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ARTICLE INFO ABSTRACT

Keywords: The first step to achieving an energy transition is partially substituting fossil fuels with other more
Combustion engine environmentally friendly alternatives, such as hydrogen gas. The current research aims to eval-
Duall uate the influence of hydrogen in a diesel generator fueled with rice bran biodiesel. The above
Fu(? . encourages the use of hydrogen and biodiesel production from residual raw material. For the
Efficiency . . . e

Emissions development of the research, a diesel engine bench was used, which operated in five load con-
Hydrogen ditions: 20 %, 40 %, 60 %, 80 %, and 100 %, and was fed with three fuels: —100 %, RB-10 %, and

Rice bran RB-10 % + H2(30 %). The results show that the mixture RB-10 % + Hy(30 %) causes a 3.14 %
reduction in BSFC and a 3.26 % increase in energy conversion efficiency. In addition, it is
observed that a 9.90 %, 12.57 %, and 10.99 % decrease in HC, CO, and smoke opacity emissions
compared to pure diesel. On the other hand, the mixture RB-10 % + H2(30 %) reduces by 4.44 %,
5.07 %, and 7.06 % the environmental, social, and ecological impact due to CO3, HC, and CO
emissions, as well as a 3.93 % reduction in engine operating cost compared to RB-10 % biodiesel.
In general, hydrogen injection is a promising alternative to promote the use of rice bran biodiesel
due to its increased performance characteristics and reduced pollutant emissions without the need
to modify the engine.

Nomenclature
ICE Internal combustion engine [—]
cO Carbon monoxide [g/kWh]
CcO2 Carbon dioxide [g/kWh]
NO Nitric oxide [—]
NO2 Nitrogen dioxide [—]
NOx Nitrogen oxides [g/kWh]
HC Hydrocarbons [g/kWh]
RB Rice bran biodiesel [—]
HEF Hydrogen energy fraction [%]
m Fuel mass flow [g/s]
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(continued)
LHV lower heating value [MJ/kg]
u(x) Uncertainty
HRR Heat release rates [J/°]
Quw Heat loss through [J]
Mpp Blow-by flow rate [g/s]
cy Specific heat (constant volume) [J/(kg K)]
R Exhaust gas constant [J/K mol)]
my Fuel injected rate [g/s]
v Instantaneous cylinder volume [m®]
P Pressure [bar]
T Temperature [K]
u Internal energy [J]
Ry iny Enthalpy [J]
Ap Gap area [m?]
k Ratio of specific heat capacities [J/(kg K)]
Pe Crankcase pressure [bar]
Chp Discharge coefficient [—]
T Volumetric compression ratio [—]
Ly Connecting rod length [m]
A Crankshaft length [m]
E; Elastic modulus [Pa]
m; Inertial mass [m]
kq Mechanical deformation [—]
a, Piston acceleration [mz/s]
R, Piston vertical position [m]
Ay Piston area [mz]
A Total heat loss surface [J]
T, Cylinder wall temperature [T]
h Heat transfer coefficient [J/(m? K)]
E; Energy [J]
BSFC Brake specific fuel consumption [g/kWh]
BTE Brake thermal efficiency [%]
ESC; Environmental and social impact cost [USD/kWh]
EC; Ecological cost [USD/kWh]
Cw Cost of useful work [USD/kWh]
Cy Cost of exergy loss [USD/kWh]
Cuet Price of the fuel [USD/J]
% Engine cost [USD]
ef Capital factor of the investment [—]
t Operating time per year [h]
Mg Engine maintenance factor [—]
n Engine lifetime [year]

Greek symbols
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@

14

¢
Subscripts
1

4

i

exh

Interest rate [—]

Rotational speed

Crankshaft angle

Exergy

Torque

Factor exergy

Density

price of fuel per cubic meter

Liquid fuel
Gaseous fuel
Input
Exhaust gases

1. Introduction

One of the main concerns of the last decade is the depletion of fossil resources and the continuous increase of polluting emissions,
which cause global warming and climate change [1]. This situation has promoted the constant search for renewable, ecological, and
sustainable fuel sources [2]. Currently, internal combustion engines (ICE) are used in many activities in the agricultural, industrial, and
transportation sectors [3]. The main fuel used is diesel, which is derived from petroleum products and is therefore harmful to the
environment [4]. To solve this problem, alternative such as biodiesel and hydrogen have been proposed to replace or partially sub-
stitute petroleum products [5]. Studies indicate that biodiesel is possibly the most viable option to reduce the environmental impact of

ICEs because it does not require modifications for its implementation [6].

Biodiesel has several advantages that motivate its use in internal combustion engines. The first is its environmental friendliness due
to its degradability and non-toxicity characteristics [7]. The second advantage is its ability to be produced with many raw materials,
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such as animal fats and vegetable oils, making it a sustainable fuel. Finally, the physicochemical properties of biodiesel are very similar
to pure diesel, and it can be mixed directly with diesel without significant modifications in the injection and fuel supply system [8].
Feedstock sources for biodiesel production include using seeds such as palm, sunflower, peanut, soybean, rapeseed, cottonseed, and
rice bran [9]. Among the options available for biodiesel production, rice bran stands out for its easy accessibility, non-toxicity, natural
availability, and sustainability [10]. Despite the advantages of biodiesel, it presents several drawbacks due to high viscosity and
density, which cause less efficient fuel pulverization. Additionally, biodiesel has a lower calorific value than pure diesel [11]. These
characteristics discourage the use of this alternative fuel.

In recent years, hydrogen has gained high interest for its great potential to achieve an energy transition due to the absence of carbon
in its nuclear structure. This makes it a promising fuel for reducing greenhouse gas emissions. In addition, hydrogen is characterized by
its high diffusivity, flame speed, and high calorific value. However, hydrogen cannot be used directly in diesel engines. This limitation
is associated with the lower ignition energy of hydrogen, which is lower than fuels derived from petroleum. This can lead to spon-
taneous ignition of hydrogen before the compression stage, resulting in abnormal phenomena during combustion that affect the safety
and performance of the engine [12]. Dual fuel mode is the best way to use hydrogen in internal combustion engines. This involves the
injection of the gaseous fuel (hydrogen) through the intake air manifold, which is then burned in the cylinder chamber together with
the liquid fuel (pure diesel or biodiesel) [13].

In the literature, several studies have analyzed the effect of hydrogen injection on engines fueled with biodiesel from different
feedstocks [10]. Gnanamoorthi and Vimalananth [14] studied the influence of hydrogen in a direct-injection diesel engine. The
conclusions obtained indicate that adding a volumetric flow of 30 lpm causes a decrease in exhaust emissions and an improvement in
efficiency. Jamrozik et al. [15] evaluated an engine’s stability, emissions, and performance with hydrogen injection. The results show
that adding hydrogen with an energy fraction of 25 % does not cause problems in the stability of the engine. Mejia et al. [16]
implemented mathematical correlations to estimate CO, CO,, NO, NO, and NOx emissions in a diesel engine fueled with different
blends of African palm oil biodiesel: B5 and B10. A process to help with engine calibration and optimization is obtained from the maps
developed.

Mendoza et al. [17] studied the influence of hydroxy with biodiesel produced from microalgae and Karanja. The results show that
the addition of hydroxy is a promising alternative to reduce pollutant emissions and improve engine efficiency. Forero et al. [18]
evaluated a low-displacement diesel engine fueled with hydroxy gas and biodiesel from palm oil residues. The conclusions indicate a
9.39 % and 11.02 % decrease in smoke and hydrocarbon opacity.

Loganathan et al. [19] used mixtures of diesel and hydrogen in an internal combustion engine. The trends obtained indicate a
decrease in CO and HC emissions. Akar et al. [20] tested different hydrogen flow rates with biodiesel mixtures in an IC engine. The
research shows a 62.5 % decrease in CO emissions. Additionally, a slight increase in efficiency and a 1.66 % reduction in diesel fuel
consumption were obtained. Kuntang et al. [21] investigated different hydrogen flows (2.5, 5, 7.5, and 10 lpm) mixed with palm oil
biodiesel. The results indicated a 27.38 % increase in thermal efficiency and a 47.61 % decrease in specific fuel consumption compared
to biodiesel. Zhang et al. [22] studied 10 %, 20 %, and 30 % biodiesel mixtures with a hydrogen volumetric flow rate of 10 Ipm. The
addition of biodiesel and hydrogen in diesel reduced carbon dioxide, hydrocarbons, nitrogen oxides, and carbon monoxide emissions.
Ravikumar [23] investigated the use of sapote seeds for biodiesel production running on a mixture of hydrogen gas (3 and 6 lpm). The
trends obtained indicate an increase in cylinder pressure of 17.26 % and heat release rate of 43.91 %. Additionally, a reduction of
18.61 %, 49.68 %, 63.01 %, and 23.24 % in carbon dioxide, carbon monoxide, hydrocarbon, and smoke opacity emissions were re-
ported. Tan et al. [24] analyzed the emission, performance, and combustion characteristics of a marine engine fueled with rapeseed
methyl ester, water, and hydrogen with 5 %, 10 % and 15 % energy fraction. The research demonstrates that water and hydrogen allow
for improved combustion characteristics and emissions of the marine engine. Mohite et al. [25] studied the improvement of emissions
and performance of a dual-fuel (biodiesel - hydrogen) engine using a response surface methodology. A 12.12 % and 36.13 % reduction
in CO and HC emissions was observed.

In Colombia, rice cultivation has a high participation due to its enormous extension of harvested area. Rice is the third largest
agricultural crop, using 13 % of the country’s harvested area. In addition, rice production represents 6 % of agricultural production and
10 % of agricultural activities [26]. Because it is a foodstuff for mass consumption, the industrialization of rice leads to the generation
of a large amount of waste by-products. Two by-products are produced during rice milling: rice peel and rice bran. This residual matter
is equivalent to 25 % and 10 % of the weight of the unpeeled grain [27]. Rice by-products can negatively affect the environment. The
high availability of rice bran in Colombia makes it a low-cost raw material, making it an attractive product to use in biodiesel
production.

The rice industry in Colombia produces approximately 400,000 tons of rice bran waste, of which 15 % is used as fuel material
during the rice drying process [28]. The remaining percentage is incinerated and dumped into the environment. Rice bran residues
increase operational costs due to transporting them to incineration centers. Additionally, this waste is characterized by a low natural
degradability, making it prone to accumulating in the environment causing extreme pollution, especially in water sources. When rice
bran is incinerated in the open air, it causes an adverse alteration of the soil’s physical, chemical, and biological conditions. In addition,
the emissions generated can cause respiratory diseases.

On the other hand, rice bran contains a high silica content, resulting in decreased digestibility. This limits the use of this product in
the food processing field. The few alternatives for using rice bran encourage the country’s producers and millers to use incineration
techniques in open fields. Therefore, it is necessary to propose projects that promote using this raw material to reduce its environ-
mental impact and improve the country’s economic sector.

Studies described in the literature indicate that hydrogen can improve the characteristics of biofuels from various feedstocks. These
include improvements in thermal efficiency and engine fuel consumption. As well as reductions in carbon dioxide, hydrocarbon, and



R. Laguado-Ramirez et al. Heliyon 10 (2024) 32109

carbon monoxide emissions [29]. The influence of hydrogen in biofuel depends mainly on the chemical composition of the feedstock
used. The literature shows that little research has been carried out with this feedstock in the case of mixtures of rice bran biodiesel and
hydrogen. Additionally, the studies conducted are focused only on performance parameters such as BTE and BSFC and emission
characteristics such as CO, CO2, HC, and smoke opacity [30,31]. Other key factors, such as combustion characteristics, thermodynamic
balances, operational costs, and social and environmental impact, have not been discussed in the literature.

In the present study, an analysis of the use of rice bran to produce biodiesel and its behavior when used in dual fuel with hydrogen is
carried out. A diesel engine generator bank was used for the research development, and five load conditions were established: 20 %, 40
%, 60 %, 80 %, and 100 %. The engine was fueled with three types of fuels: pure diesel (D-100 %), rice bran biodiesel (RB-10 %), and
biodiesel-hydrogen mixture (RB-10 % -+ H(30 %)). The analysis will be focused on evaluating the performance parameters, energy
and exergy balance, emission levels, and influence on the engine’s operating costs. In this way, we encourage using rice bran produced
in Colombia to prepare biodiesel, which can later be used in the country’s transportation sector. With the development of this research,
an innovative solution is proposed for the use of rice bran waste material from rice mills in Colombia, which has not been evaluated
before. In this way, it seeks to reduce environmental pollution and the adverse effects on human health caused by the poor man-
agement of rice bran waste. Additionally, this contributes to the literature with research focused on deepening the influence of
hydrogen in rice bran biodiesel through analyses involving combustion characteristics, thermodynamic balances, operational costs,
and social and environmental impact.

2. Fuel properties

A two-stage transesterification process obtained rice bran bio-oil. During the first step, catalyzed transesterification is performed,
adding crude rice bran oil to a conical flask. This oil was subjected to a preheating process for 30 min at a temperature of 60 °C. In the
second step, an amount of alcohol (methanol) and a catalyst (sulfuric acid) were added to the preheated oil. The mixture obtained was
stirred at constant speed for 60 min and maintained at a temperature of 60 °C through a water bath. In the third step, the Impurities in
the mixture were removed using a separating funnel. During the fourth step, the obtained oil is heated to a temperature of 60 °C and
mixed with alcohol (methanol) and base catalyst (potassium hydroxide). The mixture obtained underwent a stirring process at a
constant speed for 60 min and maintained a temperature of 60 °C. In the fifth step, the settled glycerol was separated and removed from
the mixture through a separating funnel. Finally, in the sixth step, the rice bran bio-oil was purified by washing and drying to eliminate
water, methanol, and potassium hydroxide challenges. The product obtained was used to prepare a blend of rice bran biodiesel
identified as RB-10 % (90 % diesel and 10 % rice bran bio-oil). The engine used for the experimental tests was also fueled with pure
diesel (D-100 %) and hydrogen gas (Hy). The physicochemical characteristics of the fuels used are shown in Table 1.

3. Experimental methodology

The experimental test engine configuration is indicated in Fig. 1. A single-cylinder, 4-stroke, direct injection, naturally aspirated
diesel engine was used in the present investigation.

In the test bench, a liquid fuel feeding system with measurement and a hydrogen feeding system is available, along with its security
system (flame arrester) and filtering. The engine receives load from a resistive load bank.

Table 2 shows the technical specifications of the engine. Hydrogen was added to the engine through the air intake pipe. A pressure
regulator and a volumetric flow meter were used to control hydrogen gas’s injection pressure and flow rate. The addition of hydrogen
gas was determined using an energy fraction of 30 %, calculated by equation (1).

My x LHV,
(mg x LHVy) + (my x LHV;)

HEF = 1)

where LHV is the lower heating value. The subscripts [ and g refer to liquid fuel (diesel or biodiesel) and gaseous fuel (gas hydrogen)
[30,31]. As safety measures, a flame arrester and a silica gel filter were installed to prevent flame backflow and protect the hydrogen
storage tank. The engine is operated at a constant rotation speed of 3600 rpm, and five load conditions (20 %, 40 %, 60 %, 80 %, and
100 %). In each experimental test a time of 10 min was set to ensure a steady state condition. Additionally, an average reading was used
by repeating each test three times.

The engine’s speed was measured by a crank angle sensor (Beck Arnley 180-0420). A mass flow sensor (BOSCH 22680 7J600) was
used to determine the intake airflow. The pressure in the cylinder chamber was determined using a piezoelectric transducer (KISTLER
type 7063-A). Fuel consumption was calculated using a stopwatch and a precision balance (OHAUS PA313). The operational

Table 1
Physicochemical properties of rice bran biodiesel, diesel, and hydrogen.
Property Unit Value
Diesel (D-100 %) Rice bran biodiesel (RB-10 %) Hydrogen (Hy)
Density kgm3 850 853 0.08376
Kinematic viscosity mm? s~ 3.12 3.46 [-1
Flash point °C 76 90 -]
Lower heating value MJ kg! 42.3 41.7 120.21
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Fig. 1. (a) Schematic experimental configuration, and (b) diesel engine test bench.

Table 2

Specifications of the experimental test engine.
Engine parameter Specifications
Engine type SOKAN - MDF300
Number of cylinders 1
Bore [mm] 78
Number of cycles Four - stroke
Stroke [mm] 63
Intake system Naturally aspirated
Cooling type Air-cooled
Injection system Direct injection
Volume [cc] 300

temperature of the engine was measured using K-type thermocouples. Two exhaust gas analyzers (PCA® 400 and Brain Bee AGS-688)
and an opacimeter (Brain Bee OPA-100) were used to measure emission levels. The technical characteristics of the instruments are
shown in Table 3.

Experimental test measurements are subject to uncertainty due to instrument calibration, human error, and environmental con-
ditions. All these factors cause an error in the measurement. To ensure the measurements’ reliability, the uncertainty was calculated
using the type A evaluation, which is based on a statistical analysis of a series of observations. The experimental uncertainty (u) of an
average value was calculated using equation (2).

(2

where n is the number of measurements of a variable (n = 3). X is the average of a series n of measurements, which is resolved by
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Table 3

Measurement range and uncertainty of the measuring instruments.
Variable Unit Measuring instrument Range Uncertainty (%)

Max. Min

Intake air mass flow g/s BOSCH 22680 7J600 0 125 +1.2
NOx ppm PCA® 400 0 3000 +1.1
Temperature °C Thermocouple Type K —200 1370 +0.5
rpm RPM Beck Arnley 180 0420 5 9999 +0.5
Mass g OHAUS PA313 0 310 +0.6
Pressure bar Piezoelectric transducer 0 250 +0.5
HC ppm Brain Bee AGS 688 0 20 +1.0
co vol% 0 10 +0.5
CO, vol% 0 20 +1.0
Smoke opacity % Brain Bee OPA 100 0 99.9 +1.2

equation (3).

=Y 3

The value of the measurement, considering its uncertainty, is represented in equation (4).
y=XEuy )

Combined uncertainty was used in the case of variables that depend on more than one measurement, which allows for the com-
bination of all uncertainty components [32]. Table 4 shows the calculation of combined uncertainty for the main variables analyzed in
the research.

4. Results and discussion
4.1. Analysis of combustion characteristics

A model was developed to observe changes in heat release rates in order to investigate the combustion process. The engine
combustion chamber was treated as an open system [33,34]. The model formulation incorporated several considerations: (1) main-
taining a constant pressure inside the combustion chamber, justified by the significantly slower fluid and combustion flame propa-
gation velocities compared to the velocity of sound [35], (2) modeling the gases inside the chamber as ideal gases [36], (3) accounting
for the specific heat of the gases based solely on chemical composition and temperature, (4) stoichiometric calculation of the com-
bustion products [37], (5) determining thermodynamic properties using the average combustion chamber temperature, (6) incor-
porating heat transfer through the deformations of the piston mechanism and cylinder walls, and (7) determining heat transfer
coefficients through Woschni correlations [38]. Equation (5) illustrates the combustion model derived from the principles of the first
law of thermodynamics [39].

Table 4
Calculation of combined uncertainty.
Variable Nomenclature Unit Combined uncertainty
Shaft energy E, kw B £\ 2 £\ 2
Ug) = Uy x| (w1
Fuel consumption Mfel g/s - 2 - 2
u = Uy % ) (o T
(et ) ) ™ Ty () mg
Brake specific fuel consumption BSFC g/kWh BSFC\ 2 BSFC\ 2 BSFC\
Upsrc) = (”(w) 0 ) + <“<r> X ) + <”(m) x ,ﬁﬁ‘el)
Brake thermal efficiency BTE % BTE\ 2 BTE\ 2 BTE\ 2
UprE) = (u(l,,) X P ) + (H(D X T + (u(mfm X mfﬂé[)
Carbon dioxids CO: Wh
arbon dioxide 2 g/k . _ Ucon 2+ U\
(CO2) C0, E,
Hydrocarbons HC g/kWh . _ (U(Hc))2 R U 2
o) HC E
Nitrogen oxides NOy g/kWh B Unow) 2 N ) 2
(NOx) NO, i,
Carbon monoxide co g/kWh o2 U\ 2
uo =/ (ge) *+ (%
s
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dQ, . dmy  dT iy dv
HRR=——+RT——+ mccV@ — (hf(l),iny — u) W +pE

7] do ®

where Q,, is the heat loss, my, is the blow-by flow rate, c, is the specific heat at constant volume, R is the exhaust gas constant, i is the
fuel injected rate, V is the instantaneous cylinder volume, p is the instantaneous cylinder pressure, T is the temperature, 0 is the
crankshaft angle, m, is the amount of gas in the cylinder, u is the internal energy, and hy ), is the enthalpy of the fuel injected,
respectively.

The blow-by flow rate (my,) was represented as a compressible flow process, as shown in equation (6) [40,41].

k+1 _k_
cb,,A,pkl/2 ( 2 )2(1«1) Pe _ < 2 )k—l
. VRT k+1 'p T \k+1
My, = (6)

2 KL K
2k Pc k Pc k P > 2 k-1
k—1\\p p 'p k+1
where A, is the gap area, k is the ratio of specific heat capacities, p. is the crankcase pressure and cy, is the discharge coefficient,
respectively. The instantaneous cylinder volume (V) is determined using equation (7).

2 : 2 Ky (pAy + m,
VZ%(rziCl)+£(lc+lb—Rp)+£7“(p ARL) @

4 4 E;

where r; is the volumetric compression ratio, [, is the connecting rod length, [ is the crankshaft length, E; is the elastic modulus, m; is
the inertial mass, kq is the mechanical deformation, a, is the piston acceleration, R, is the vertical position of the piston, and A, is the
piston area, respectively. The heat loss through the combustion chamber walls (Q,) was calculated by equation (8).

Qu =hxAg x (T - Tw) 8

where A; is the total heat loss surface, T,, is the cylinder wall temperature, and h is the heat transfer coefficient, respectively. Equations
(9) and (10) were used to calculate the temperature (T) and rate of temperature change (dT /d6) inside the combustor.

pvV
T=
m.R (C)]
dQ, _ dnm

do m.c,

Fig. 2 shows the variation of cylinder chamber pressure when the engine is fueled with diesel (D-100 %), biodiesel (RB-10 %), and
the biodiesel-hydrogen mixture (RB-10 % + H2(30 %)).

The curves shown in Fig. 2 correspond to a load percentage of 100 %. The results indicate that adding hydrogen causes an increase
in the maximum combustion pressure. The maximum pressure levels reached were 67.30 bar, 62.05 bar, and 64.56 bar for D-100 %,
RB-10 %, and RB-10 % + H(30 %), respectively. Rice bran biodiesel reduces the combustion pressure by 7.80 % due to the lower
calorific value of RB-10 % compared to pure diesel. However, hydrogen presents a calorific value approximately three times higher
than D-100 % fuel. This allows the mixture of biodiesel enriched with hydrogen (RB-10 % + H3(30 %)) to increase the peak pressure by
4 % compared to RB-10 %. Additionally, the hydrogen content causes an increase in flame propagation speed and combustion velocity.
Both result in a faster combustion process, resulting in a higher heat release and, therefore, an increase in cylinder pressure. Similar
studies have observed that adding hydrogen tends to improve the combustion process, evidenced by a higher peak pressure [41].

79

- - = RB-10% + Hx(30%)

63

47

In-cylinder pressure [bar]

31

15
340 350 360 370 380 390 400

Crankshaft angle [°]

Fig. 2. Cylinder pressure variation for different fuels.
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The addition of hydrogen in the engine also significantly impacts the heat release rate, as shown in Fig. 3.

The results obtained indicate that diesel fuel has the highest heat release rate (24.30 J/deg), followed by the mixture RB-10 % +
H2(30 %) (23.39 J/deg) and rice bran biodiesel (21.99 J/deg). The reduction of HHR in rice bran biodiesel is associated with slower
combustion velocity and increased viscosity since the heat release is strongly related to the velocity of the air/fuel mixture [42]. The
heat release rate depends mainly on the fuel’s calorific value and the air-fuel mixture’s homogeneity. These factors are improved with
hydrogen injection in biodiesel due to its higher calorific value, high diffusivity, and hydrogen flame speed. The RB-10 % biodiesel
presents a 9.53 % reduction in the maximum level of heat release rate. However, with the mixture RB-10 % + H2(30 %), an increase of
6.40 % is achieved.

4.2. Energy balance and exergy analysis

The test engine is considered a stationary system with an open control volume to analyze the energy and exergy distribution. The
equations used to determine the energy and exergy parameters are shown in Table 5.

Fig. 4 shows the energy distribution for the different fuels and engine load conditions: shaft energy, exhaust gas energy, and energy
loss.

From the results obtained, it can be observed that the conversion of chemical energy of the fuel to useful energy (mechanical power)
increases as a function of the higher workload of the engine. This result is evident in all the fuels used to feed the engine, which implies
a low energy efficiency for low load conditions. The variation of energy conversion efficiency was 9.64-30.38 %, 9.23-28.52 %, and
9.54-29.98 % for D-100 %, RB-10 % and RB-10 % + H3(30 %), respectively. The calorific value of the fuel has a direct influence on the
energy conversion efficiency of the engine. This causes rice bran biodiesel to present an average reduction of 4.24 % compared to pure
diesel. However, with the help of hydrogen, the mixture RB-10 % + H2(30 %) increases the engine performance by 3.26 % compared to
RB-10 % biodiesel.

Much of the fuel’s chemical energy is converted into energy loss due to heat generated, friction, auxiliary system power, and
combustion inefficiency. This becomes especially significant at low load conditions. For a load percentage of 20 %, a maximum energy
loss of 73.48 %, 72.40 % and 71.04 % is observed with D-100 %, RB-10 % and RB-10 % + H5(30 %) fuel.

In addition, the results show that the exhaust gases have a high percentage of thermal energy, which increases as a function of the
engine load. This is due to higher fuel injection, causing an increase in the exhaust gas temperature. The trends obtained indicate that
RB-10 % and RB-10 % + H2(30 %) fuel causes an average increase of 8.38 % and 14.83 % in the percentage of exhaust gas energy when
compared to pure diesel. This can be attributed to an improvement in combustion homogeneity caused by the contribution of more
oxygen content in rice bran biodiesel and a better air-fuel mixture caused by the velocity of hydrogen flame propagation.

To analyze the exergy distribution of the engine, the percentage of input exergy corresponding to shaft exergy, exhaust gas exergy,
exergy loss, and exergy destruction is analyzed. The results obtained are shown in Fig. 5.

The shaft exergy indicates the percentage of input exergy that was converted into useful work, which allows for determining the
exergy of the engine. This allows determining the exergy efficiency for different fuels and load conditions. The results show that the
exergy efficiency varies between 9.00 and 28.34 %, 8.61 %-26.59 %, and 8.97-28.20 % for D-100 %, RB-10 %, and RB-10 % + H(30
%) fuel. The exergy efficiency levels were, on average, lower than the energy yield described in Fig. 4.

The exergy loss from the engine was approximately equal across all fuel types, with a variation of 4.58-7.03 %. This percentage of
exergy is associated with heat transfer losses, especially due to the convection phenomenon between the engine body and the envi-
ronment. In the case of the exhaust gas exergy, it was observed that it tends to increase with a higher percentage load on the engine due
to the increase in the mass flow of the gases and the combustion temperature. For 100 % load, an exhaust gas exergy percentage of
10.68 %, 11.98 %, and 13.12 % is reported with D-100 %, RB-10 %, and RB-10 % + H2(30 %) fuel. On average, rice bran biodiesel and
the biodiesel-hydrogen mixture cause an increase of 13.55 % and 26.69 % in the percentage of exhaust gas exergy compared to pure
diesel.

Much of the fuel input exergy is converted to exergy destruction, especially at low load conditions. These losses are a consequence
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Fig. 3. Variation of heat release rate for different fuels.
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Table 5
Energy and exergy calculation.

Description Energy Analysis Exergy Analysis

Input fuel energy E; = (my x LHV)) + (mg x LHVy) W = gy(my x LHV}) + g, (g x LHVy)

Exhaust gas energy  Boo =it x Cptoo X (Ten = To) 0 iy e, [(m— T)-T 1n(TEXh>]
ex| exh

T,

Shaft energy - 27w x T . . 27w x T

E =  =E =

3 60 Ws = Es 60

Specific heat Cp T = (1.015580935928 x 10%) + (— 1.512248401853 x 107! x Teyy) + (4.544870294058 x 10~ x T2,) + (— 1.785063817167 x

107 x T3,)
Energy foss EIOSS =B B EeXh ll'/loss = Eloss (1 B %)

s
Exergy destruction  [—] Waest =i — Vs — Wexh — Wioss
Efficiency 2w x T 270 x T
60 60

e = iy x LHV) + (g x LHVg) " = (1t x LHVY) + o (g x LHV)

of numerous internal irreversible processes, which are not directly quantified. For the engine used, an exergy destruction between
55.78 and 81.70 % was observed. Reducing exergy destruction would involve actions such as preheating the intake air, minimizing
friction, improving thermal insulation, and reducing excess air.

4.3. Analysis of performance parameters

The brake specific fuel consumption (BSFC) is a performance parameter that measures the efficient use of fuel to produce useful
work, which was calculated using equation (11).

BSFC =2 3600 an

60

where my, is the fuel flow, o is the engine speed, and T is the torque, respectively. When the engine works in dual fuel mode, an
equivalent fuel flow (Mequ) is used, as shown in equation (12).

iy x LHV,

12
LHV, (12)

mequiv = mfuel = ml +

Fig. 6 shows the variation of BSFC for different fuels and engine load conditions.

The results show that the BSFC tends to decrease with increasing load. This indicates a higher amount of fuel consumption when the
engine is running at low load percentages, which is evidence of poor combustion efficiency under these operating conditions. Although
biodiesel favors complete combustion due to its higher oxygen content, its lower calorific value causes a 5.94 % increase in BSFC
compared to pure diesel. Additionally, the higher density and viscosity of rice bran biodiesel reduces the efficiency of the atomization
process, resulting in more fuel being injected. This implies a higher fuel demand to achieve the same mechanical power output.
However, the mixture RB-10 % + H2(30 %) allows a 3.14 % reduction in BSFC compared to rice bran biodiesel. This result is a
combination of several factors, such as the high calorific value of hydrogen, the high flame speed, and its high flammability. In general,
previous studies indicate a reduction in BSFC by adding hydrogen [43].

The brake thermal efficiency (BTE) of the engine was calculated using equation (13).

2rxwxl

BTE=— 0 x 100 13
(my x LHV,) + (my x LHV,)

Fig. 7 shows the variation of BTE with the different fuel samples and load conditions. BTE tends to increase in relation to the engine
load, which is a consequence of a more efficient combustion process. The maximum BTE was obtained at the highest load percentage
with a value of 30.38 %, 28.52 %, and 29.98 % for D-100 %, RB-10 %, and RB-10 % + H(30 %) fuels, respectively. In general, it is
observed that rice bran biodiesel reduces engine performance because of the lower calorific value and the lower atomization efficiency
of the fuel due to its higher density and viscosity. These negative factors are partially solved with the addition of hydrogen. The mixture
RB-10 % + H2(30 %) causes a 3.26 % increase in BTE compared to RB-10 %.

The addition of hydrogen can minimize combustion problems associated with rice bran biodiesel. The combination of hydrogen
and biodiesel through dual fuel allows for a better air-fuel mixture and a reduction in the amount of unburned fuel. Because the
hydrogen is introduced into the intake manifold, there is sufficient time to achieve a homogeneous mixture. Additionally, the high
diffusivity of hydrogen also favors homogeneity. Observations described in the literature show that hydrogen induction improves the
BTE compared to the base fuel [41].
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Fig. 4. Energy distribution for fuel (a) D-100 %, (b) RB-10 % and (c) RB-10 % + H2(30 %).
4.4. Exhaust gas emissions analysis
Carbon dioxide (CO3) emissions are a consequence of a complete combustion process. The CO; measurements obtained are shown

in Fig. 8.
CO,, emissions tend to increase with a higher percentage of engine load, resulting from increased fuel burn. The results show that

10



R. Laguado-Ramirez et al. Heliyon 10 (2024) 32109

I : Shaft exergy Exhaust gas exergy Exergy destruction Exergy loss

28.34% 10.68% 56.23% 4.75%
100 1
26.73% 8.29% 59.71% 5.27%
40 BIRIE 5 geos T 7
=
ey 21.63% 6.64% 65.84% 5.90%
& s RN X o TR
2 60 ! 2 7 2
o
g
‘B
£ 16.24% ‘5.\?6% i 72.20%
o 2 7 o2
9.00% 2.10% 82.32% 6.58%
o T z RRRRERT 3
0 25 50 75 100
Input exergy fraction [%]
(a)
26.59% - 11.98% ) 56.69% 4.74%
25.75% 9.46% 59.49% 5.29%
§ L
f— 20.74% 7.47% 65.70% 6.08%
& Y T T 7 7 x
= 60 { e
© :
g
g 1571%  6.10%
40 ‘ 5
8.61% 2.41% 81.95% 7.03%
5 ' t 7 T 8 8 8
0 25 50 75 100
Input exergy fraction [%]
(b)
28.20% 13.12% 54.41% 4.26%
100 T : S
26.85%
80
X
= 21.43% 8.47% 63.94% 6.16%
& ; T TR g R
2 60 } e l
5} R ]
=]
‘B
u:j 16.21% 6.89% 70.17%
40
8.97% 2.71% 80.83% 7.49%
20 TR %
0 25 50 75 100

Input exergy fraction [%]

(c)

Fig. 5. Exergy distribution for fuel (a) D-100 %, (b) RB-10 % and (c) RB-10 % + H,(30 %).

rice bran biodiesel causes a 5.58 % increase in CO5 emissions compared to pure diesel. This is because RB-10 % biodiesel favors the
oxidation of the combustion process. The injection of hydrogen into the biodiesel allows for control of the increase in CO5 emissions.
The mixture RB-10 % + H3(30 %) produces a reduction of 3.71 % compared to rice bran biodiesel. This reduction in CO5 emissions is
directly associated with the absence of carbon molecules in the hydrogen. Studies indicate that adding hydrogen is beneficial for
decreasing CO, emissions from engines regardless of the fuel source [44].

Fig. 9 shows the variation of hydrocarbon emissions from the engine resulting from incomplete combustion.
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The results indicate that RB-10 % and RB-10 % + H3(30 %) fuels allow a reduction of 5.12 % and 9.90 % in HC emissions compared
to pure diesel. The higher oxygen content of rice bran biodiesel, the better homogeneity of the air/fuel mixture, and the increase in
combustion temperature are the factors that favor the decrease in HC levels. This is because the increase in temperature promotes

12
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Fig. 9. Variation of HC for different fuels.

oxidation, which reduces the formation of HC emissions. On the other hand, hydrogen does not contain carbon in its chemical
composition, and its presence reduces the cooling zones, which also minimizes HC emissions [45,46].

RB-10 % and RB-10 % + H2(30 %) fuels lead to higher temperature levels inside the combustion chamber, which is a factor favoring
nitrogen oxide (NOx) formations. This trend is shown in Fig. 10 for each of the engine load conditions. On average, an increase of 7.60
% and 14.16 % in NOx emissions was obtained using RB-10 % and RB-10 % -+ H2(30 %) fuels, respectively. Most studies focused on
biodiesel use indicate that NOx emissions are increased because of the excess of oxygen in its molecular structure [47]. The mixture of
hydrogen with biodiesel further enhances NOx formation [48].

Carbon monoxide (CO) emissions occur due to incomplete combustion. Fig. 11 shows the variation of CO emissions for the
experimental test engine.

Increased engine load tends to result in higher CO emissions for all fuels. However, rice bran biodiesel achieves a 6.08 % decrease in
CO emissions when compared to pure diesel. Replacing diesel with rice bran biodiesel reduces CO emissions due to a higher presence of
oxygen atoms in the fuel composition, which promotes complete combustion [49]. The decrease in CO formation becomes more
evident with hydrogen injection into the biodiesel. The results indicate a 12.57 % reduction with RB-10 % + H2(30 %) mixture. This is
a consequence of the higher oxygen content of the biodiesel and the lower percentage of carbon present in the mixture due to the
hydrogen. In general, dual-fuel biodiesel-hydrogen engines promote CO oxidation because of higher flame velocity and elevated
temperature during combustion. Similar results are reported in the literature [50,51].

RB-10 % and RB-10 % + H2(30 %) fuels allow for the reduction of the smoke opacity in the engine exhaust gases, as shown in
Fig. 12. The results show a decrease of 4.50 % and 10.99 % compared to pure diesel. This implies less soot formation, which is an
indication of a more complete combustion in the engine.
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Fig. 10. Variation of NOx for different fuels.
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4.5. Operational cost analysis

The operating cost (C,) was calculated by using the brake specific consumption (BSFC) of the engine, and the operational time (&),
as shown in equation (14).

Cp =BSFC x p; X t, (14)

where p; is the fuel price in units of USD/kg. Fig. 13 depicts the trend of the engine operating cost for different fuels and load
conditions.

The operational cost refers to the economic cost associated with the price and consumption of fuel, establishing a period of 72
months (6 years). The results obtained indicate that the highest costs occur at the lowest load condition of the engine. This is a direct
consequence of the high BSFC and low BTE, which results in high fuel consumption. A maximum cost of 32991 USD/kWh, 34958 USD/
kWh, and 33849 USD/kWh are observed for D-100 %, RB-10 %, and RB-10 % + H3(30 %) fuel, respectively. The operational cost tends
to decrease with increasing engine load, reaching an insignificant change for load percentages higher than 80 %.

Rice bran biodiesel causes a 7.42 % increase in operating cost, associated with a higher burn of the RB-10 % fuel to compensate for
its lower calorific value. However, the addition of hydrogen in biodiesel allows for the minimization of this situation. The results
indicate that the mixture RB-10 % + H2(30 %) allows a 3.93 % reduction in operating costs compared to RB-10 %.

4.6. Environmental, social, and ecological impact analysis

For the analysis of the environmental, social, and ecological impact, the costs associated with emissions of carbon dioxide, hy-
drocarbons, nitrogen oxides, and carbon monoxide are considered using Equations (15) and (16).
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Fig. 13. Variation of operating cost for different fuels: (a) D-100 %, (b) RB-10 %, and (c) RB-10 % + H2(30 %).

ESC; =m; x esc;

EC;=m; x ec;

(15)

1e)

where ESC,; is the environmental and social impact cost, EC; is the ecological cost, m; is the flow of pollutant emissions gases. esc; and ec;
are contants that depend on the type of fuels, whose values are shown in Table 6.

Fig. 14 shows the environmental and social impact cost results obtained for the different load and fuel conditions. The trends
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Table 6
Constant for environmental and social impact cost, and ecological cost.
Emissions gases Unit Constant
Ecological cost Environmental and social impact cost
CO, USD/kg 0.116 0.06
HC USD/kg 3.538 7.21
Cco USD/kg 0.24 3.63
NOx USD/kg 6.36 21.63
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Fig. 14. Environmental and social impact cost for (a) CO, (b), HC (¢) NOx, and (d) CO.

obtained indicate an increase in environmental and social costs in relation to the engine load. This is a consequence of a higher amount
of pollutant emissions in the exhaust gases when the engine operates with a higher mechanical power output. On average, the
environmental and social impact cost of CO2, HC, NOx, and CO emissions tend to increase by 40.46 %, 33.09 %, 41.73 %, and 40.66 %
when the engine load is increased by 20 %. Rice bran biodiesel (RB-10 %) reduces 5.12 % and 6.08 % in the environmental and social
cost of HC and CO emissions compared to pure diesel. However, this type of biodiesel causes an increase of 5.58 % and 7.60 % in the
environmental and social cost of CO, and NOx emissions, respectively. Hydrogen injection reduces the environmental and social cost
of COy, HC, and CO emissions by 4.44 %, 5.07 %, and 7.06 % when comparing the mixture RB-10 % + H3(30 %) with biodiesel,
respectively. Despite the advantages that biodiesel and hydrogen promote, both cause an increase in the environmental and social cost

of NOx emissions.

Fig. 15 shows each fuel type’s ecological costs for CO2, HC, NOx, and CO emissions. The mixture RB-10 % + H3(30 %) reduces the
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ecological cost of CO2, HC, and CO emissions of 0.83 %, 9.90 %, and 12.57 % compared to pure diesel. Additionally, a decrease of 4.44
%, 5.07 %, and 7.06 % was observed when compared to rice bran biodiesel. The pollutant emissions with the highest ecological cost
were NOx, with CO, CO», and HC emissions in second, third, and fourth place, respectively. In general, the addition of hydrogen in rice
bran biodiesel favors the reduction of the ecological cost of CO,, HC, and CO emissions.

4.7. Exergoeconomic analysis

For the economic exergy analysis of the engine, the calculation of the cost of useful work (C,,) and the cost of exergy loss (C, ) are
considered, which were calculated by means of equation (17) and equation (18).

Cw=

. . . ¢ xep x M
(Cfuel X [Wx ~Wexn — Wloss] X 3600) + (%)

Vs

C, = Cfuel X (V’lloss + lj/exh + l/'/dest) % 3600
= s

Vs

a7

18)

where Cy,; is the price of the fuel, ¢ is the engine cost, ¢ is the capital factor of the investment, t, operating time per year, and My is the

engine maintenance factor, respectively. The price of the fuel (Cp,) and capital factor of the investment (e) were calculated using the
following equations:
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Cuet = p x LHV 19
ix(1+1)"
= Y 2
A+ -1 (20

where p is the density of the fuel, ¢ is the price of fuel per cubic meter, n is the engine lifetime, and i is the interest rate. Fig. 16 shows the
trend of the cost of useful work and the cost of exergy loss of the engine running on diesel, rice bran biodiesel, and its mixture with
hydrogen.

The variation of the cost useful work varies from 0.381 to 1.304 USD/kWh, 0.400-1.351 USD/kWh, and 0.374-1.287 USD/kWh for
D-100 %, RB-10 % and RB-10 % + H2(30 %) fuels, respectively. In general, the lower thermal efficiency and lower calorific value of
rice bran biodiesel lead to a 3.18 % increase in the cost of useful work. However, the 30 % hydrogen energy fraction in RB-10 % leads to
a 1.88 % and 4.90 % decrease compared to pure diesel and rice bran biodiesel. This is a direct consequence of the high energy
contribution of hydrogen in RB-10 %.

The higher levels of exhaust gases exergy and exergy loss present in the rice bran biodiesel cause an increase of 5.74 % in the cost of
exergy loss. The maximum values reached were 1.276 USD/kWh, 1.339 USD/kWh, and 1.280 USD/kWh for the D-100 %, RB-10 % and
RB-10 % + H2(30 %) fuels. The mixture of biodiesel and hydrogen allows a 5.08 % reduction in the cost of exergy loss. The decrease is
attributed to reduced exergy loss and exergy destruction when the engine runs on hydrogen.

5. Conclusions
The present research evaluated the combustion characteristics, energy and energy balance, performance parameters, emission

levels, and operating costs of a diesel engine generator fueled with rice bran biodiesel and hydrogen gas. Five load conditions were
considered for the analysis: 20 %, 40 %, 60 %, 80 %, and 100 %, and three types of fuels were used: D-100 %, RB-10 %, and RB-10 % +
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Fig. 16. Exergoeconomic analysis: (a) cost of useful work and (b) cost of exergy loss.
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H(30 %). The main findings of the research are shown below.

1. The analysis of the combustion characteristics shows that rice bran biodiesel (RB-10 %) reduces the maximum pressure and heat
release rate values by 7.80 % and 9.53 % compared to D-100 %. However, with the mixture RB-10 % + H2(30 %), an increase of
4.05 % and 6.40 % is obtained compared to RB-10 % fuel.

2. The injection of hydrogen into rice bran biodiesel allows a 3.26 % increase in BTE. Furthermore, it is shown that the mixture RB-10
% -+ H(30 %) achieves a 3.14 % reduction in BSFC relative to RB-10 %.

3. The additional oxygen provided by the rice bran biodiesel and the higher homogeneity of the air/fuel mixture due to the hydrogen
allows a significant reduction of pollutant emissions from the engine. The results show that the mixture RB-10 % + H2(30 %)
reduces HC, CO, and smoke opacity emissions by 9.90 %, 12.57 %, and 10.99 % compared to pure diesel. In addition, the absence of
carbon in the hydrogen minimizes the formation of CO; emissions in RB-10 % biodiesel.

4. The mixture RB-10 % + H3(30 %) leads to a 3.93 % reduction in the operational cost of the engine, compared to RB-10 % fuel. In
addition, the mixture RB-10 % + H2(30 %) allows a reduction in environmental and social impact cost and ecological cost of 4.44
%, 5.07 %, and 7.06 % for CO2, HC, and CO emissions, to RB-10 % biodiesel. The injection of hydrogen into rice bran biodiesel also
results in a 4.90 % and 5.08 % decrease in the cost of useful work and exergy loss.

In general, hydrogen injection is a promising alternative to promote the use of rice bran biodiesel due to its improved performance
characteristics and reduced pollutant emissions without requiring engine modifications. Research has shown that the proposed
mixture RB-10 % + H2(30 %) performance is considerably similar to pure diesel. Therefore, the analyzed mixture can be used in
various economic activities where the diesel engine is present, such as in the transport, industrial, and agricultural sectors, without
significantly impacting energy efficiency. The high availability of rice bran in Colombia as a raw material makes it possible to obtain
biodiesel at a low economic cost, which favors the reduction of the operational cost of the engine and avoids the presence of waste that
can affect the ecosystem.
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