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Abstract

The transition towards 100% renewable electricity production already raises several challenges at only 20-30% of
renewable share. To match energy production and consumption, there will be a need for massive daily and seasonal
electricity storage, in particular for fluctuating sources such as wind and solar. Power-to-fuel is one of the energy
storage systems that allows long term storage such as season shifting. Electricity can be stored into fuels that are
gaseous (hydrogen or methane), easily liquefiable (ammonia), or liquid (methanol). Still, these four fuels are regarded
separately in terms of energy production, which reduces the flexibility of the power-to-fuel technology and its
potential use as a storage mean. Our approach is to integrate these four fuels into a single technology for power and
heat production: Homogeneous-Charge Compression-Ignition (HCCI) engines. Therefore, we developed a O-
Dimensional model to assess the suitability of a unique HCCI engine for the combustion of the four fuels of interest.
This paper reports the feasibility of compression-ignition within achievable intake conditions (temperature and
pressure) for various engine compression ratios, equivalence ratios and exhaust gas recirculation rates.

For the four fuels, we obtained a proper ignition within a single engine design and for intake conditions
(temperature and pressure) that can be sustained by recovering the heat losses of the engine only. As a consequence,
power-to-fuel can effectively be used as a storage system when combined to a multifuel HCCI engine for the fuel
reconversion to energy. Yet the low power densities estimated require further work on increased equivalence ratio
and boosting conditions, as well as on the ringing risks associated with such techniques.
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1. Introduction

Increasing the share of renewable energy in the present energy mix is a key step to meet the objective
of CO, neutrality by 2050. Still, it will eventually lead to the need of significant electricity storage
capacities, from a daily to a seasonal time scale. Indeed, renewable energy production depends on the
time in the day and in the year. Power-to-fuel has raised great interest as part of a range of storage
technologies like pumped hydro, batteries, compressed air, etc. Its long term storage capabilities (months)
added to its low storage costs (2 to 3 orders of magnitude lower than the other storage technologies [1]),
and its low installation constraints give a perfect fit to the increasing need for decentralized seasonal
storage options. Regarding the fuels coming from power-to-fuel systems, they are all based on hydrogen.
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Hydrogen is obtained from water electrolysis, as done industrially in more than 30 power-to-fuel plants
over the world [2]. Hydrogen can be further processed into ammonia by combining it with nitrogen
(Haber-Bosch process), as done in commercially available units [3]. Moreover, during the transition
period to 100% renewables there will still be carbon dioxide emitted in the atmosphere. This carbon
dioxide can be captured and, using hydrogen, upgraded to methane or methanol [4,5]. Hydrogen is the
easiest and most efficient fuel to produce. But its low volumetric energy density makes it rather difficult
to store in large quantities. This is the reason for which the three other fuels are unavoidable : methane
can be injected into the natural gas network without any restriction, methanol is liquid at atmospheric
conditions and ammonia is liquid under 9 bar of pressure.

Unfortunately, due to the unpredictability of renewable energies, the identity of the fuel that is going to
be produced at a certain place and time cannot be predicted. Moreover, each fuel has a limited use which
makes the power-to-fuel system a very specialized storage solution that fits only in rare conditions.
Instead, if we consider the fuels all together by working out a multifuel power-production technology, the
system becomes more resilient and flexible hence increasing its potential applications, see Fig. 1.

Additionally, in order to maximise the efficiency of the whole system (power-to-power), a combined
heat and power (CHP) unit is preferred. This allows the system to valorize the heat losses associated with
the production of electricity. Moreover, a CHP system fits perfectly into a decentralized storage-
production system due to the proximity of heat consumers and renewable electricity producers, see Fig. 1.
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Fig. 1. Entire power-to-power system. From excess renewable electricity, to storage, to electricity and heat. Gaseous hydrogen and
methane and liquid methanol and ammonia are the four energy vectors considered. These fuels are used in a CHP HCCI engine.

The Homogeneous-Charge Compression-Ignition (HCCI) engine has been chosen for this system since
many studies have demonstrated its multifuel capability, as long as the fuel are admitted under gaseous
phase [6-8]. Moreover, HCCI engines deliver high efficiencies (Diesel-like), low NO, emissions (few
ppm) and are well-suited for CHP applications. Although hydrogen, methane and methanol have already
been thoroughly studied in HCCI conditions [9-16], we couldn't find any experiment or simulation of an
ammonia HCCI engine. Indeed, as shown in Fig. 2, ammonia has a higher resistance to auto-ignition than
the three other fuels. Fig. 2 displays the intake temperature needed for having the CA5 (Crank Angle at
which 5% of the combustion energy has been released, i.e. the combustion timing) at 0 CAD after the Top
Dead Center (aTDC).
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Fig. 2. Calculated intake temperature required for having a proper combustion of the selected fuels as a function of the compression
ratio of a naturally aspirated HCCI engine. The equivalence ratio for these simulations is 0.4. Methane and ammonia are particularly
resistant to auto-ignition, but increasing the intake temperature allows a proper combustion.
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Nonetheless, operating an HCCI engine raises two issues that are the control of the ignition timing and
a low power density. The combustion occurring by auto-ignition, the onset of combustion is controlled by
the kinetics of the fuel. Thus, we only have an indirect control on the combustion timing through the in-
cylinder temperature. The second challenge is caused by the global auto-ignition. The fuel content has to
be leaned to avoid too fast or violent reactions hence a low Indicated Mean Effective Pressure (IMEP) i.e.
indicated work per motoring cycle [J/m*]. IMEP is also referred to as power density in this paper.

To increase the power density, the fuel quantity inside the cylinder has to be raised. This will be
assessed by either increasing the equivalence ratio or by increasing the intake pressure. Still, increasing
the equivalence ratio will eventually lead to ringing (HCCI knocking). Therefore, Exhaust Gas
Recirculation (EGR) will be assessed in order to damp the high combustion rates associated with high
equivalence ratios. The recirculated gases (partially composed of H,O, and CO, if the fuel contains
carbon atoms) are replacing part of the intake air. H,O and CO, having higher heat capacities than the air,
the temperature rising rate inside the cylinder diminishes and therefore the auto-ignition timing is
delayed. This delay causes the ignition to happen after the TDC and therefore damps the combustion rate.
Moreover, the reduced oxygen availability slows down the kinetics hence a damped combustion rate [17].

2. Methodology and simulation

In this study, we want to determine the operating conditions under which a single engine geometry
allows to use the four storage fuels. Table 1 shows the values of the different variables of interest that are
going to be studied. The chosen ranges, based on the available experimental and theoretical references [9-
17], allow to cover the operating range of the four fuels in a HCCI engine. The rotational speed is fixed at
1500 rpm since our interest lies in stationary applications. The EGR rate is defined in our study as a
volumetric proportion of the exhaust gases. The volume recirculated replaces an equivalent volume of
intake air. Doing so, EGR rate does not affect the fuel quantity hence simplifying the comparison of the
EGR effect. Given the high number of possible combinations to assess, we used a 0-Dimensional (0D)
model with a differentiate form of the conservation of energy, and imposing the piston motion in
OpenFOAM-3.0.x. The assumption of ideal gas was made.

Table 1. Parameter ranges and engine dimensions used for the 0D numerical investigation.

Parameter Range  Step Engine characteristics Value
Compression Ratio CR ~ 16-20 2 Bore diameter [m] 0.086
Intake pressure [bar] 1-2 0.5 Crank radius [m] 0.0375
Equivalence ratio ¢ 0.2-0.4 0.1 Conrod length [m] 0.1204
EGR rate [%] 0-40 10 Intake valve close [CAD aTDC] -127
Intake temperature [K]  t.b.d. 10 Exhaust valve open [CAD aTDC]  +127

The target of our 0D model is to correctly predict the timing of combustion (CAS) as HCCI engines
control is based on it. As the auto-ignition is triggered in the, hotter, core zone, the objective is thus to
correctly describe the evolution of the core temperature. Hence heat losses have to be taken into account.

2.1. Core temperature estimation — Heat losses

In a 0D model, the temperature is a scalar representative of the whole bulk gas. Thereby, a heat loss
model will slow down the temperature rise of the entire mixture at the same rate. However, in a real
compression it is the boundary layer that exchanges heat with the cylinder walls. This leads to a hotter
core zone, that 0D models cannot depict. Convective correlations dissipate the correct amount of heat
through the walls during one cycle [18], but they do not influence correctly the core temperature.
Moreover, the combustion mode of HCCI engines is very different from spark -or compression- ignition
engines. Broekaert et al. decided to adapt usual convective correlation by fitting experimental heat losses
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measured from an HCCI engine [18]. By modifying the scaling factor of Hohenberg's convective
coefficient correlation, Broekaert et al. were able to correctly estimate the peak convective coefficient at
the TDC. The drawback was that the heat losses were underestimated during the compression stroke.
Nevertheless, in our 0D model this underestimation induces a higher in-cylinder temperature: the result
sought for. This type of correction on the convection coefficient was tested within our 0D model and
compared to experimental temperature curves [10-12]. The ideal scaling factor for the core temperature
estimation was found to be varying around 66, instead of Hohenberg's original coefficient of 130.

2.2. Chemical kinetic models

The kinetic mechanisms must be validated for HCCI conditions, i.e. in ignition delay and for high
pressures and lean mixtures. For methanol, we used the mechanism from Li et al. [19] that was validated
in a Shock Tube (ST) and in a Rapid Compression Machine (RCM) for an equivalence ratio of 0.5 and for
pressures of 20 and 50 atm [20]. For ammonia, we used the mechanism from Mathieu and Petersen that
was constructed with ST experiments at 0.5 of equivalence ratio and for pressures of 11 and 30 atm [21].
Finally, for methane and hydrogen we used the mechanism from Metcalfe et al. [22] that was validated in
a RCM and in a ST for equivalence ratios of 0.3 and 0.5 and for pressures of 10 and 30 atm [23].

3. Results and discussion

We obtained a proper combustion for the four fuels in our simulated HCCI engine (Fig. 2). Still,
ammonia and methane required intake temperatures higher than S00K. This has an effect on both the
feasibility of the system and the power density. Indeed, such temperatures are not easy to provide and
they reduce the density of the intake mixture hence the quantity of fuel admitted. Although an increase in
compression ratio from 16 to 20 allows to reduce the intake temperature by 40K (Fig. 2), a further
reduction of the intake temperature is desirable.

3.1. Influence of the equivalence ratio and intake pressure on the engine intake temperature

Fig. 3 shows the effect of intake pressure (a) and of the equivalence ratio (b) on the intake temperature
required for having the onset of combustion (CA5) at TDC. Intake pressure obviously has an influence as
a 2 bar intake allows to reduce the intake temperature by 40K for ammonia. For the equivalence ratio, the
influence is of lesser magnitude because it only affects the mixture heat capacity. The heat capacities of
ammonia and methanol being higher than the one of air explains their reversed slopes in Fig. 3(b).
However, a 0D model being unable to depict the combustion duration, the simulations cannot predict the
combustion duration reduction as the equivalence ratio rises. Eventually, even though the intake
temperature needed is reduced by pushing the operating conditions as far as a classical engine can bear
(maximal in-cylinder pressure), a lot of energy still must be provided to the intake mixture.
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Fig. 3. Intake temperature needed for having a combustion with CAS at TDC as a function of (a) the intake pressure and (b) the

equivalence ratio. The engine compression ratio is set at 20 for both cases, with an equivalence ratio of 0.4 for (a) and an intake

pressure of 2 bar for (b). Boosting the intake pressure from 1 bar to 2 bar promotes the auto-ignition as much as increasing the
compression ratio from 16 to 20.
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3.2. Influence of the equivalence ratio on the system feasibility

To be feasible as well as autonomous and efficient, our system will need to provide the necessary
intake conditions (temperature and pressure) by itself. Using a turbo-compressor and a heat exchanger
allows to provide the intake conditions by recovering energy from the exhaust gases, without reducing the
electrical efficiency. For hydrogen and methanol, all the considered intake conditions are achievable with
this system. On the other hand, methane and ammonia cannot be operated in any condition because they
require intake temperatures that are too high in comparison to the energy available at the exhaust. In order
to have enough energy at the exhaust, the equivalence ratio has to be higher than 0.32 for methane and
higher than 0.41 for ammonia (Fig. 4). These results derive from a thermodynamic analysis of a turbo-
compressor with a heat exchanger. We assumed an isentropic efficiency of 60% at the turbine and 75% at
the compressor, a mechanical efficiency of 95%, a pinch of 30K at the gas-phase heat exchanger and
finally 10% heat losses are accounted for. As a consequence to ammonia auto-ignition resistance, we
might not use pure ammonia but rather mix it with hydrogen or methanol. Indeed, equivalence ratios
higher than 0.4 might lead to ringing or to the production of thermal NO;.

Energy at
turbine exhaust

Energy [J/cycle]
80

Energy needed
after compressor

= === Ammonia
—— Methane

0.2 0.32 041 045
Equivalence ratio
Fig. 4. Energy available at the exhaust of the system (after the turbine) against the energy that still needs to be transferred to the

mixture after its compression. The results are shown for a 2 bar intake pressure, an equivalence ratio of 0.4 and a compression ratio
of 20. For this system to operate, methane and ammonia require equivalence ratios higher than 0.32 and 0.41, respectively.

3.3. Achievable power density and limitations

The power density achievable by our system depends strongly on the fuel, the equivalence ratio and
the intake pressure. The compression ratio, as one can expect, has only a small and indirect influence on
the power density through the efficiency. Fig. 5 shows the predicted IMEP for our four fuels as a function
of the equivalence ratio and intake pressure. The power density doubles for a doubled equivalence ratio or
intake pressure. The IMEP absolute value is, on the other hand, overestimated by 0D models.
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Fig. 5. Indicated Mean Effective Pressure (IMEP) as a function of (a) the equivalence ratio and (b) the intake pressure. The engine
compression ratio is 20. The operating conditions are an intake pressure of 2 bar for (a) and an equivalence ratio of 0.4 for (b).
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The mechanical and pumping losses being fixed for a given engine and operating conditions, a low
IMEP means a low overall efficiency and a larger engine for the same power. So the highest equivalence
ratio and intake pressure are desirable. Yet, ringing conditions are known to appear with high equivalence
ratios. For fuels that auto-ignite easily like hydrogen, ringing conditions are likely to happen with
equivalence ratios higher than 0.3 [14]. To prevent the combustion from ringing, one must decrease the
maximum pressure rise rate. This can be done either by shifting the combustion later in the expansion
stroke or by reducing the kinetics of reaction. Both effects can be achieved by using EGR. Fig. 6 shows
the effect of EGR on combustion timing: from 0 to 40% of EGR, the combustion is delayed by 7 CAD for
methanol and 2 CAD for hydrogen. Unfortunately, a 0D model is not able to depict the combustion
duration.

Combustion timing 6 r Methanol
CA5 (CAD)

3k Hydrogen

0 10 20 30 40
EGR rate (%)

Fig. 6. CAS as a function of EGR rate for methanol and hydrogen. The simulations are done for identical intake conditions and
engine characteristics. The combustion is delayed through the use of EGR for both fuels.

4. Conclusions and future work

The HCCI engine technology studied in this paper is able to run with the four fuels of interest
(hydrogen, ammonia, methane and methanol) within a single engine. Such HCCI-CHP system is a step
further to give economical and industrial interest to power-to-fuel electricity storage. Still, some operating
conditions are not yet achievable. First, hydrogen and methanol are likely to experience ringing if the
power density is maximized by increasing the equivalence ratio to higher values than 0.3. Consequently,
EGR use will be needed to damp the reaction rate. Nevertheless, a model that predicts ringing conditions
is required to assess and optimize the effectiveness of EGR to damp the combustion rate. Secondly, very
high equivalence ratios (~0.41) are needed with ammonia in order for the exhaust gases to contain enough
energy to supply the intake pressure and temperature required. However, ringing is likely to occur at such
equivalence ratios. Yet, in this case, using EGR is not a solution as it would raise the required intake
temperature. A solution might be to mix ammonia with combustion promoters such as hydrogen or
methanol. Still, ideal proportions of mix are to be determined. As a conclusion, a flexible and autonomous
HCCI engine can be achieved for the utilization of the four fuels of interest. Nevertheless, a pure
ammonia operating condition seems unsustainable and mixing conditions needs to be studied. Finally,
EGR and turbo-compressed technologies must be modeled more accurately to assess their precise effect
on the timing and duration of the auto-ignition.
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