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Abstract

A thermochemical energy storage invented in the 19th century, the so-called ‘Honigmann process, is
reconsidered for the storage of renewable energies or waste heat. In this work, one basic process option
of charging with the input of low-grade heat and discharging with the release of mechanical work is
studied. A fundamental model based on transient energy and mass balances was implemented with the
help of the modelling language Modelica. First simulation results indicate a relatively constant power

output in spite of the non-steady-state nature of the process.
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1 INTRODUCTION

In 1883, Moritz Honigmann invented a process and filed a
patent of the so-called ‘fireless locomotives’ [1, 2]. In the
following years, several machines of this type were built and
experiments were done in short-distance railway systems,
e.g. close to Aachen, Germany [3—7]. Even though his tests
were successful, the invention did not find wide distribution.
Honigmann made several proposals for process optimizations,
which can be found in Honigmann [8, 9], for example. He
used sodium hydroxide and water as working fluids. In paral-
lel, Emile Lamm made the same invention with a different
working pair (H,O/NHj3) [10].

Later, Raymond D’Equevilley-Montjustin used this idea to
power submarine boats. Corresponding patents can be found
in Lamm [11] and D’Equevilley-Montjustin [11, 12].

Isshiki et al. discussed other applications of this process at
the end of the 20th century and called it ‘concentration differ-
ence energy system’ [13, 14]. This group built several
Honigmann machines with LiCl/H,O as the working pair to
run a tricycle [15], for example. Scenarios for large-scale reali-
zations as well as multistage machines or combinations with
common Rankine cycles were proposed.
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Today, the process could be used for the storage of renew-
able energies. In general, the storage can be charged with the
input of heat or mechanical work and discharged with the
release of heat, cold or mechanical work [16]. This flexibility is
the major advantage of the process compared with the other
storage technologies as well as compared with waste heat
driven Rankine cycles. Another advantage is the absence of
self-discharge (with the exception of minor heat losses).

Even though there have been quite some activities on the
process in the past, only little data exist. A profound analysis
of the process is missing so far. This was the reason to develop
the presented model. It is now possible to simulate the
dynamic behaviour of the process to investigate operating and
control strategies and the choice of different working fluid
pairs. It might also be used to analyze and discuss the existing
data of the 19th century with up to date scientific knowledge.

2 DESCRIPTION OF THE PROCESS

In this section, the working principle is described. The dischar-
ging process is based on two basic physical effects (Figure 1,
left side).
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Figure 1. Flow scheme of the process (left, discharging right, charging).

(1) The first effect is the vapour pressure depression of an
aqueous solution compared with the working fluid
(water). Due to the difference in the vapour pressure, an
expansion machine can be operated by steam flowing from
a water vessel to a solution vessel at an even higher
temperature.

(2) The second essential effect is the occurrence of heat of ab-
sorption which can be recovered. The water vapour is
absorbed in the solution and heat of absorption is set free.
This heat is transferred to the water vessel to evaporate
more water and the expansion continues.

The solution becomes more and more diluted until the
vapour pressure difference becomes too small to run the ex-
pansion machine. This is the time when the storage needs to
be recharged. Recharging can be accomplished with the input
of heat to desorb the water out of the aqueous solution
(Figure 1, right side). To recover the water and maintain a
closed cycle, the water vapour will be condensed at a lower
temperature.

3 MODEL AND SIMULATION
ASSUMPTIONS

The three main components are modelled and the physical
models are implemented into a simulation tool (modelling
language Modelica [17] with simulation environment Dymola

[18]):

e vessel with a heat exchanger containing aqueous solution,
e vessel with a heat exchanger containing water and
e expansion machine.

There is also a valve in this path, which can be opened or
closed.

The vessels are modelled as completely stirred tank reactors
with only one temperature, mass fraction and the correspond-
ing vapour pressure. Effects of superheating or subcooling are
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not considered. The liquid solution and water in the vessels are
assumed as incompressible.

The energy balance for the solution vessel is given by
Equation (1). The change of the inner energy of the solution
Usol equalg the enthalpy flow H vap of the water vapour and the
heat flow Q:

d Uvsol

dr = Hvap+ Q. (1)

This includes the neglection of the kinetic and potential energy
as well as of the heat capacities of the vessels etc. With the as-
sumption that the amount of the vapour in the solution vessel
is negligible when compared with the liquid, and with the add-
itional information that for the liquid fluid, the product of
pressure and specific volume is much smaller than the specific
inner energy (p - v < u), we get hyo] = s and write:

d(hor - msol)

dr - hvap . mvap + Q (2)

The mass of the solution myg, increases or decreases with the
incoming or the outgoing mass flow of the working fluid #1,,p:

dmge .
P yap- (3)

In the case of absorption, the specific enthalpy of the water
vapour hy,, depends on the expansion process in the turbine.
We start with the saturated vapour at evaporator pressure and
assume expansion with a defined isentropic efficiency n;g.,:

hin - hout

in — hout,isen

(4)

Misen = h

The pressure at the end of the expansion is the vapour pressure
of the solution. The expanded vapour has a liquid and a gas
component. In Equation (4), hj, and hgy are both specific en-
thalpies of the vapour (hy,p). The term hj, is the enthalpy of
the vapour leaving the evaporator and flowing into the expan-
sion machine, and the term hgy is the enthalpy of the vapour
flowing out of the expansion machine and entering the
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absorber [hy,, in Equation (2)]. The term hoyjsen is the en-
thalpy in the case of isentropic expansion.

In the case of desorption, the enthalpy hy,, equals the en-
thalpy of the water vapour at the vapour pressure and the tem-
perature of the solution.

During the absorption, the heat of absorption is transferred
to the water vessel. For the regeneration process, heat of de-
sorption is needed to regenerate the solution. It represents the
driving energy of the process.

The energy balance for the water vessel is given by Equation
(5) and is treated in the same way as for the solution vessel:

- % = *Hvap + Q (5)
Comparable with Equation (2), the inner energy Uyaer 1S sub-
stituted by the enthalpy of the condensate hyager - Miwater, and
the enthalpy flow Hvap is replaced by hyap - #1yp. The term hy,,
is the specific enthalpy of the incoming or the outgoing water
vapour flow. During evaporation, it is equal to the enthalpy of
the saturated water vapour at evaporator temperature. For the
condensation, it is the outgoing vapour of the solution vessel
with the equilibrium temperature of the solution.

The mass balance for the water vessel is comparable with
that of the solution vessel.

The expansion machine is modelled with a simple form of
the Stodola equation (e.g. Sigloch [19], p. 272) which is made
for turbines with constant rotational speed:

2 2 2
Myap  Pin — Pout (6)
22 - 2 _ 2 :

mvap.N pin,N pout,N

In this equation, the vapour mass flow fi1,4p and in- and outlet
pressure pi, and poy are set in relation to the corresponding
‘nominal’ values. If the pressures in the vessels change, the
Stodola equation describes how this influences the mass flow
rate through the turbine. In a more elaborate version of the
model, the inlet temperature can also be taken into account
[20]. For positive displacement machines, Equation (6) may be
altered.

Finally, for the expansion machine, the mechanical power
output W is:

W=—- (hin - houl) : mvap- (7)
The heat source and sink during the charging process are mod-
elled as constant temperature baths. In real applications, the
source and the sink temperatures exhibit a glide, which,
however, does not change the fundamental findings of our
calculations.

All heat exchange processes are modelled with a constant
heat transfer capacity and the temperature difference AT
between the components [Equation (8)]. The ‘heat transfer
capacity’ or the ‘UA value’ G is defined as the product of the
overall heat transfer coefficient U and the heat exchanger

First cycle simulations of the Honigmann process

surface A.
Q=U-A-AT =G-AT. (8)
The process proceeds in four consecutive phases:

(1) Discharging the storage (Figure 1, left side),

(2) Cooling of the vessels until the pressures are equal
(Figure 1, right side),

(3) Charging the storage (Figure 1, right side) and

(4) Heating of the vessels to the initial discharging conditions
(Figure 1, right side).

The full model and all assumptions are described in detail in
Strenge [21].

Simulations with two different working pairs are carried
out: aqueous lithium bromide solution and water (LiBr/H,0)
and sodium hydroxide solution and water (NaOH/H,0O). The
reason is that the sodium hydroxide solution was used in the
19th century by Honigmann et al. to carry out test runs for his
invention and that a lithium bromide solution will be used at
Technische Universitit Berlin to run an experimental plant.
Other working pairs such as H,O/NHj or Ionic liquids/H,O
could also be used.

Thermodynamic property data are from Patek and Klomfar
[22] (LiBr/H,O) and Olsson et al. [23] (NaOH/H,O), and the
Modelica media library (based on [24]) is used for water.

The initial temperatures (120°C for the solution and 110°C
for water) and pressure (0.19 bar for the solution) are identical
for both simulations. This results in different starting mass
fractions for the solutions, as the vapour pressures are differ-
ent. All other boundary conditions are identical for both
working pairs. In both cases, 3.6 kg of water is expanded. The
heat source for regeneration is set to 120°C and the heat sink
for condensation to 40°C (Table 1). For the heat transfer cap-
acity between the vessels during the discharging phase, it is
defined that 5kW thermal power should be transferred at a
temperature difference of 10 K. During the charging phase,
heat transfer capacities are chosen so that in the last phase of
charging, a minimal temperature difference of 3 K is achieved.
From absorption cooling machines, it is known that these
values are technically feasible. The nominal vapour mass flow
of the expansion machine is set to 2 g/s at a nominal inlet
pressure of 1.43 bar and a nominal outlet pressure of 0.19 bar.
The nominal vapour flow corresponds to 5 kW thermal power,
since this amount is needed for the evaporation of the water.
The nominal in- and outlet pressures are the vapour pressures
corresponding to the initial temperatures of water and
solution.

4 RESULTS AND DISCUSSION

Results of the simulations for LiBr/H,O are shown in
Figures 2—6. First, these results are explained. The comparison
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Table 1. Set of parameters for the simulations

Component Parameter Symbol Value
1. Discharging Water vessel Start mass Myater 4.6 kg
Start temperature T 110°C
Solution vessel Start mass Mol 19.8 kg
Start temperature T 120°C
Start mass fraction LiBr/H,O &LiBr/H,0 0.650 kg ip,/kgs01
Start mass fraction NaOH/H,O fNaOH/Hzo 0.617 kgnaon/Kgsol
Expansion machine Isentropic efficiency Nisen 0.5
Nominal vapour mass flow tilyap N 2¢gls
Nominal inlet pressure PinN 1.43 bar
Nominal outlet pressure PoutN 0.19 bar
Between the vessels Heat transfer capacity G 500 W/K
2. Cooling Heat sink at the water vessel Temperature T 40°C
3. Charging Heat source at the solution vessel Temperature T 120°C
At the solution/water vessel Heat transfer capacity G 700 W/K/2200 W/K
4. Heating Heat source at the water vessel Temperature T 110°C
Heat source at the solution vessel Temperature T 120°C
At the solution/water vessel Heat transfer capacity G 700 W/K/2200 W/K

Figure 2. Temperature of water and solution.

of the two working pairs is done later in the text. In the dis-
cussion, a focus is set on the discharging phase.

In Figure 2, the temperatures of the working fluids are

plotted over time. The external temperature baths are also
depicted. In the first phase (discharging), no external heat
source or sink is needed. The beginning of each phase is
marked by two little squares.

(1)

(2)

158

Discharging: the heat of absorption is higher than the heat
of evaporation. The heat ‘produced’ by absorption in the
solution vessel is thus higher than the heat used for the
process of evaporation, and the system of both vessels is
heating up. Temperature difference, heat flow and vapour
mass flow increase as well.

Cooling: the vessels are disconnected from the expansion
machine and the valve between the two vessels is still
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(3)

closed. The solution vessel is connected to the bath of
120°C and the water vessel to the bath of 40°C. This phase
of the process is very short (around 1 s) and can barely be
seen in the diagram. In this case, both vessels are cooled
until the vapour pressures are equal.

Charging: the valve between the two vessels is opened.
Water vapour desorbs out of the solution and is con-
densed in the water vessel. In the beginning, the water
temperature decreases very quickly, since the temperature
difference to the heat sink is large. The temperature of the
solution is first higher than the ‘heat source’ of 120°C, and
the solution is cooled by the ‘heat source’ in addition to
being cooled by the process of desorption. When the solu-
tion has reached a lower temperature than the heat source,
this heat is given back to the solution. After this first
period, the water temperature continues to decrease more
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Figure 3. Raoult plot: close-up discharging.

Figure 4. Raoult plot: full cycle process.

First cycle simulations of the Honigmann process

Figure 5. Vapour mass flow tiy,, and specific enthalpy difference over the
turbine hyy — hoy.

Figure 6. Mechanical power output W.

slowly, whereas the solution temperature increases after
going through a minimum. When the initial mass fraction
of the solution is reached, the valve is closed.

(4) Heating: the two vessels are heated until both temperatures
have reached the initial values from the beginning. At the
end, the process is prepared to start again.

Figure 3 depicts a Raoult plot for the discharge phase only.
The vapour pressure is plotted over the temperature. From one
vapour pressure line to the neighbouring one, the change is an
addition of 700 g water to the solution vessel. This is signifi-
cant for the process, since the absorbed water mass or vapour
mass flow relates to the work output of the expansion
machine. In addition, the time has been included in the
diagram: every 150 s are marked by two little squares. The thin
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lines between each pair of squares show the relationship
between evaporator and absorber. The vapour pressures of so-
lution and water increase because the temperatures increase. In
addition to this, the pressure over the solution increases,
because it becomes more and more diluted and the vapour
pressure depression decreases. Note that the vapour pressure
over the solution is lower than the water vapour pressure even
though the solution temperature is higher.

In Figure 4, the full cycle process can be seen in the Raoult
plot with isosteres of common mass fractions. The ‘time’ infor-
mation is not shown here. Only the beginning of each phase is
marked by two squares.

Figure 5 shows the vapour mass flow ri1,,, through the ex-
pansion machine over time and the difference in the specific
enthalpy of the vapour before and after the expansion machine
hin — hoy- The mass flow increases since the absolute pressures
and the pressure difference increases [compare also Figure 3
and Stodola equation (6)]. One aspect behind this, which can
be grasped more intuitively, is that a higher pressure leads to a
higher vapour density, so that more mass will fit through the
given expansion machine. The specific work hj, — hoy
decreases since the pressure ratio pin/pour (0T Pwater/Psol)
decreases around 50%, whereas the inlet temperature increases
only around 4%.

In Figure 6, it can be seen how these opposite effects lead to
a stabilization of the mechanical power output W, since it is
the product of mass flow and specific work [compare Equation
(7)]. Even though the process itself has a transient behaviour,
it is possible to run it in a way that the product, the power
output, is quite stable.

In the following, differences between the process behaviour
with the lithium bromide solution and the sodium hydroxide
solution are discussed. The resulting differences originate from
the different media and initial mass fractions only.

In the beginning, the increase in the temperature of the
lithium bromide solution is slightly faster than for sodium
hydroxide solution. This is due to a smaller specific heat
capacity ¢, of aqueous lithium bromide solution [around
2kJ/(kg K)] compared with that of the sodium hydroxide
solution [around 3 kJ/(kg K)]. In the end of the discharging
phase, the increase in the temperature of the sodium hydrox-
ide solution is higher. This can be explained by the higher
specific heat of the absorption of the sodium hydroxide solu-
tion in the considered range of mass fraction. Generally, the
differences in temperature are marginal; however, in pressure,
they are not: the vapour pressure over the sodium hydroxide
solution remains lower during the discharge phase. When
the same amount of water is absorbed, the vapour pressure
over the lithium bromide solution changes more than that
over the sodium hydroxide solution. The mechanical power
output for NaOH/H,O remains even more stable than for
LiBr/H,O (Figure 6).

Table 2 shows the mechanical efficiency 7., the energy
density p,.., and the average mechanical power output W for
both working pairs. The mechanical efficiency 7., is defined
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Table 2. Mechanical efficiency, energy density and average mechanical
power output

LiBr/H,0 NaOH/H,O
Thoees (%) 43 46
Prmech (Wh/kg) 4.9 5.4
W (W) 290 330

as the mechanical work output divided by the heat input
during the charging phases:

o Wmech
Mmech = .
Qinput

©)

The energy density p,.., is calculated as the output of
mechanical work divided by the mass of the diluted solution
at the end of the discharging phase:

Wmech
) = . 10
mech Mol dil ( )

The average mechanical power output W is defined as the
mechanical work output over the time needed for the dischar-
ging phase:

o= Wmeeh (11)

timegisch
NaOH/H,O shows better results since the mean pressure dif-
ference between solution and water vessel is higher due to a
higher evaporator temperature and a higher vapour pressure
depression of the solution. The differences are in the range of
~10%. Nevertheless, the working pairs behave similarly, and
some other criteria for the choice of working pairs should also
be considered. The results are true for this set of parameters,
but do not yet represent optimal process behaviour. Also, a
relatively small expansion machine efficiency of 50% is used up
to now. This may fit to small powers as in the given example
and as in the experiment at TU Berlin; for larger power set-
tings, higher efficiencies would be achieved. In the practical ex-
periment, a sliding vane expansion machine is used for first
tests. It is expected that an optimization will improve all char-
acteristic numbers.

The reversible limit for a process operated with the heat input
at 120°C and the heat rejection at 40°C is Meeh camot = 20%-
The irreversibilities of the process are mainly due to the expan-
sion machine and due to the heat transfer.

5 CONCLUSIONS

A fundamental model for the simulation of the Honigmann
process has been developed with the help of transient energy
and mass balances for the main components. Comparative
simulations for two working pairs—LiBr/H,O and NaOH/
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H,0—have been carried out. The results show that the choice
of the working pair does have an influence on efficiency,
energy density and mean power density. Another result is that
it is possible to obtain a stable power output, even though the
process itself is transient. Further investigations on the model
and process behaviour are still necessary.
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