of gasoline and syngas as a function of the ER.

The fuel's adiabatic flame temperature is one factor influencing the engine's efficiency [70].
According to simulations carried out, the analyzed syngas' adiabatic flame temperature is 1885
K (ER 1.05), higher than1750 K reported by Ouimiette et al. [57]. Differences are expected as
syngas composition is different (CO and H2 concentrations are more elevated in the higher
adiabatic temperature case). The gasoline adiabatic flame temperature is over 2300 K [74],
which is higher than the obtained with syngas. Since a real ICE does not work under ideal
conditions, the adiabatic flame temperature cannot be a direct quantitative indicator; hence, an

efficiency reduction can be expected for real conditions operation.



5.1.2. Thermal efficiency and power

The simulation results gave information about the efficiency according to rpm, CR, and ignition
timing (Fig. 10). Fig. 11 represents the power generation from syngas and gasoline and the
impact of the ignition timing on the produced power for syngas (1500 and 3000 rpm, CR 9.3:1
and 11:1) and gasoline (3000 rpm, RC 9.3:1). The tested ICE ignition timing on simulations,
expressed in crankshaft degrees, referred to as TDC (top dead center), is -20 (since it occurs
before TDC, this value is negative). According to simulations, to obtain the best efficiency for
the tested engine (3000 rpm), the best ignition time should be -30° for gasoline and -45° for
syngas, reaching thermal efficiency of 18.5% and 16.9%, respectively, in contrast to 14.2% and
17.7% obtained for syngas and gasoline working at -20° referred to TDC (manufacturer

adjusted ignition time).
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Fig. 10. Thermal efficiency for syngas and gasoline as a function of the ignition timing.

At the real operating conditions of the ICE, the mechanical power reduction working on
syngas instead of gasoline is close to 31,4% (from 8.6 to 5.9 kW). If only the CR is increased

from 9.3 to 11, the mechanical power could be about 3-4% higher. The same increase would be



obtained working at 1500rpm (Fig. 11). Finally, increasing CR to 11 and reducing the rpm to
1500, the efficiency would increase from 14.2% to 17.5%, but power would be reduced from 6

to 3.4 KW.
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Fig. 11. Mechanical power for syngas and gasoline as a function of the ignition timing.

Simulations were carried out to analyze the engine's behavior according to the ER (Fig. 12
and Fig. 13). Fig. 12 compares the simulations using data inputs of the tested engine. The
maximum power for both gasoline and syngas is reached working at the ER from 0.9 to 1.
However, to achieve better efficiency and fewer emissions, and working under real conditions,
an ICE usually operates at an ER ranged from 1.05 — 1.1 (depending on whether the fuel is

liquid or gaseous).



SIMULATION OF TESTED ENGINE: POWER AND EFFICIENCY
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Fig. 12. Power and thermal efficiency performance of the tested engine for gasoline and syngas.

The engine performance optimization, running on syngas at 3000 rpm, would require modifying
the ignition time from -20 to -45° referred to TDC (see Fig. 13) and changing the CR from 9.3
to 11. In this case, the engine's thermal efficiency could be increased close to 2.7 percentage
points (from 14.2 to 16.9%), and the mechanical power would increase from 5.9 to 6.8 kW (Fig.

13).



SYNGAS: ENGINE OPTIMIZATION AT 3000 rpm
(ignition timing=-45 TDC, compression ratio=11)
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Fig. 13. Engine optimization for syngas (Comparison to engine simulation without modifications).

5.1.3. Torque

Equivalence ratio
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The representation of the torque and mechanical power as a function of the ER is shown in

Fig. 14. The torque is around 10 and 15.3 N-m per cylinder for syngas and gasoline,

respectively, and the maximum torque was obtained for ER ranged from 1 to 1.1. According

to manufacturer specifications [47] and real power measured in the experimental tests with

gasoline (in point 5.2), maximum torque at 3,000 rpm should be about 16.1 N-m per cylinder,

which is in accordance with simulation results of 16.6 N-m per cylinder.

Thermal efficiency (%)



SIMULATION OF TESTED ENGINE: POWER AND TORQUE
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Fig. 14 Power and torque for the tested engine with gasoline and syngas

5.1.4. Emissions

NOx emissions due to gasoline and syngas combustion were obtained from simulations. As
syngas flame speed and the adiabatic temperature is lower working on syngas than gasoline, it
is also expected lower NOx emission for syngas combustion. In Fig. 15, simulations with the
tested engine's data (at 3000 rpm and ignition timing, -20° referred to TDC position) concludes
that NOx emissions are reduced drastically to values lower than 10 ppm. In previous works [19],
NOx measurements for syngas in a small spark-ignition engine (10 kW) were in the range of
20-30 ppm for syngas with an LHV of 6.47 MJ/Nm® and methane content of 5.5%V.
Considering that tested syngas in this work has lower LHV and methane content is much lower,
simulation results are reasonable. On the other hand, considering that the gasoline flame
temperature is greater than syngas flame temperature, the NOyx production is smaller when

syngas is used as a fuel (see section 5.1.1). NOx emissions simulation results were also



compared with previous works for small spark-ignition gasoline engines [71], and NOx

emissions were in the range of 700 to 1000 ppm, consistent with simulation results.
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Fig. 15. Comparison of NOx emissions for the ICE working on gasoline and syngas (logarithmic scale).

5.1.5. Crank angle vs. pressure

The cylinder pressure as a function of the crank angle has also been obtained from the
simulations for the ignition time of the ICE under study (-20° referred to TDC position; see Fig.
16). The maximum operating pressures are 3.6 and 4.7 MPa, for gasoline and syngas, reaching
such values at 15 and 21° after TDC. These values are in the range of such obtained in previous
works [15,65,66]. When running on gasoline, the ICE reaches greater pressure levels than

syngas operation, increasing work and power.
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Fig. 16 Evolution of the cylinder pressure as a function of the crank angle

5.2.Experimental results

5.2.1. Efficiency and Electrical power

The conversion efficiency from fuel to electricity of the genset running on gasoline and
syngas at different load points are shown in Fig. 17. The overall efficiency of the genset (syngas
to electricity) running on gasoline is over 13.7 %, while in the case of the syngas, the efficiency
is around 10.5 %. Comparing both fuels at the maximum power reached, the reduction of
efficiency was 3.2 percentual points. This reduction can be attributed to the lower adiabatic
flame temperature, the slower flame velocity of the syngas, and the non-optimal ignition timing.
According to simulations, the ignition timing advance and higher compression ratio would
significantly increase efficiency (see 4.1.2). The tested engine CR is 9.3:1; this value is usual
for engines running on gasoline, but syngas can work in an engine with a compression ratio of
11:1 [31,75]. According to simulations carried out, increasing CR to 11:1, reducing the rpm to

1500, and improving the ignition timing, the thermal efficiency would increase from 14.2% to



17.5%. Still, mechanical power would reduce from 6 to 3.5 kW. Additionally, according to
Equation (2), the air/syngas mixture's energy content is two-thirds of the energy content in the
air/gasoline mixture. As the power derating is attributed mainly to the syngas lower LHV of

mixture air/fuel [10], a power reduction of 30-35% can be expected.
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Fig. 17. Overall electrical efficiency of the gasoline engine and syngas engine as a function of the load.

The comparison of the electrical power data for gasoline and syngas is represented in Fig.
18. The maximum electric power reached is higher when the genset runs on gasoline. This
value was 6.8 kWe in the test carried out using gasoline, whereas it reached 4.7 kWe when
syngas was used. This reduction is mainly produced because of the lower LHV content in the
syngas-air mixture compared to the gasoline-air mixture. Besides, in the engine fuelled by
syngas, it is observed that for loads bigger than 4.7 kWe, the engine is not able to feed the power
demand. It is deduced that the use of syngas reduces the electrical power output by around
30.8% compared to the same genset running on gasoline. This result corresponds with the

simulation results previously explained in 5.1.2, where the power reduction reached 31.5%



(From 6.7 to 4.6, taking into account the generator efficiency of 79.5% and the motor-generator

coupling efficiency of 97%) with the results obtained for other authors [66,68,76].
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Fig. 18. Electric power evolution for time intervals.

5.2.2. Power quality

The voltage and frequency are represented as a function of the power, as shown in
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Fig. 19. When the load increases, the voltage of the generator decreases. The generator's
nominal voltage is 230 V. Still, at the low load point, the voltage is regulated to 240 - 250 V.
Nevertheless, at the maximum electrical power (6.8 kWe for gasoline and 4.7 kWe for syngas),
the voltage drops to 215V. The frequency has been represented as a function of the power, as
shown in Fig. 20. As with the voltage, when the load power demand increases, the generator's
speed decreases and, consequently, its output frequency. The generator's nominal frequency is
50 Hz, but at low load power demand, the frequency reaches its maximum at 52 Hz for gasoline
and 51 Hz for Syngas. Nevertheless, the frequency reaches a minimum of 49 Hz for gasoline

and 47 Hz for Syngas (at maximum electric power).
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Fig. 19. Behavior of the voltage as a function of the power output.
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Fig. 20. Behavior of the frequency as a function of the power output.

Since the voltage and frequency behavior is similar when the ICE is running on gasoline or
syngas, it can be said that independently of the fuel used, the generator and its regulatory
system's characteristics play an essential role in the voltage and frequency quality. Then it
depends on the genset voltage and frequency regulation system. Nevertheless, even though the
voltage and frequency behavior, the dispersion is more significant when syngas is used. This
effect is provoked by the small fluctuations in the LHV and flow of syngas produced by the
gasifier.

6. Conclusion and discussion

A comparative study of a genset using gasoline and syngas has been carried out. Through
simulation in CHEMKIN- PRO, it was possible to compare for both fuels, laminar flame
velocity, adiabatic flame temperature, mechanical power, thermal efficiency, torque, emissions,
and pressure as a function of the crank angle and ER. On the other hand, through the

experimental test, electrical power and efficiency were analyzed and compared with the



simulations for both fuels. The tests developed show that, technically, converting a gasoline
engine to a 100% syngas engine through cheap and straightforward modifications in the inlet

manifold but with significant efficiency and power reduction.

According to simulations, at rated operating conditions of the ICE, the mechanical power
reduction working on syngas instead of gasoline is close to 31,4% (from 8.6 to 5.9 kW). The
thermal efficiency would reduce by 3.5 percentual points (from 17.7 to 14.2%). Considering
the alternator efficiency at rated power is 79.5% (data from the manufacturer), and the shaft
coupling system's efficiency is close to 98%, the experimental test's conclusions are similar.
The experimental test results show that the electrical power output for gasoline operation at
rated conditions is 6.8 kW, whereas the syngas mode operation is 4.7 KW (power reduction
close to 30.8%). When gasoline is used, 13.7 % of electrical efficiency is reached, whereas if
the ICE runs on syngas, the electrical efficiency achieved is 10.5 %. The reduction in electrical
efficiency is about 3.2 percentual points. Factors such as lower adiabatic flame temperature,
the lower flame velocity of syngas, and non-optimal ignition time strongly influence the
efficiency, which is smaller for syngas. It would be possible to increase the efficiency and the
power output by modifying the CR and the ignition time angle. Still, it would require significant
modification of the genset design that could make the project unfeasible. According to
performed simulations for the syngas fuelled engine, increasing the CR to 11, reducing the rpm
to 1500, and advancing the ignition time to 30° referred to TDC would increase the thermal

efficiency from 14.2% to 17.5%, but the mechanical power would reduce from 6 to 3.4 kW.

Finally, it can be noticed that as the load power demand increases, the voltage and the
frequency of the generator decreases. Since this behavior is similar for both fuels, it can be
concluded that independently of the fuel used, the generator and its regulatory system's

characteristics play an essential role in the voltage and frequency quality. Then it depends on



the genset voltage and frequency regulation system. Nevertheless, even though the voltage and
frequency behavior, the dispersion is more significant when syngas is used. This effect is

provoked by the small fluctuations in the LHV and flow of syngas produced by the gasifier.
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8. Annex |

Table 11. Previous works analyzing the syngas use in an internal combustion engine
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