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Abstract: Biomass-fueled engines are a promising way to reduce the consumption of and dependence
on fossil fuels. To create a working prototype, a detailed study of the thermodynamic cycle was
developed. The dead volume was revealed to be the most limiting parameter for the engine efficiency.
The cycle efficiency is reduced from 51.8% to 30.5% for the given example. The engine needs to be
properly designed to minimize energy losses. In addition, the optimal compression ratio of the cycle
is very low (about 3.5), losing energy in the exhaust gases and contributing to an inefficient engine.
However, using a turbocharger can improve the cycle efficiency, combining the basic cycle with a
Brayton cycle. Moreover, a two-stroke engine design is recommended for biomass-fueled engines. It
allows minimization of the dead volume, is less sensitive to dirt, and avoids gas exchange with the
combustion chamber during scavenging. Finally, the combustion chamber of the initial prototype
was redesigned, based on the aforementioned improvements and allowing the successful start-up of
the engine. This work demonstrates that biomass is a viable alternative to fossil fuels in applications
where internal combustion engines are required.

Keywords: biomass; alternative fuels; combustion engine; decarbonization

1. Introduction

Today our society depends on fossil fuels. Fundamental activities, such as agricul-
ture, transportation, and mining, are powered by internal combustion engines that use
petroleum-based fuels. The replacement of these fuels is a priority: (1) as the latest Intergov-
ernmental Panel on Climate Change (IPCC) report presages, the emission of greenhouse
gases is causing climate change that threatens future society [1]; (2) the location of crude oil
reserves is a source of continuous conflicts [2]; and (3) petroleum is a finite resource that, at
current consumption rates, can be depleted in a few decades [3].

Numerous studies have addressed this issue. One of the most promising methods
is the development of alternative fuels [4-21], which are expected to replace fossil fuels
in the near future. In this method, the required energy is stored in fuel tanks. The stored
energy can be replenished quickly by refueling the machine. In contrast, electric machines
need heavy and bulky batteries because of the low energy density of current batteries [22].
In addition, the electric power supply needed to recharge the batteries may be restricted
to a few hours [23] and require a significant amount of time. Consequently, electrically
powered machines are currently restricted to specific applications [24,25].

But the development of a suitable alternative fuel has proved to be difficult. To date,
most of the research has been only partially successful [4-21]. Additionally, the fuels
obtained are sometimes of very poor quality and problematic in engines [18]. Biomass
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could be a suitable alternative to petroleum-based fuels. As an alternative fuel, biomass
pellets have two main advantages: (1) they are available in large quantities so they can
replace a large amount of the petroleum fuels that are currently used. Biomass is a poorly
used power source [26,27] and has great potential. Specifically, the potential production of
biomass in Spain [28] equals the amount of diesel fuel consumed [29], both measured in
terms of power. In addition, (2) biomass pellets can be safely stored in the machine. This
contrasts with other proposed alternative fuels such as hydrogen [30-32].

However, the use of biomass as a fuel is currently restricted to heating applications.
Biomass boilers are very successful [33], but biomass burns in the solid state and cannot
be used in diesel or spark-ignition engines that use liquid or gas fuels. There have been
attempts to build solid fuel engines (Table 1, Figure 1) which could be fueled by biomass,
but they have been unsuccessful [34-38].

Table 1. Description of the markings in Figure 1.

Marking Description

Cylinder (externally finned for cooling)
Piston
Fuel pellets
Exhaust port
Intake port
Intake duct
Intake check valve
Throttle valve
Grille
Fuel feeder
Ash removal device
Ash chamber
Ash extraction
Combustion chamber register
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Figure 1. Patented engine schematic (patent no. DE000000398997A) [34].

Nevertheless, these engines would allow the acquisition of energy from agricultural
and forestry by-products, which can be found in practically every part of the world. Climate
change, conflicts, and the crude-oil price increase make the development of these engines
very attractive.

However, because biomass resources are limited, engines must be efficient for practical
use. The optimal compression ratio for a biomass-fueled engine is extremely low for current
standards [39,40]. Modern engines are designed to have a compression ratio higher than
10, because higher compression ratios improve engine efficiency. As the compression of an
Otto cycle is adiabatic, gases are heated when compressed. Thus, a higher compression
ratio allows the compressed gases to become warmer before combustion. This raises
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mean combustion (heat absorption) temperature and improves the Carnot factor and cycle
efficiency. The low optimal compression ratio of the cycle of a biomass-fueled engine means
that the efficiency will be much lower than equivalent diesel engines. This could limit the
future applications of biomass-fueled engines.

Fortunately, there is a suitable solution for that problem: to fit a turbocharger to
the engine. This way, intake air can be compressed (and, thus, adiabatically heated)
before entering the cylinder. The mean combustion temperature is increased, thereby
improving cycle efficiency. Furthermore, as in diesel engines, the fuel is not previously
mixed with the intake air. Therefore, there is no detonation risk, and the intake air can be
heavily compressed.

But more important than compressing the intake air is to fully expand the exhaust
gases, taking advantage of their energy. The lower the compression ratio, the lower the
work performed during expansion. With a low compression ratio, most of the available
energy is released by the exhaust gases. When, at the end of the expansion stroke, the
exhaust port is uncovered, some pressure remains in the cylinder. Gases are released almost
instantaneously and accelerated through the exhaust duct. Thus, the pressure energy is
mainly converted into kinetic energy. That energy is wasted in a non-turbocharged engine.
But in a turbocharged engine, part of that energy is taken by the turbine to compress the
intake air.

However, the energy that can be obtained from exhaust gases is greater than the energy
needed to compress the intake air. This is because the exhaust temperature is higher. Even
in turbocharged engines, some energy from exhaust gases is wasted. To avoid this, the
turbocompound technology was developed. Turbocompound engines are fitted with a
second turbine that takes the remnant energy from the exhaust gases and transfers it to the
crankshaft. Most of the current turbocompound engines are diesel engines. Diesel engines
have a high compression ratio. Therefore, a lot of work is performed during the expansion
stroke, and very little energy is released in the exhaust gases. As a result, in diesel engines,
turbocompound technology slightly improves engine efficiency [41]. In contrast, due to
their low compression ratio, turbocompound technology can significantly improve the
efficiency of biomass-fueled engines.

This article has the following objectives: (1) to define the concept of ‘dead volume’ and
quantify its impact on engine performance; (2) find out the optimal compression ratio value
for biomass-fueled engines; (3) establish other principles for engine design; (4) quantify
how much the turbocompound technology can improve engine efficiency; (5) estimate if
the biomass resources are abundant enough to replace currently used petroleum-based
fuels; and (6) make a design proposal for a combustion chamber suitable for biomass-fueled
internal combustion engines.

2. Methodology
2.1. First Prototype

The aim of this research is to demonstrate the feasibility of using biomass as an
alternative to fossil fuels for use in internal combustion engines. Thus, an engine prototype
was manufactured from a diesel engine. Standard biomass pellets [42] were selected as
fuel because of their widespread availability. The combustion chamber and fuel feeder
dimensions must be significantly greater than the biomass pellet length. Otherwise, the
fuel feeder may become clogged, preventing the fuel from reaching the bottom of the
combustion chamber and thus stopping the engine. Consequently, the largest displacement
single-cylinder engine (Figure 2a) was selected: the Lombardini LDA 820 (Lombardini Srl,
Reggio Emilia, Italy). Its basic technical specifications are shown in Table 2.

The engine runs on a four-stroke cycle; therefore, gas exchange is carried out through
poppet valves located at the engine head. To save funding, the manufacture of a new
four-stroke engine head was discarded. Instead, the cylinder was modified to create a two-
stroke engine; thus, the gas exchange ports were opened in the cylinder wall. A vacuum
cleaner motor was used for performing the cylinder scavenging (Figure 2b). The engine



Energies 2024, 17, 1700 4 0f22

was relocated to achieve a nearly horizontal cylinder engine. Thus, a new oil pan was fitted
and the oil suction pipe was extended (Figure 3).

(b)

Figure 2. (a) Base engine fitted in the tractor; (b) engine with the modified cylinder and piston. The
blower with the air filter is placed at the top right.

Table 2. Lombardini LDA 820 technical specifications [40].

Bore 102 mm
Stroke 100 mm
Displacement 817 cm?®
Compression ratio 17:1
Cooling Air cooled (ducted fan)

Lubrication Pressure lubrication, gear pump, wet sump
Max. engine speed 2600 rpm

Peak power 13 kW @ 2600 rpm

Peak torque 48 Nm @ 1600 rpm

Figure 3. (a) Extended oil suction pipe; (b) oil pan fitted to the relocated engine.
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With a horizontal cylinder, the exhaust port can point downward to evacuate ash
and other particles from the cylinder as quickly as possible. Furthermore, the piston was
modified by removing the combustion chamber and placing an aluminum cap. Thus, a
flat-head piston was achieved (Figure 2b). Additionally, minor changes were made to the
engine. For example, the oil slip ring was removed. Subsequently, a simple, disk-shaped
combustion chamber was attached as a cylinder head chamber (Figure 4a). A diesel engine
glow plug (Figure 4a) and an air injector (Figure 5) were fitted for cold starting. A large
ceramic grille was fitted to keep the fuel in the combustion chamber (Figure 4b). Finally,
a basic fuel feeder was attached to the top of it (Figure 5) and a drain plug was fitted to
the bottom.

@) (b)

Figure 4. (a) First prototype’s combustion chamber; (b) engine grille.

AVa

Figure 5. First prototype engine finished.

But the first prototype did not start. As the available grille was quite thick, it was
suspected that some of the air remained in the grille holes after the compression stage
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instead of entering the combustion chamber. Fortunately, this fact can be simulated in the
thermodynamic cycle [39]. Thus, the concept of ‘dead volume’” was developed (Figure 6).

NON-FUNCTIONAL

PROTOTYPE
Thermodynamic | = Dead volume
cycle study definition

Dead volume

impact
evaluation
| |
- : Combustion Need for a two-
Engine efficiency : :
é chamber design stroke engine
improvement 8
proposal design
FUNCTIONAL
PROTOTYPE

Figure 6. Process followed to achieve the functional prototype.

Figure 6 shows the process followed to achieve a functional prototype. After the dead
volume impact was established, the combustion chamber was redesigned to minimize it.

2.2. The Dead Volume
2.2.1. Dead Volume Definition

The thermodynamic cycle of a biomass-fueled engine [39] was defined as being carried
out in an ideal engine. In this case, all the gases present in the cylinder fully entered the
combustion chamber at the end of the compression stroke. However, a gap between the
cylinder head and the piston is necessary when the piston reaches the top dead center
(TDC). Otherwise, the piston would collide with it, damaging the engine. In other engines,
this volume is part of the combustion chamber. Therefore, the air that remains there always
takes part in the combustion. However, in a biomass-fueled engine, the grille effectively
separates the volume of the cylinder and the combustion chamber. Consequently, the air
which remains in the cylinder when the piston reaches the TDC cannot take part in the
combustion. The fuel is kept in the combustion chamber, and only the air that crosses
the grille reacts with it. As a result, the gap between the piston and the cylinder head
makes a ‘dead volume’. The air contained within this volume never participates in the
combustion process.

The dead volume of the cylinder is very small. The minimum distance between
the piston head and the grille can be less than one millimeter. In contrast, piston stroke
can be larger than a hundred millimeters. However, the compressed air remains in the
holes of the grille too. Moreover, during engine operation, there is little time to complete
combustion. In current engines, combustion occurs when the fuel is in the gas state and
mixed with the air (spark-ignition engines) of finely sprayed (diesel engines). In both
cases, combustion can progress very quickly and become complete in a short period of
time. However, in biomass-fueled engines, combustion is much slower. If the engine spins
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quickly, combustion cannot be completed. Consequently, part of the air that enters the
combustion chamber is unable to react with the fuel before the gases exit the combustion
chamber during the expansion stroke. This effect contributes to an increase in the dead
volume. The higher the engine speed, the shorter the time to complete combustion and the
higher the dead volume. Hence, there are three contributors to the dead volume: (1) the
gap between the grille and the piston head at the TDC, (2) the volume of the holes of the
grille, and (3) the air that is unable to react with the fuel.

The dead volume of the cylinder and the grille can be calculated geometrically, but the
amount of air that is unable to react with the fuel depends on the engine speed, and it must
be estimated. The dead volume causes the compression stage to become incomplete. The
gases are expanded before they fully enter the combustion chamber. Thus, a new parameter
(Xmax) must be defined. xmax indicates the maximum compression progress. Xmax is defined
by the following equation:

Vb
Vp 4+ Vao

where Vp is the calculated dead volume and Vg is the volume of the cylinder at the
beginning of the compression stroke, just when the exhaust port is fully covered.

(1)

Xmax = 1

2.2.2. Calculation Method

The work performed during compression stroke (wy) can be calculated by the devel-
oped methods [39]. But the dead volume effect makes the cycle calculation more difficult.
If xmax < 1, at the beginning of the expansion stroke, both in the cylinder and in the
combustion chamber there are gases with different temperatures. This fact would make the
expansion calculation as complex as compression calculation. To avoid this, an equivalent
temperature (Teq) is defined:

)

Teq = [Tana + Tpnpl,

Then, the gases both in the cylinder and in the combustion chamber are assumed to be
at the same temperature (Teq). This way, expansion can be calculated as a simple adiabatic
expansion. Thus, the work performed during the expansion stroke is:

Vo = Vao+ Vg (©)

V1 =V {1—}-xmax<r1C —1>} 4)
T, = Teq(::(l))y_l 5)

wy = RTi?__fz (6)

2.3. Improving Biomass-Fueled Engine Efficiency

As shown in the Introduction, the efficiency of biomass-fueled engines can be im-
proved by fitting them with a turbocharger and using turbocompound technology to take
advantage of the energy of the exhaust gases. In short, the biomass-fueled engine cycle
must be combined with a Brayton cycle. For the cycle calculations, both cycles must be
solved separately. It should be noted that the Brayton cycle is carried out with nag moles.
This is because the gases which remain in the combustion chamber during cylinder scav-
enging do not perform the Brayton cycle. Firstly, the intake air is compressed adiabatically
from the ambient pressure (p;) and temperature (Tp).

P1 = &Py (7)

Ly)

Tag = CrTO( Y (8)
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where c; is the pressure ratio of the compressor. p, and T are the initial conditions of the
cylinder’s cycle, as defined in [39]. The work consumed by the compressor is:

To—T
WC = nAoR% (9)

After that, the engine cycle has to be solved using methods previously defined [39].
Initial conditions will be p, Tag, rc, C, and xmax. Cycle solving allows determination of
pg and Tg. These conditions are those that exist in the cylinder when the exhaust port is
uncovered. Next, the exhaust gases are considered to be fully expanded by the turbine.
The turbine outflow temperature (Tf) is:

1—

p (55)
Tr = Tg (E) (10)
Pr

And the work performed by the turbine is:

(11)

The total work is W + Wr, plus the work performed by the cycle in the cylinder
(w1 + wip). Combined cycle efficiency is obtained by dividing the total work by the heat
absorbed (q).
~ We+wr+wp+Wr

q

ule (12)

2.4. Proposal for Combustion Chamber Design

The main differences between the proposed engine and other internal combustion
engines are the layout of the combustion chamber and the presence of a separator grille.
Correct combustion is essential for the proper functioning of the engine. Therefore, the
combustion chamber must be adapted to burn a fuel with completely different physical
characteristics than usual fuels. In the proposed engine, combustion takes place in a
chamber attached to the cylinder but separated from it by the grille.

The design of the combustion chamber must meet several requirements. Some of the
most important are the following;:

The shape must be similar to a sphere to minimize heat loss.

One of the walls of the chamber must be the grille.

Dead volume must be reduced as much as possible.

The chamber must allow the free movement of the fuel. Therefore, the separation

between the walls must be significantly greater than the granulometry of the fuel.

o  The filling of the chamber is carried out by gravity. Thus, the fuel feeder must be
attached to the upper part of the chamber.

e At the bottom of the chamber, there must be an emptying system to evacuate the ash
produced and enable the chamber to be emptied, if necessary.

e It must allow the heating system components to be accommodated for cold starting.

A combustion chamber was designed based on these requirements.

3. Results
3.1. Dead Volume Impact on the Thermodinamic Cycle

As shown in a previous publication [39], the compressed air enters the combustion
chamber mainly at the end of compression. Even if the compression is not completed by a
small percentage, there is a significant impact on the cycle efficiency. For example, Figure 7
and Table 3 show the impact of xmax = 0.98 on a typical cycle:
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5000
4500
4000
3500
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2 2500
o po = 100kPa
2000 TAO = 300K
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1500 \ C = 50,000 kj/kmol
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0 -------
0 5 10 15 20 25 30

v (m3/kmol)

Figure 7. Cycle solved for Xmax = 1 (blue) and xmax = 0.98 (dashed orange).

Table 3. Values of q, w, and n; for Xmax = 1 and Xmax = 0.98.

Xmax q A n
(kJ/kmol) (kJ/kmol)
1 46,975 24,326 51.8%
0.98 36,260 11,050 30.5%

As shown in Figure 5, the work obtained is less than half, and the cycle efficiency
is greatly reduced. This is because (with the initial conditions shown in Figure 5) when
Xmax = 0.98, 21.2% of the compressed air is unable to pass through the grille and enter
the combustion chamber. Therefore, the absorbed heat (q) and the obtained work (w) are
lower. In addition, the mean temperature of combustion is reduced, thus the Carnot factor
is lower and, consequently, the cycle efficiency () is also lower (Table 3).

In addition, Figure 8 shows q, w, and 1 as functions of xmax for different values of r..

Figure 8 shows that q, w, and 1 are reduced dramatically with a small decrease in Xmax
for all values of r.. But the most interesting fact is that the lines intersect at a certain value
of Xmax. Whereas high values of r. improve 1 when Xmax is close to 1, lower values of r.
improve 1 when Xmay is less than 0.986. The same occurs for q and w. Thus, it is interesting
to plotn as a function of r. and C for different values of xmax (Figure 9).

As Figure 9 shows, for xmax = 0.98 (a typical value for an engine) maximum cycle
efficiency occurs when r. ~ 4. In addition, higher values of C lead to poor cycle efficiency
except when xmax = 1, a situation which never occurs. Thus, it is more appropriate to plot
a graph like Figure 8, which shows the optimum value of r. for each value of C.

The representative value of C depends on the quality of the fuel burned and the heat
loss of the engine. But, to describe the cycle of a partially loaded engine, a lower value of C
must be selected. When an engine is partially loaded, or simply idling, the blower pressure
is not enough to perform a total scavenging of the cylinder gases. The cylinder gases are
only partially replaced. Thus, there is less oxygen in the compressed gases and less heat
is released during combustion. Furthermore, because the cylinder gases are hotter than
the intake air, the temperature of the mixed gases in the cylinder prior to compression is
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higher. Consequently, when the engine is partially loaded, C is lower and T higher. For
this reason, graphs for Tag = 300 K and T ¢ = 400 K are plotted in Figure 10.

Therefore, it is interesting to study the optimal value of r. over a wide range of C, from
very low values to the highest possible value. In addition, higher T values than room
temperature must be considered for low C values. The optimal value of r. depends on Xmax,
C, and Tx; but it is independent of p,,. Consequently, p, does not appear in Figure 10.

60,000 bo = 100kPa 60%
TAO = 300K
50,000 C = 50,000 kJ/kmol 50%
40,000 40% T]
I=)
E 30,000 30%
= =
20,000 \%% 20%
po = 100kPa
TAO = 300K
10,000 10% C = 50,000kJ/kmol
0 0%
1 0.99 0.98 0.97 1 0.99 0.98 0.97
Xmax Xmax
(a) (b)

Figure 8. (a) Values of q and w as a function of xmay for values of r. of 3 (light brown or green), 4, 5, 6,
and 8 (dark brown of green); (b) values of ) as a function of xmax for values of r. of 3 (light blue), 4, 5,

6, and 8 (dark blue).
60% 60%
50% | e SOV U
40% 40% __\

/
= —_— T —— = _ 
30% 30%

20% 20%
po = 100kPa po = 100kPa
TAO = 300 K TAO = 300K
10% C = 50,000Kk]/kmol 10% r. =5
0% 0%
3 4 5 6 7 8 25,000 50,000 75,000 100,000
rc C

(a) (b)

Figure 9. (a) Values of 11 as a function of r. for values of xmax of 1 (top, dashed blue), 0.99 (continuous
dark blue), 0.98, and 0.97 (bottom, light blue); (b) Values of ) as a function of C for values of Xmax of 1
(top, dashed brown), 0.99 (continuous dark brown), 0.98, and 0.97 (bottom, light brown).
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To =300 K & 400 K
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2
10,000 25,000 50,000 100,000

C (kJ/kmol)

Figure 10. Optimal value of r. as a function of C, for initial temperatures Tpo = 300 K (blue) and
Tao = 400 K (red). C axis in logarithmic scale.

3.2. Optimal Compression Ratio of the Engine

The cycle efficiency depends on the initial conditions (p,, Tao, C, and rc) and the value
of xmax. However, the initial pressure (p,) is similar (for a non-supercharged engine) to
atmospheric pressure (p;), the initial temperature (Tpg) depends on room temperature
(Tp), and the calorific value (C) of fuel depends on the available fuel and the engine heat
loss. However, these three initial conditions cannot be controlled. Thus, the interesting
initial condition is the compression ratio (rc), which can be effectively selected during the
engine design.

The optimal compression ratio of the engine can be estimated using the chart in
Figure 10. First, the value of Vp must be calculated geometrically by summing the cylinder
and grille dead volumes. An additional value can be added to estimate the dead volume of
air that enters the combustion chamber but is unable to react with the fuel. Subsequently,
the value of xmax can be calculated by using Equation (1). This allows for the selection of
the right curves in Figure 10.

Subsequently, the value of C, representative of full load conditions, must be selected.
The calculated value of C for cellulose is 94,500 kJ/kmol; however, as the engines have
large heat loses, the actual value of C is estimated to be lower. For example, a value of
50,000 kJ /kmol is used. Lower values of C must be selected to calculate the optimal value
of r. when the engine is partially loaded. Nevertheless, partial-load situations can be largely
ignored. The engine efficiency is less important when partially loaded. The compression
ratio should be optimized under full-load conditions.

For a value of C of 50,000 kJ/kmol, the optimal value of r. in an engine with
Xmax = 0.985 is 3.8 both for high and low intake air temperatures. In contrast, if the
same engine runs faster, the dead volume will be greater because oxygen has less time to
react with the fuel. Consequently, xmax decreases, for example, to 0.975. In this case, the
optimal value of r. is 3.1 when Tg = 300 K, but rises to 3.2 if the engine is turbocharged
and Tpg is much higher than room temperature. If the intake air is previously compressed,
it enters the cylinder at a higher temperature. Initial temperature increases if the engine is
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also partially loaded. But, in the case of a fully loaded turbocharged engine, the cylinder
gases are totally replaced during scavenging, and the value of C remains independent of
the value of the intake temperature.

However, a single value for r. must be selected. The compression ratio of the engine
is a fixed value that cannot be modified based on the working conditions. Consequently,
different full-load working conditions must be investigated to determine the optimal value
for r.. Furthermore, the combustion chamber is always partially filled with the fuel. Thus,
the actual value for r. depends on the filling degree of the chamber. This must be considered
when designing the combustion chamber.

3.3. Engine Efficiency Improvement

To demonstrate the extent to which the efficiency of biomass-fueled engines can be
improved, several examples are presented. Table 4 shows the differences among a plain
cycle, a cycle that takes advantage of the exhaust energy, a turbocompound cycle, and a
turbocompound cycle with an intercooler (in which compressed gases are cooled and the
intake temperature is lower).

Table 4. Comparison of different types of cycles.

Cycle with Turbocompound Turbocompound
Plain Cycle Exhaust Gas P Cycle with
Expansion Cycle Intercooler
pansio
Pressure ratio Cr 1 1 4 4
Compression ratio Ic 3.3 3.3 3.3 3.3
Maximum compression Xmax 0.98 0.98 0.98 0.98
progress
Atmospheric pressure o kPa 100 100 100 100
Ambient temperature Tp K 300 300 300 300
Calorific value of fuel C kJ/kmol 50,000 50,000 50,000 50,000
Intake pressure Po kPa 100 100 400 400
Intake temperature Tao K 300 300 446 350
Peak temperature Tq K 2822 2822 3181 2951
Peak pressure P1 kPa 2029 2029 6495 7435
Compression work We  KJ/kmol 0 0 —2707 —2707
(compressor)
Compression work (cylinder) wi kJ/kmol —7806 —7806 —10,388 —8719
Expansion work (cylinder) Wi kJ/kmol 19,112 19,112 22,198 20,240
Expansion work (turbine) Wr kJ/kmol 0 9749 14,746 16,670
Total work W kJ/kmol 11,306 21,056 26,556 25,484
Absorbed heat q kJ/kmol 37,315 37,315 37,576 37,451
Combined efficiency il 30.3% 56.4% 70.7% 68%

It is important to highlight that the Bryton cycle runs only with na, the gases scav-
enged in the cylinder. Thus, both compressor and turbine work must be multiplied by nag.
The cases presented in Table 4 are only examples of how cycle efficiency can be improved
with the available technology. Different combined efficiency values can be obtained by
modifying the values of the initial conditions (the first six rows of Table 4). Table 4 shows
that intake air cooling lowers the cycle efficiency. Thus, at this point of the research, it can
be said that intercoolers will make no sense in biomass-fueled engines.

However, certain limitations are expected when implementing turbocompound tech-
nology in biomass-fueled engines. First, the lower compression ratio makes exhaust gases
hotter than in current engines. Consequently, the turbine will endure higher flow tem-
peratures and more expensive materials will be required for the turbine-manufacturing
process. Furthermore, the exhaust flow is expected to drag ash and burning fuel particles
(Figure 11). Therefore, a filter must be fitted to the exhaust flow prior to turbine intake.
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Figure 11. Biomass-fueled engine prototype idling.

3.4. Real Engine Efficiency Estimation

It is known that the actual engine efficiency is much lower than the theoretical cycle
efficiency. For example, Hatz 1D90 [43], a simple single-cylinder diesel engine, runs on
an Otto cycle with the following values: ambient pressure, 100 kPa; ambient temperature,
297 K (25 °C); compression ratio, 21.5; and specific heat of the fuel, 94,500 kJ /kmol. By
solving the cycle, the efficiency of the theoretical Otto cycle performed by the engine is
70%. In contrast, Hatz declares that the 1D90 engine has a specific fuel consumption of
231 g/kW-h [43]. Considering a diesel fuel lower heating value (LHV) of 11.9 kW-h/g [44],
the actual engine efficiency is 36%. Thus, the actual efficiency of the engine is approximately
half of the theoretical cycle efficiency.

According to Table 4, the cycle efficiency of a biomass-fueled engine will reach 70%
in the best cases. Thus, the actual efficiency of these engines can be as high as 35%. In
comparison, a fully developed 13-L diesel engine [45] has a specific fuel consumption of
190 g/kW-h under optimal conditions. Considering a diesel fuel LHV of 11.9 kW-h/g [44],
the engine efficiency is 44%. This means that fully developed biomass-fueled engines will
be less efficient than modern diesel engines. A fully developed biomass-fueled engine will
use 25% more energy than a similar diesel engine to perform the same work.

This result is important because biomass resources are limited [28]. Knowing the
efficiency of both types of engines, it is possible to estimate the biomass fuel demand
for a particular application. In the case of Spain, the diesel fuel demand in 2019 (before
the COVID-19 pandemic and the Ukrainian war) was 2.77 x 10'° kg/year [29], which
is roughly half of the total petroleum-based fuel consumption. Considering a diesel
fuel LHV of 43,000 J/g [44], the amount of energy used in diesel engines in 2019 was
1.2 x 10'8 J/year. If all diesel engines were replaced by biomass engines, the biomass
energy demand would be 25% larger, or approximately 1.5 x 10'® J/year. Considering a
biomass LHV of 13,500 ] /g [44], the amount of biomass needed to replace the consumed
diesel fuel will be 1.11 x 10! kg/year.

A previous study [28] set the biomass potential production of Spain at
8.87 x 10!° kg /year. Thus, in the case of Spain, the potential production of biomass will be
able to replace 80% of the diesel fuel currently used. However, this result must be observed.
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The biomass-fueled engines will be unable to replace all diesel engines. A biomass-powered
machine must meet the following conditions: (1) the engine must be large enough to allow
the combustion chamber dimensions to be greater than the pellet maximum length, (2) the
machine must be capable of withstanding an increase in weight, and (3) it must be suitable
for installing a biomass fuel tank. Many machines currently in use accomplish these three
conditions: agricultural machinery, trucks, excavators, power generators, etc. In addition,
these machines consume large quantities of fuel; however, the exact figure cannot be deter-
mined. Many other machines (e.g., diesel cars) that cannot be biomass-powered use the
same type of fuel. Only the fuel consumed by agricultural machinery and fishing boats
can be exactly determined as it is taxed differently [29]. Nevertheless, the development of
biomass-fueled engines will make it possible to replace a large part of petroleum-based
fuels. This will promote the country’s energy independence by taking advantage of its own
biomass resources.

3.5. Need for a Two-Stroke Engine Design

The dead volume has been revealed to be the most limiting parameter for the engine
efficiency. It must be reduced as much as possible in the engine design process. For this
reason, two-stroke engines may take advantage of more typical four-stroke engines. In
four-stroke engines, the gas exchange is performed using valves located at the cylinder
head. For biomass-fueled engines, this means that valves must share a location with the
grille. Thus, the grille and valves will have to be smaller, making gas exchange more
difficult, thus limiting the engine power and efficiency. On the other hand, valves add
complexity to the cylinder head. To keep the dead volume as low as possible, the piston
and the cylinder head must fit perfectly at the TDC. Valves make it more difficult to fit
them. In contrast, in two-stroke engines, gas exchange can be performed through ports
located in the cylinder wall. The cylinder head is free, and the grille can have a large area.
In addition, both the piston and cylinder head can be flat surfaces, so it is easy to fit them
perfectly at the TDC. Therefore, dead volume is reduced to a minimum value.

However, there are other reasons that make four-stroke engines inadvisable. Biomass-
fueled engines operate at low compression ratios. Consequently, the combustion chamber
is very large. In a four-stroke engine, the intake and exhaust can be fully independent,
and thus, their pressures can be different. If the exhaust pressure is higher than the intake
pressure, the gases exit the combustion chamber when the intake valve opens. Therefore,
exhaust gases enter the intake manifold, preventing fresh air from entering the cylinder
during the intake stroke. Even worse, if the intake pressure is higher than the exhaust
pressure, fresh air enters the combustion chamber during the intake stroke, resuming fuel
burning. Both situations degrade engine efficiency. However, both the intake and exhaust
pressures are very similar in two-stroke engines. The intake pressure must be slightly
higher than the exhaust pressure; otherwise, scavenging is not possible. Therefore, in
a two-stroke engine, gases do not enter or exit the combustion chamber during the gas
exchange. This is a significant advantage over four-stroke engines.

Finally, there is one additional disadvantage to four-stroke engines. In these engines,
gas exchange is usually carried out through poppet valves. Poppet valves are quite sensitive
to dirt and other particles. Particles can accumulate on the valve seal, rendering the seal
deficient. Sleeve valves can be a solution, but engines fitted with them are uncommon today.
By contrast, the port system of a two-stroke engine is less sensitive to dirt and particles.
If a particle is placed at the edge of a port, it will be pulverized by the piston rings. This
fact is important in a biomass-fueled engine. During engine operation (Figure 11), hot
burning fuel particles cross the grille and pass through the cylinder to be expelled with
exhaust gases. In a four-stroke engine, all of those particles would go through exhaust
valves. During engine operation, exhaust poppet valves would become unable to seal
within a short period of time.
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3.6. Combustion Chamber Design Proposal

Based on the requirements of the methodology, a spindle-shaped combustion chamber
is proposed (Figure 12). The axis of the chamber is vertical to allow fuel feeding from the
upper part and ash removal from the lower part. The grille is located in the lower part of the
chamber, where the fuel is retained, and combustion takes place. As the dead volume must
be reduced to a minimum, a flat-head piston and a flat grille are proposed. Thus, the piston
head and grille can be perfectly coupled at the TDC. In addition, if the grille is located in
the lower part of the combustion chamber, the gases that enter the combustion chamber
during the compression stroke will be immediately placed in contact with the fuel. These
facts reduce the dead volume to a minimum, thereby improving the engine efficiency.
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Figure 12. (a) Proposed combustion chamber for a horizontal cylinder; (b) proposed combustion
chamber for a vertical cylinder. The numbered components are listed below.
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14. Ash outlet.

There are two different layouts for the proposed combustion chamber. They differ by
the grille position. If the grille is placed vertically, the cylinder must be placed horizontally.
This is because the grille has to be parallel to the cylinder head. On the contrary, if the grille
is placed horizontally, at the bottom of the chamber, cylinder must be vertical. The second
layout is simpler, but there is no room for an ash removal device. The ash is forced to pass
through the grille and is finally evacuated with exhaust gases. Thus, the grille could be
easily clogged by the melting ash. Moreover, the cylinder wall and piston rings may suffer
from accelerated wear owing to the abrasive components of the ash. For these reasons, a
vertical grille layout is considered more convenient. An intermediate layout with a sloped
grille is possible; however, it is considered to have no additional advantages in comparison
with the two shown layouts.

On other hand, the combustion chamber must be sufficiently large to allow fuel pellets
to move freely. The size of the combustion chamber is related to the cylinder size via
the compression ratio [39]. Therefore, the cylinder must be large enough to achieve an
appropriate compression ratio. A larger cylinder allows a larger combustion chamber at
the same compression ratio. A large combustion chamber will allow better movement of
the fuel through it, and it will allow a better design of the fuel feeder. It must be considered
that biomass pellets have a very low density, so the friction against the walls and between
them causes them to easily get stuck, preventing proper feeding of the chamber.

A problem that needs to be solved is the heating of the fuel for cold starting. The fuel
must be above the ignition temperature before cranking. Heating the fuel using electrical
resistance would require a large amount of electrical energy and a large battery capacity.
Therefore, alternative solutions are required. The proposed chamber layout includes a
glow plug, similar to that used for cold-starting diesel engines. The glow plug heats the
fuel around it. Subsequently, the air injector introduces air into the chamber close to the
glow plug, allowing combustion and the ignition of the fuel. The heat released causes
combustion to progress. To evacuate the combustion gases, the chamber is supplied with
a release valve in the upper part, which allows the gases to be evacuated. As the process
consumes some of the fuel present in the chamber, it is necessary for the fuel system to
replenish the fuel as it is consumed.

Finally, during engine operation, it is necessary to determine the degree of chamber
filling. The fuel present in the chamber is gradually consumed during engine operation. If
the chamber is emptied, the power delivered by the motor will decrease. In contrast, if the
chamber is completely filled, the correct circulation of gases inside the chamber may be
prevented or the fuel feeder may become clogged. To determine the degree of filling of the
chamber, the pressure can be controlled using a piezoelectric sensor [46]. The higher the
filling level, the higher the maximum pressure during combustion. It would be desirable to
control the filling of the chamber using a level sensor, but no suitable model is known. The
pressure and temperature conditions in the combustion chamber during engine operation
are extremely demanding. In addition, the pressure sensor can be located in the cylinder,
where the pressures are similar but the temperatures are lower.

According to this proposal, a new combustion chamber was manufactured and fitted
to the prototype engine. A spindle-shaped vertical combustion chamber was mounted. To
make the axis of the combustion chamber vertical, the engine was relocated to its original
position with the cylinder placed vertically. The original oil pan and oil suction pipe
were installed. To maintain the dead volume as low as possible, the grille was significantly
reduced. Then, after a six-minute warm-up and five seconds of cranking time, the prototype
engine started. Figure 13 shows the prototype engine. Video S1 shows the prototype engine
startup. It can be downloaded from Supplementary Materials.

As the combustion chamber design proved to be a success, a patent was applied for it.
The application was admitted to the Spanish Patent Office (OEPM), with number 202,330,777.
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Figure 13. (a) Biomass-fueled prototype engine; (b) close-up of the combustion chamber and
fuel feeder.

4. Conclusions

Biomass-fueled engines are a promising way to reduce the use of and dependence
on fossil fuels. Therefore, a prototype engine was made, but it failed to start. A deeper
study of the thermodynamic cycle was needed to understand the reasons. Consequently,
the dead volume was found to be the most limiting parameter for engine efficiency. It must
be reduced as much as possible in the engine design process. In addition, an extremely
low compression ratio must be chosen. The typical dead volume makes the optimal
compression ratio, for which the cycle efficiency is maximum, approximately 3.5. The dead
volume and low compression ratio lead to a poorly efficient thermodynamic cycle.

However, biomass-fueled engines can be improved to achieve a high efficiency. En-
gines can be turbocharged to increase their average combustion temperature. This increases
the Carnot factor, and thus the cycle efficiency. In addition, turbocompound technology
must be used to take power from the expansion of exhaust gases. With these methods, it is
estimated that the efficiency of biomass-fueled engines will increase up to 35%.

In addition, it was concluded that two-stroke engine designs are highly recommended.
First, the two-stroke design does not require valves at the cylinder head, thereby reducing
the dead volume. Additionally, it is less sensitive to dirt and other particles which can
make poppet valve seals deficient. Finally, a two-stroke design automatically balances
the intake and exhaust pressures, preventing gas exchange with the combustion chamber
during scavenging.

But the more important result is the successful start-up of the prototype engine. This
demonstrates that biomass is a viable alternative to fossil fuels in applications where
internal combustion engines are required. In addition, as the total diesel fuel consumption
and the current diesel engines efficiencies are known, the amount of energy used by diesel
engines is also known. Thus, the total amount of biomass needed to replace diesel fuel can
be estimated. In the case of Spain, the potential production of biomass could replace 80% of
the diesel fuel currently used. Consequently, the development of biomass-fueled engines
will allow the replacement of a large part of petroleum-based fuels, taking advantage of the
country’s own biomass resources.
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These results become even more important if the potential applications of biomass-
fueled engines are considered. Biomass-fueled engines are intended to power large mobile
machines such as trucks or agricultural machines. Those machines are some of the main
parts of economic systems. In addition, the decarbonization of large mobile machines has
proven difficult. Thus, biomass-fueled engines are revealed as a promising way to make
the economic system independent of petroleum-based fuels.

However, biomass-fueled engines are in their early stages of development. Future
research should include the manufacturing of fully functional engines. Fortunately, most of
the research conducted on current internal combustion engines can be applied to biomass-
fueled engines. This can accelerate their development in a great way. Subsequently, engines
must be tested to determine their performance and emissions. After several hours of testing,
the durability and reliability of biomass-fueled engines can be established. Biomass-fueled
engines are expected to require more frequent and intensive maintenance than the current
engines. First, the ash may create incrustations in the grille or other parts of the engine,
forcing frequent engine disassembly for cleaning. In addition, ash may cause accelerated
wear of the piston, piston rings, and cylinder wall, forcing frequent replacement. Finally,
biomass combustion products may degrade the engine oil within a short period of time.

Other interesting results are expected from future studies. For example, more accurate
values of C and Xmax are expected to be determined for different engine working conditions
(load and speed). This will allow for the calculation of a more accurate optimal value for r.
Those results will allow redrawing of Figure 10 by tracing more accurate lines. Furthermore,
because the dead volume increases with engine speed, biomass-fueled engines are expected
to have a maximum operating speed. Over it, there is no time to complete the combustion.
The gases present in the combustion chamber exit and expand in the cylinder before oxygen
is depleted. Determining the value of the maximum operating engine speed is an objective
of future research.

5. Patents

A patent was applied for the design of the combustion chamber. The application was
admitted to the Spanish Patent Office (OEPM), with number 202,330,777.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en17071700/s1, Video S1: prototype engine startup.
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Abbreviations

TDC  Top dead center

LHV  Lower heating value

Y Exponent of adiabatic transformation
n Cycle efficiency

Nc Combined efficiency
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C Calorific value of fuel per kmol of air consumed

Cr Compressor pressure ratio

na Number of moles present in the cylinder volume

ng Number of moles present in the combustion chamber
nao  Number of moles present in the cylinder volume at the beginning of the compression stage.
Pr Atmospheric pressure

Po Cylinder intake pressure

PE Cylinder exhaust pressure

Q Heat absorbed

R Ideal gas constant

Ic Compression ratio

To Room temperature

T Peak temperature, at the end of compression stroke
T, Temperature at the end of the expansion stroke

Ta Cylinder gas temperature

Tao  Cylinder intake temperature

Tp Combustion chamber gas temperature

Tg Cylinder exhaust temperature

Teq Equivalent temperature of the gases at the beginning of expansion stroke
Tg Turbine outflow temperature

Vo Volume at the beginning of the compression stage

\41 Volume at the beginning of the expansion stage

Vao  Cylinder volume at the beginning of the compression stage

Vp Total dead volume

w1 Total work performed during the compression stroke

Wi Total work performed during the expansion stroke

Wc  Work consumed by the compressor

Wr Work performed by the turbine

X Dimensionless variable indicating compression progression: 0 onset; 1 final
Xmax ~Maximum compression stage progress

Extensive quantities (Q, V, W) are shown in uppercase. However, when referring to a kmol of
gases, they are shown in lowercase (q, v, w).
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