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ARbstract
A system of storing energy in a hydrogen containing fuel for the
motor car i3 discussed. The recyclatle liquid chemical carrier

is:

dehydroggnation(

(Methylcyclohexane Toluene

liquid) liquid
The reverse reaction, the hydrogenation of toluene, oceuirs in a
regional plant connected to a source of hydrogen {(electrolysis of
water) with a significant by-product being heat at 200 ¢ for dis-
trict heating. The system is able to store hydrogen in liquid form
under ambient temperature and pressure even in a small motor car.
The concentration of hydrogen is 5.1 £ by weight. The release of
gaseous hydrogen from the liquid methylcyclohexane needs a chemi-
cal catalytic reactor having a temperature of 300 % and a pressurs
of some bars. Thes reaction has been well studied. The thermal
energy for the dehydrogenation is taken from the exhaust gases at
780 °c.

A layout 2f the most important processes of the system is given.
As a reference case a "motor car of tomorrow" is taiken, having a
total power of 20 kW (me) and an average power of 10 kKX {me}. Cis-
tances travelled on the open r~ad are 320 km, in the city 170 km.
The mean efficiency of the hydrogen engine is 25 4. For this car
the proposed system consists of a 120 litre tank for the liquia
organic carrier, and a catalytic tank of 15 litres. During a longer
parking period the continuous heating of the insulated reactor
requires less than 100 watts taken from a battery and can be sup-
plied for some hours. Starting the cold engine and acceleration
makes it necessary to burn small amounts of the toluene directly -
less than 2 % of the amount carried.

)*(Hydrogengas

)



The local regional hydrogen [illing staticn in supplying a popu-
lation of approx 10'000 people having 1000 hydrogen driven vehic-
les, includes an =lsc¢trolysis plant, hydrogenation plant for con-
verting toluene inte methylcyclohexane and the tanks for storing
the two liquids.

The hydrogen is procuced during periods of low electrical load

{8 hours). The electrical power required is 6 MwW{(el): the daily
production 114C kg hydrogen which provides annually for 1000 small
vehicles the power to travel 15'0C0 km. For the economic solution
in Switzerland one has the following parameters

(1 SFr = Swiss France * 0,5 U$ (1979):
Price of electrici- Price of heating oil and gaso-
ty during low load line without taxes; SFr/litre
Year SFr/kWh (el)
1979 0.042 0.0L0
2000 0.061 0.55

1. Liquid organic carrier of hydrogen as an automobile fuel.

Onc ol the important aims of future energy planners is to try and
couple the nuclear power plant with the fuel system of the motor
car. One possible scheme might be:

Nueclear fuel — nuclear power station —welectricity —e electro-

lysis of water —» hydrogen — fuel for the motor car.

The best known system is to use s0lid metal hydrides as the storage
for automobile fuel:



From source — (il,) + [I-*.e} _load [.’-Eel-!x}

(Filling station)
unloaded loaded in the
storage storage car

Used by engine ~——(H,) + [Me] ynload (Mek ]

As an alternative Sultan and Shaw, 1975 {26) have proposed the

following system using liquid "organic hydrides":

From source — (HZ) + {TO} _load, {MC}
(rilling station)}
unloaded lloaded in the car

Used by engine -—(}{2} + {Tu) yniocad {E'-:C}
The chemical reaction is:

loa
(3H,) + {cHg} wapBde o1} + ~ 210 KI/mol tC

The enthalpy Qde = 210 kJ/mol MC comes from the hydrogenation of
toluene and is not conn2cted with the enthalpy of hydrogen burning.

The sysiem could be used as a storage method for hydrogen fuel for
the motor car as shown in figure 1. The reference car system is

given in tabie 1.

The syztesm prozosed is called MTEH:

(Methyleyclohexare, Toluere, Hydrogen}.

The symbols used in this paper are:

gaseous ( Y org
liquiad { } or %
solid £ ]l ors
X = stoichiometric coefficient
Me s metal

H2 = gacecus hydrogen
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2. ?hxsical and chemical

methylcyclohexzne: C 1
toluene: 0655353 & CTHE
exhaust gases
district heating
heat exchanger
total

electrical
chemical

thnermal
mechanical

day 3 24 h; y = year = 32 days
hour

dehydrogenat ion

hyérogaration

sombust

Swiss Frarcs = 0,5 S §

properties of the components.

Both the corponents of the praposed system, that is methylecyclo-

hexane {MC} and toluene {TO) are ligquil at ambient temperatures.

Their freezing points lie around - 100 9 and boilinz points

«~ + 100 °C. Table 2 gives their most important preperties.

A rathzr important problem involving the storage of energy for the

motor car is the fact that the dehydrogenation of methylcyclohe~

Xane requires heat Qde from an externa' source:

Methylcyclohexane

The value of Qde is:

+ Qde — Toluene + (5'—%2)
210 kJ/mol MC

1.25 W/kg [C

35.2 MJ/kg H.



'
2,
]

Table 1: The retference motor car.

Property Unit VYalus
Weight of car without Pusl kg 900
Peak engine power (e ) 20
Hean engine power R (me ) 2
Engine volume 3 1
Mechanical {thermal) efficiency 4 25 £ {hydrogen)
20 £ {gasoline)
Equivalence ratio for hydrogen § 0.ké®
Exhaust gas temperature oc TrTe:
Operation distance
open road -] 320
city km 170
Tuel rating
gasoline open road L/100 km 6.45
" city /100 km 12.8
gasoline in tank kg 45.0°
hydrogen gas
open rosd kg/ 100 km 1,53
city kg/ 100 km 1.90
hydrogen in tank kg 5
Organic liquid cerrier
(6.1 veight 5; 95 % efficiency)
open road /300 km 3.2
city £/100 km 65.0
organic carrier in tank kg 85 {see appendix)

Organic/gasoline weight ratio

14

116
85/16e5.3

Note for Table !1: # The operation of th: hydrogen burning engine at an equi-
vaience ratic 3 0.5 - 0.6 improves the brake thermal of-
ficiency by 10 % to 2C % coapared to gasoline burning at

#=0.91.

88 cec appendix 7.8




FIG LA SI'PLISIED SOMPE FOR THE MTH RIELED CAR SYSTE
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Since the heat of combustion Qco of hydrogen is 121 MJ/kg ii, the

P
relation to the heat of dehydrogenation is

A
Qdelqco = 35.2/121 = 0.28
Such a large amount of heat at the required temperature could be

obtained from the following scurces

- exhaust gases from the engine

- addition:l burning of hydrogen

This paper proposes the use of the heat contained in the exhaust
gases which equals 45 ¥ of the total energy balance at a tempera-
ture of 780 °C which is very high but by no means unreasonable
{(see appendix 9.1 and 9.4 for an exact calculation).

Additional serious problems of the sys*em proposed are:

- the catalytic dehydrocenation of methylcyclohexane is a rather
complex process
- the catalysts from this process have been extensively and inten~
sively investigated. Not all technological details have been
proven
- the best known catalysts for the dehydrogenation of methylcyclo-~
hexane are:
- platinum on A1203 (ref. 24, 25)
- vanadium oxide on A1203
- copper-nickel
- ¢obalt alloys
- aluminium=-cobalt~chromium=-zine
- aluminium=~chromium-molybdenum
- nickel-phosphorus
= aluminium-titanium-vanadium
- chromium
- ruthenium=gilica

- aluminium-molybdenum=nickel



= the life of the catalysts should be at least 107 L. This permits
the reactivation of the catalysts every " um, that is % times
per year. To be competitive the cost ol regeneration must te t=-
low some tens ol dcllars

- the dehydrogenation reaction produces some unwanted by-products.
These ¢ould adversely affect the life of the catalyst but alsc
total recycling process, that is the hydrogenation and stcrage
of toluene.

3. Layout of the main components in the motor car.

The most important and crucial element of the system is the cata-
lytic dehydrogenation unit. Table 3 shows the principle calcula-
tions giving the material flows for the car. Table 4 gives the
layout calculations for the approgriate hydrogenation unit.

One can conclude from the thermodynamic calculations that to
achieve the hydrogenation a thermal flux of ~ 15.2 kW(th) at more
tnan 315 °C is needed.

The question arises wheiher i. is possible to extract this amount
of heat from the only easily available source in the car, that is
the exhaust gases.

Appendix 9.3 and 9.4 givz the calculation of the heat capacity of
tne exhaust gases.

Figure 2 shows the values obtained from the calculations referred
to above,



Table 2: Physical, themicsl and tozic praperties o composents of ihw

ME=-Iystem.

Zydrogen fwel 7

-Srsten

Tonvialisoal Toel
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Boiling poirt
Fresting point

Heat of waporiiation

L - [

Vapour pressure (20°)

Censity {209}
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Heat capacity
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s (250°)

s
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Price, V7 March

c?

J/mol X
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Table 3: The calculation of the material flow for the reference mcior car.

Property Obtained by Unit Value
Refererce car -—= —— [see table 1
Average mechanical

power postulation kW(me} 10
Efficiency estimation % 25 W)
. . . -1
Equivalence ratio see appendix #=2a 0.h6
Average thermal 10 ki(me) x = KW(th) b
pover 0.25
Average flow of
heat kJ/s 4o
Heat of combustion from literature MI/ kg i21
of hydrogen W/eal H
Hydrogen flur for (40 kJ/s) {242k /mol) mol R, /s 0.164
power given atove
Methylcyclohexane as MC —+ 3 H2+TO mol E 0.333
source of hydrcgen mol T 1.0
MC flux for power (0.164)x{0.333) mol MC/3 0.0555
given above
Efficiency of d.hy- estimation % 95
drogenation pro-
cess
MC flux including (0.055)x(1,0.95) mol MC/s 0.7

efficiency

%) The higher efficiency for the hydrogen engine of 25 %, rather than the

20 % officiency of gasoline engine is based on ref. 20, 29. (see also 9.8)
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4. Environmental problems

As can be szen from table 2 the toxicity of both liquid components
MC and TO are the same as for gasoline.

Air pollution from the hydrogen engine compared to the rasoline

engine has been extensively discussed.

The thermal pollution of the proposed motor car is essentially
lower than that of the petrol driven vehicle. For the iater the
heat losses are

- exhaust gases 18 KW(th)
- ¢cooling water and

radiation 12 kW(th)

Total 30 kW(th)

The car based on the MTH system has losses in the cooling water
and in direct radiation of approx 15 kW{th) plus in the exhaust
gases only 3 kW(th}. The thermal pollution is thereby approximately
halved.

These thermal differences, amounting to approx 15 kW per vehicle

can be realised at the local hydrogenation station at ~ 300 °C
and be used for local district heating. (see below).

5. The local filling station

This chapter considers the feasibility of “he local hydrogen fil-
ling station which has the following complex functions,

- production of hydrogen by means of the electrolysis of water,
during the low load period (8 h in the night). Supplying approx
1000 hydrogen driven cars covering each 15'000 km per year,
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Table L: Simplified calculation cf the catalytic dehydrogenation unit.
Property Obtained from Unit Value
Methyleyclohexane see table 3 mol MC/s 0.06
flux average
Specifie volume of | accoraing Faith (1972) {m>+s/{mol MC) 0.06
catalyst
Volume of reactor {0.06)x(0.06 mol NC/s) m3 0,004 calculated
0.013 for [urtner
calcuigtion
{erbitrary)
Temperature of acecrding Faith {1972) K 560
catalyst
Temperature of ex-
haust gares
- from engine estimation X 1050 | see teble 5
- after reartor postulation K 610 | and appendix
Logarithmic medium mp_no'asgggo_)-ég;o—sgo)
temperature in -Eq%if—gaa
di fference K ~ 140
Overall.heat trans- rough estimation H/meoK 150
fer coefficient
Heat of dehydrogena- | litersture k) /mol MC " 210
tion of MC
-~
Heat flux to reac- see table 3 kW(th) ~ 15,2
tor
Heating surface 15,2x102 W n® A 0,72
needed {150 #/mK)x{ 150 K)
Length of tube arbitrary m 2,5
. -3 3
Diameier of tube D'hxiilg—lg- n 0,022 }
0.73 m
Surface of 1 tube (0.5)x{0.022 ) m2 0.034 {calecu-
Number of tubes {0.73)/{0.034) nunber 21 lated
2 3 4
Volume of 1 tube {0.5)x(C,022"x3,1h /L) n 0.0002| for
Length of tubes {0,73)/(D.03h) aumber 21 b litre
Number of tubes l (hx10-3m3)/(0.002 m3) number noan J reactor
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Table L: Continuation

Property Obtained from Unit Value
Wall thickness arbitrary m 1.2 -+ 102
Wall unit, sur~ (0.022)°x(3. /L) n° n.0k2
face
. -3 3 -5
Wall unit, {0.042)}x{1.2x10 ~} m 5x 10
volume
Density of steel literature kgfm3 7500
Mass of tubes (14)(0.5)x(5x10"2)x kg 2.6
x{7500)
Catalyst, volume from above m3 0.00L ®)
Specific weight of arbitrary kg!m3 2000
catalyst
Catalyst weight {0.004)x(2000) kg 8
Reactor pitch arbitrary (length/dia- L/D ratio i
meter)
. 2 2 b
Cross section 21x{0.022x2) m 0.0k see
Diameter (O.Oh'hf3.1h)1f2 m 0.22 also
3
Reector volume (0.ck)x(0.5) m3 0.020 | appen-
Reactor surface {0.03x2)+(0,5x0.22) e 0.19 ) aix
Insulation, thick- arbitrary m 0.1
ness
Heat conductivity literature W/mK 0.05
Temperature dif- estimated K 300
ference
Heat losses (0.19}x(0.05/0.1)x(300) W (th) n~ 30 arbitrary
Relative heat los= {30 W)/{40000 W)} % v0.2
ses
Electrical battery 60 W x 10 h wh (el) 600
for heat losses equivalent to
12 ¥V x 50 Ah
Heat capacity of (0.02 m3)x{0.5 kJIkg-K)L MJ (th) 6

reactor

x (2000 kg/m3)

¥ Note:; The power nmeeded for acceleration (see appendix 9.6)is mot included.




Table 5: Exhaust gases balence and tank-volume (see appendix 9.2)
Parsmeter Obtained from Unit Value
Exhaust gases
Hydrogen flux from above given cal- mol/s 0.17
culation
Equivalence rating according Karim {1966) | 6 (1 = o~ 'y [ .16 (x= 2.17)
maximum lean
Relative mass of according Finegold g exhaust 151
exhaust gases {1978) mol H2
Mass of exhaust {151 g air/mol H )x g/s 26
gases x (0.17 mol H2/s)
Specific heat of estimated J/gK 1.2 (see
exhaust gases appendix)
Temperature of ex- see appendix 9.4 oc 717
haust gases: in- K 1050
put
Qutput temperature see appendix 9.4 Cc 337
I 610
Temperature dif- (T input)-(T output) oc Lho
ference = AT
Heat capeeity of ex-| {26 g/s)x(1.2 J/g"K)x J/s 151500
haust geses x {Lhn K) kW (th) 5.5
Tank volume
(simplified)
Hydrogen flux from above mol H2is 0.17
Methyleyclohexane (0.17x1/3}x(0.127 ¢/mol) 2 110
storege, load x (4.2 hr)
Toluene storage (100 1) x 0.83 1 92
unload
Equivalent gasoline estimated 2 20
value
Tank dimension arbitrary ¢ 120
gide of tank m (0.66)x(0.66)x
x [0.25)
Tank weight (empty) approximately kg 20




(%0] for accelerating and cold starting

.
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= use of this hydrogen in the hydrogenation of toluene transforming
it to methylcyclohexane, the hydrogen carrier in the tanks of the

motor cars.

- recovery of the "thermal waste® from the electrolysis and hydro-
genation plant to supply local district heating for some thou-
sand people,

Pigure } shows a simplified scheme of the proposed MTH system.
Table 6 gives details of the calculations.

&. Some economic¢ corsiderations

On the basis of established sources such as the "Schlussbericht
der Eidg. Kommission flir Gesamtenergiekonzeption, Bern 1978"
some economic calculations have been made and are presented in

Table 7. See also Pigure 5.

Pigure 6 also shows the partial cost of the Liydrogen fuel produced
in the form of liquid methylecyclohexane and the bonus in the re-
covery of the waste heat from electrolysis (~ 130 ®¢) and hydgro-
genation (~ 300 °C).



Fi6 A SCHEME OF THE REGIONAL FILLING STATION
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Table 5: Energy balance of the local hydrugen filling station.

Jbject Operation Uait Yalue
Region arbitrary population 1orcee
Motor cars, total assumption carsfregion Lroog
Molor cars, hydro- assumption -— - 1renn
£en
- T
Electrieity consump~ accopnding GEX 2050 k £= 1.1
. y - capita
tion
Ration of low/high rmatio 1.7%
load
"Pree” capacity, low | calculated ki {el} average 0,6
load
"Free™ capacity in 0.6 x 10*00C MW (el) 5 ®)
the region
Daily "free” energy 0000 kwW{el) x B h GJ (el)/a 173
Electrulysis of efficiency, assumed z 50
vater
Chemical energy in 173 GJ{el} x 0.30 G.;(H?'}:'d 138
" >
2
Asount of hydrogen 133 Q/{ 0121 GI/kg) | kg By/d i*140
Heat wmste, electrn- 173 GJ(el) x 0.20 GJ{th}/d ~ 35
lysis
Heac wvaste, hydroge- 138 GJ{ch) x 0.28 GI(th)/d ~ 38
nation
Total heat “wmste” 35 + 38 tJ(thj}/d LA
fatio vaste/elec~ 73/ 111 ratio .42
tricity
kg d
Total amount of H, 119 X 366 = t H/y h1g
d y 2
Chem. energy in H 3110 t/y x 121 GI/% GI{ch)/y 50000

2




Teble 6: Contipuation

Object Operation Unit Value
Energy per car 50000/ 1000 GJlch}sy 50
Thermal pover/car during 300 h/y kW (th) ~ 15
Mechanicel power/ efficiency 0.2% k¥ (me) ~ N
car
Efficiency of car assumption % 20
with gasoline
Equivalent of gaso- calculated 2 iy 1.56x10°

line

%) According to the literature the future modular unit for electrolysis will

have & poevwer of approximately t0 MW (el).
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F16 U, EMERGY FLOW IN THE REGIOHAL FILLING STATION

20 % waste; 35 GJ(th)/d: 130%

Nuclear
power
station

heating,
73 GJ(th)/d

173 G(el)/d
63 T(el)/y 0 MC

18.5 t/d

~825 kN(th)y

\ 7/
1000 cars x 50 GJ{ch} per y
1000 cars 3 11 ki{me} and 15'000 km/y



Table T: Economic ralculations
Object Operation Unit Value
Price of electricity low load period SFr/kwWh{el) 0.040
-— " - - SFr/cJ{el) 11,44
Efficiency of electro~} assumption percent Bo =)
lysis
Amount of electri- theoretical {700%) GJlel)/kg K, 0.121
city pratical: 0.121/C.8 " 0.151
Annual hydrogen pro- see table 6 GJ(ch}/y 5C'000
duction
Electricity consump- (50°000/0.8} * kwh(el)/y .73 x 107
tion x{109/3.6x103)
Electricity cost, 1.73 x 107 x 0.0k SFr/y 690°000
annualy
Flectricity cost for 0.151 x 11,11 SFr/kg H 1.68
hydrogen production SFr/GJ(cE) 13.89
Capital cost of elec~ | roughly calculated SFr/y 216001000
trolysis plant {see also ref 3)
, 8 h x 36C d
load factor 2kh x 365 d factor 0.30
Life in service according ref. 3 ¥y 15
Annuity arbitrary {also ref 3} % per y 10.3
Annuity, specific calculeted SPr/kg h2 0.66
SFr/GJ{ch) 5.45
Operation and main- roughly calculated SFr/xg H2 C.20
tenance SPr/CI{ch) 1.65
Total cost of H2 pro~ | calculated her SFr/kg H2 2.5k
duetion SFr/GJ{ch) 21.00
Capital cost of a hy- | according ref. 3) SFr/GI(chl 6.5 .. 8.5
drogenation plant roughly assumed SFr/kg 112 0.46
(methyleyclohexane specific cost
from toluene) SFr/cJ(ch)} 3.8
cepital cost, total SFr. 1'800°000




Table T: Continuation

Object Operation Unit Va ue

Total cost of l-lg in calculated SFrikg Ha 3.
the met,]-wlcyc ohlexane SF‘H'GJ(Ch} ol %

Heat recovery from from table 6 GJ{th}/y 267000
the electrolysis (73 GJ/d x 360)
anéd hydrogenation

Heat recovered egui- oil: 30 MI(th) /% m3 oilfy aro
valent to oil

Efficiency of burning | assumption 4 T
of oil

Effective oil equi- 870 x 3/0.7 3 oil/y 1°230
valent

Price of ¢il (low arbitrary SFr/i00 1 he
sulphur)

Value of o0il equi- 1230 x 10 x 40 SFriy SNCTOa0
valent

Price of gasoline assumption SFr/t 0.k

VYalue of grsoline from table 6 SFrfy 620200
equivalent (1.5 x 105 x 0.4)

Total cash calculated SFr/iy L3000

#) See apgpendix 9.9
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FIG 7« PRICE OF HYDROGEN FUEL IN MTH-SYSTEM VERSUS PRICE OF ELECTRICAL ENERGY
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FI1G 8, HEAT BALANCE IN THE HYDROGENATION-FILLING STATION
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7. Comparison of energetics with other car propulsive systems.

The following comparison gives some interesting values
car propulsive systems.

for various

Normalised for 1 Joule of energy in the motor-car (see figure 9).
Primary Fuel Transformation | Total pri- Engine, Heat for
Plant mary ener- Lype Histrict
gy (Joule)* heat ing
(Joule (th))
Light water
Nuclear fuel reactor 15 Internal 2
combus-
tion en-
gine
efficiency ~33% n =25 %

8.8 Fuel cell 1
plus elec-
tromotor

g,5¥%» Elect bat- 0
tery plus
mnotor

Refinery Internal- 0
Crude oil i
efficiency ~80% 10.0 com?ustlon
engine
n = 20 %

*) Assuming additional energy for district “eating (or equivalent
of 2 Joules (th)

**)} Corrected for the increase in weight of the 900 kg car due to
the 400 kg battery (56 kWh (el)). This is an advanced battery

gsulphur/sodium type having 150 Wh (el)kg.

Note: The cost of the battery i1s assumed to be 120 SPr/kWh {(el)}.
The optimistic cost of the battery is therefore (120 SPr/xWh

(el) x (56 kWh(el)) =

5600 SFr.

For an efficient system at least one battery must be in the

filling station for every 3 batteries on the rocad. The cost

of the battery for this reference car is 9000 SFr. The cost




Total

power:

15 W

Total

pOowEr:

B.B W

Total

power:

9.3 W

Total

power:

10 W

LWR

15 u ?= 337

(th)

Electro-
i Tysis
(el) | 9= 80%

losses

Electro~
Tysis
= 80 %

2 oM

— -
(el}

ZW

Hydroge-
nation

1,3 W(ch) additional o0i] burning

2.25 W=1.5x1.5 W

(el)

"7:66%

Electrica
battery

» . :
2.8 W(ch) additional 0i1 burning

Raffinery

Tosses

line: 5 W{ch
7.8 Wich)

-

Gasoline,
no losses

oil for heating, 2.8 W(ch)
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of the car without battery 7500 SFr. Result; the battery
driven car is twice as expensive as the hydrogen >r gesoline
driven car.

8. Conclusions

A motor car system fuelled with gaseous hydrogen stored on board
by means of a liguid organic carrier of methylcyclohexare-toluene
seems to be a feasable system.

The pros and contras are as follows:

Pro: - A liquid carrier of hydrogen is very attractive even for
small private vehicles

- The beat of dehydrogenation could be extracted from the ex-
haust gases

- The fuel tank and catalytic reactors are not large: 120 &
tank, 13 £ dehydrogenation unit and a rather small heat
exchanger for a car having a ueight'or 950 kg and a radics
of operation of 320 km on the open road or 170 km in the
city

= The start up for a cold engine at intervals shorter than
10 hours can be covered by a battery of 12 V and 50 Ab

- The start after a longer parking time can be achieved with
electricity from the grid i.e. 10 kW(e) for 10 minutes, or
by burning the methylcyclchioxane directliy

- The thermal pollution is 2.5 times lower than that of con-
ventional engines

- The toxieity of both liquid carriers MC and TO is the same
as for gasoline

- The loading of hydrogen into the toluene at the local plants



Contra:

seems to be feasable at the scale of about 1000 cars.
The electrical power needed for electrolytic production
of hydrogen rfor 8 h in the night is only 6 MW(el)

Based on an electricity price of 0.QU2 SFr/kWh{ell =i
an oil and gasoline price without taxes of C.4 SFr/i
the system can be economically self supporting. Even
with an electricity price for the year 2000 (according
to the GEK) of 0.061 SFr/kWh{el) thecorresponding price
of ¢il and gasoline would only be 0.55 SFr/i.

The use of catalytic reactors is a limiting factor with

their short lilfetime, price and complexity of recharping

The by-products of dehydrogenation could be harmful for
the environment ever though they will be cnly 1 7 of

the emmission on one cycle
Much more .evelopment work remains to be done

The proposed filling station is a complex plant and in-
cludes
- the electrolytic plant 6 MW{el); 1.14 t H2/day

hydrogenation plant: 20 t methylcyclohexane/day

filling station with 2 tanks of » 25 m>
filling of 1000 cars each 15'000 km/y
a capital cost ~ 4.4 x 106 SFr.

9. Aggendix

9.1 Chemical reactors_in_the equilibrium_state

.

a) Hydrogen production

(CGH“CH3]E —_—

(CeHCH ), + (3Hyg
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Catalyser : PtlA1203 in powder form
Temperature: 610 K
Pressure t 1 bar

Enthalpy of hydrogenation: 210 klJ/mol KC (endothermic)
Efficiency of the hydrogenation reaction: 95 %

b) Hydrogen burning with excess air equal to k.
{the eguivalence ration ¢ equals l-l)

} ]
Ky #+ (7 0, + 1.88 N,}) —= H,0 + (A-1) 70, + 1.88 N,

Enthalpy of burning: 280 kJ/mol H2

The value of ) is selected as 2.17 since a hydrogen/air mixture
with 2 % H, lies below the explosion limit and thereby a "normal”
burning of hydrogen can be achieved. At the same time the burning
has a high efficiency. Thus for A = 2.17 the following equation
is obtainea:

1
H, ¢ 2.17 (2 0, + 1.88 Nz) —= H,0 + 0.58 0, + h,o7 N,

The maximum theoretical combustion temperature for this reaection
can be calculated as (specific heats see table 8).

1'600 K {(constant pressure)
1'959 K (constant temperature)

Note: According to (1) the engine exhaust gas temperature decreases
significantly with operation at a low equivalence ratio #.

9.2 Heat_exc

The dehydrogenation of methylcyclohexane takes place in the ga-
secus form., To obtain a good energy extraction, a heat exchanger

is used in which the enthalpy (heat} of the productes (exhaust gas



and Loluewe) 1s translerred to fugl feed {methylcoyelohexane).

inother heal excuanger provides the peaction heat of iehyiropeva-

rion.

9.3 Energy flow in_the system.

The total energy requirements of the dehydrogenation system is masde

Jup as [follows:

B{¥C)

i} . dt |
Bty * 293 Pl  * e *

From this: Al = 317 W/mol McC

This energy requirement A, is provided by tne cocling of the deny-

drugenation products (CSHSCH15 * SH?) and the exhaust gases {(Z0}).

The cooling of the gaseous toiuene and hydrogen gives the foliowing

amount of heat

. TB(T0) #2T
AH, z Cp (TO) dt * AH_ .., ¢ Cp a7 +
(o) “Jeiq E(TO) T, [To}
327
+ 3 Cp g

T - . —~ .
uh(to} s 161 wd/mol (TC » 5h2)

The remaining energy is provided by the cxhaust gases as [ollows:

A(AE) = 31T - 151 = 216 kJ/mol MC
A(AH) = 5."‘: cp (E3) 4T



Table 8:

Some thermodynamic --alues.

L}
s

t

emperature (K)

Cp 3 a2 ¢ bT ¢+ 'C."I‘2
AR = ICp 4T = aT + 37° o §7)
Coefficients Cp at 1050 K
a b c J/gX J/mol K

H,0 | 38.39 | c.62x10 0 | 5.61x10° 2.307 8.5
o, f 28.23 | 2.58x1073 | o.58x10°" 1.095 35.0
i, | 28.3 | 2.58x1073 | o.58x1076 1.181 33.0
H, 27.7 3.39x15°° - 14655 29.3
Entbhalpy of boiling, combustion and dehydrogenation
ﬂg {¥C) = 31.5 KJ/mol MC
Hy, (NC) = A500 K'/mol MC B = PBoiling
Hg (TO) 31.9 KJ/mol TO V =z Combustion
H“r (Ho) = 280 KJ/mol H, I = Dehydrogenation
HD (MC) = 210 KJ/mol MC
Specific heat of MC, TO
co {uc} = 180 y/mol (Mcr K
Cp (HC, 280 J/mol (HC, i Boiling points:
cp fro} = 160 J/mol [-ro] " Ty (MC) = 376 K
Cp (TO)} = 170 J/mol (TO} - K TB (Tc} = 383 K

Cp [Pe]

460 J/mol [Fe] - X




Fic I) SCHEME OF HEAT FUN

Seciion Tenperature of Teaperature of Energy flow
RL{Kelvin) 10 or exhaust{Kelvin) through the wall
A M | PRe Heater 327 MQ W)/mol
v e ] 10 13.5
| ' ]
347 383
L [Feter | T0. 8.7
£ K .
m, [ —
n7 383
L—-l i—--J
e NC Cvaporator '—’I-lz 27.2
" T
37 183
' .1 1w 4.3
V] Evaporator 4
319 400
l—" '—I T0 51.6
3 Superheater __I 9
586 ' 6
¢ 6
F ' Superheater o H 606 5 8
. — 1
610 6‘0
¢ ' meactor | | li:gso 210
efo =7 T %
L- . —l
TO
Section Function on the side:
Methylcyclohexane Toluene +_Hz
A Keat Exchange, liquid Heat Exchange, 1iquid
B Heat Exchange, liquid Condensor
c Evaporator Condensor and separation H,
D Evaporator Heat Exchanger, oaseous
£ Superhester Heat Exchancer, gaseous
F Superheater Heat Exchanger (exhaust gases
6 Dehydrogenation Catalyser
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To simplify the presentation and calculation the sysatem of heat

exchanger and reactor is divided into six sections A to F. (In

reality only two parts ~ heat exchanger and reactor).

It is assumed that the heat exchangers operate in counterflow. To

caleulate the surface area the feollowing formula are used

AT = T, ~-T

in out
T - (8pp = Tye!
m
10 (AT /Tyye)
Q =

Q F
%)
k-ATm kK =

For the reference case it

M = 0.055 mol MC/s

The total surface area of

IF = 2.03 m2

The Carnot efficiency for

(V = c¢onst; Tmax =

mol

AH x b (f = mass flow; —/= Q = power [W]

surface of the heat exchanger [m’]

heat transfer coefficient [H/m2 KI

was assumed that
the complete heat exchange system is
an Otto engine with hydrogen is

1959 K)

1950 - 1050

n
carnot T

1950



Table 9: Calculation of the surface area

System components

Unitc A B c D E F ge
liq/liq liq/cond} wvap/cond |vap/gas gas/gas gas/gas gas/eas
ATTO K 56 Q0 condensa~ 17 210 3y 140
tion
ETFC K T4 27 0 ¢ 212 2h
g evaporation
ATm K 6u 211 28
ik w/m2x~ 340 600 2500 600 14 14 150
Tt K 3
Q KW 0.75 0.26 1.5 0,24 2.84 0,32 15,2
F me 0.0% c.02 0.06 0.03 1,03 0,86 1.73
* See “"W&rme-Atlas"” 1974,
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For this paper it is assumed for the hydrogen Otto engine:

Nepp = 0.2
On the relationship of Nepe to the Carnot efficiency is:
= = c!l
neff/nCarnot V.25/0.462 ¢.54

which appears reasonable,

The surface area of the heat exchanger s about 2 m2. With a “ube
¢ross section of 0,002 m2 (6 5 cm) a total length of 12.8 m is
needed. The heat exchranger could possibly be dimensioned as follows

(in a cube of 0.7 m) {Figure 11 a shows a proposed layout).

The inner cube has a side 0.5 m iong. To that is added 0.1 m of
insulation with a thermal conductivity x = 0.1 W/m.K.

This gives a power loss of

é - FrA-AT

loss e
F = 6a° = 3 m° surface of the insulated cube
A o= 0.1 W/mK thermal conductivity of the insulation
d = 0.1m insvlation thickness
AT = 50 K T, - T,

TOout air

Qloss = 150 W calculated loss of heat ex¢ianger

The catalytic reaction unit can be designed as follows

(B = Radius, (m), L = length, (m)).

Ri = 0.1 m AR = Ra - Ri Ta = temperature at A
Ra =z 0.2 m AR = wall thickness;’l‘i s temperature at I
L = 0.4m AT = T, - T
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Fi6 12 , GEOMETRY AND ISOLATION OF DEHYDROGENATION REACTOR

a) The geometry of the dehydrogenation reactor

70 ¢m
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The reactor volume w.thout isolation is about 13 litres {see also
table 4).

The power loss of the reaction unit is

ne

T - T, R+ R,[ A+«AT
3 = 2 X . o). a Yy
Qloss z 2n+x<L + 2 [ ]" 30 W

in (Ra/Ri)

The total losses of the combined system is therefore ~ 180 W.

Acceleration requires a power of 20 kW{me) and could be provided
by
a) direct injection of toluene into the engine (excess air?)
or _-
b) by additional batteries which are charged up during the

Jjourney.

a) T0 Injection
- Burning during normal travel

H2 + 2.17 (0.502 + 1.88 Nz} —» H.0 + 0.580 O, + 4,08 N2 + AH

2 2

AH = 240 KkJ

- Burning during acceleration with addaition of C¢.06 mol TO
(e.g. 5.9 g TO)

20 + 0.42 002%

+ 4,03 N2

H2 + 2.17 ( 02 + 1.88 NE) + 0,06 TO ~—= 1.42 H

aH = 504 kJ

i.e. with the injection of only 5.9 g of T0 the thermal power is
more than doubled!
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However the mechanical power does not increase by the same amount
since the efficiency falls.

The advantages of this system lies in the availability ¢~ TO from
the tank.
sent).

(Note: With metal hydrides this advantage is not pre-

whe disadvantages of TO injections also for cold starts are as
follows

- larger environmental impact from 002 and perhaps NOx (neverthe-

less still fifty times smaller than with the gasoline engine)
- lower efficiency of the engine

- increased corrosion of the heat exchanger system

- burning of the hydrogen
fuel at a rate of about
after about 50 fillings
posed to be recycled is

placement.

b) Cold starts

The energy reguired is to
heat exchange (HE) system

carrier which comes from liquid fossile
2 % per fuel tank filling. That means
the contents of the tank which is sup-

completely exhausted and requires re-

supply the heat for: the heating of tne

QHE =z ECp-bT-mHE and the thermal energy

necessary to start the release of hydrogen.

It is arbitrarily assumed

that m = 1.5 m

tot HE*
Mot z (Fed-p)x2.5; p = 7800 Kglmj; d = 2 mm
F = surface (m®)
cp = 0.4 kJ/kg {iron)
AT = A X T~ - T, =/000x275-T, = 250 °C
T = temperature of the surroundings
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The heat needed for a c¢ovld start is:

Qe °* 78 kJ
This heat can be produced either by burning toluene of by external
electrical heating.

By burning 0.36 mol or 35 g TO the heat exchanger is brought to
cperating temperature and 3 mols of hydrogen produced. Thus a cold
start needs about 0.04 % of the fuel tank contents. After 50 starts
2 % of the tank's contents are directly burnt. This amount must

be replaced continuously in the MTH system.

¢) Warm start

Energy required 317 kJ/mol MC thus 0.28 mol TO or 28 g TO must be
burnt.

The loss of the heat transfer system of 180 W (see above) can be

covered by a normal car battery. Additional equipment is necessary

~ TO exhaust (as well as the hydrogen exhaust)

- process contreller (miceroprocessor)

d) Electrically driven acceleration {(using batteries)

Advantages:
- constant efficiency
- higher engine usage
- small environmental impact

Disadvantages:
- the car weighs more, requires a high fuel consumption
- additional equipment is necessary (batteries, electrical motor)
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9.7 Calculation of the_ incrzased fuel reguired

The following assumptions have been made (see tabl:» i)

Gasoline - ful. tank 16 kg average B kg

MTH system » " 85 kg " 84 ug
Difference 76 kg

Tank for MTH system 30 kg

Catalyser reactor 20 xg

Other extras 20 kg 70 kg
Total additions 146 kg

In relation to the weight of the car (900 kg)

900 + 146
900

= 116 %

Assuning 1 £ increase in weight corresponds to an increase 0.9 %

in fuel, required i.e. 16 2 x 0.9 = 15 %. After iterating one
obtains an increase in the fuel requirements of 18 %.

9.8 Efficiency_of the hydrogen engine.
Based on numercus theoretical and practical studies the hydrogen

engine is much more efficient than the equivalent gasoline engine.

Van Vorst (19T74) writes: "Comparison of results (for the hydrogen
and gasoline engine) indicates that thermal efficiency is signi-
ficantly higher. An increase in efficiency from 25 £ to 100 I were
noted; the greatest increase being obtained at the lower power
outputs. At the highest gasoline engine efficiency the efficiency
of the hydrogen engine is 25 % greater".

H., May (1976) writes: "For the higher hydrogern mixtures a higher



efficiency is obtained as is obtained from the lower hydrogen through-
put, whick can be expected from the theoretical calculations™.

One of the aims of this paper is to discuss the feasability of small
scale production of hydrogen for the hydrogenation of toluene to
methyleyclohexane. This hydrogen is produced from the electrolysis

of water using electrical energy from a nuclear power station.

At the present time (according to ref. 20) all the large scale
water electrolysis plants are built as multi-module systems with
a module representing 1-2 MW (el).

T = 80 °C, investment cost 250 $/kW(el)
Today's modern electrolysers have an electrie efficiency of 75-80 %.

A promising method of water electrolysis is based on a solid poly-
mer electrolite membrane, unfortunately having a high price per
unit cell but nevertheless a high energy efficiency (targets of

90 % are aimed at). Operating temperature is 150 ©C; the module
system with B8-10 MW(el).

According to ref. 18 the price of hydrogen produced by electroly-
2is is dependent on the price of electricity and the plant capa-
city factor (as shown in figure 13}.

According to ref. 21 the future development of electrolysis of
water has the following goals:

Overall system officiency 85 = 90 %
System capital cost 50 $/kW{el)
Life 20 years

Scale up: Demo system 5 MW(el)
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Temperature 15¢ °¢c

Pressure 20 bar
Estimated costs

(1 US § = 2 SPr.}

1976 Electriecity 9.5 SPr./GJ(el)

Hydrogen without 10.7 SFr./GJ{(ch) in H,
sale of 02
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