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EFFICIENCIES OF VARIOUS METHODS FOR
SOLAR ENERGY CONVERSION

by

W. G. SOPER

INTRODUCTION

Solar energy, essentially inexhaustible and non-polluting, is

one of the alternative sources of power being investigated for
future utilization. Methods for converting this electromagnetic
radiation of 0.3-um to 3.0-um wavelength into more useful forms
(electricity, shaft work, or chemical energy) are being proposed
in great variety. It is the purpose of this report to examine
some of these methods and to estimate their maximum efficiencies.
From this information a partial assessment of the relative poten-
tial of the methods is made. As most of the material is not orig-
inal, the report is principally a collection and condensation

of ideas distributed through the technical literature. Apologies
to specialist readers are made for simplifications necessary to
keep the preseqtation straightforward and uncomplicated.

Methods for Solar Energy Conversion

The methods to be considered here are as follows:
1. Heat Engines
2. Decomposition of Water to Produce Hjp

a. Direct Thermal Splitting

b. Two-Step Thermochemical Process

c. Multi-Step Process

3. Solar Cells

a. Photovoltaic
b. Antenna-Type

I. Heat Engines

This is the easiest method to assess in detail, because the tech-
nology of vapor cycles has been intensively developed over the

past century. Maximum theoretical thermal efficiency (shaft
work/heat input to cycle) is given by the familiar Carnot expression

e = (T-To)/T 1
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where T is the temperature at which heat is fed into the cycle,
and T, that at which it is withdrawn. In terms of the equipment,
T and T, are temperatures of the boiler and condenser, respec-
tively. To maximize performance we will take T, to be the mini-
mum temperature available--the ambient temperature.

To define the maximum boiler temperature that can be realistic-
ally achieved with solar radiation, we will use characteristics
of a solar furnace. (This is clearly optimistic for a discussion
of power production, as solar furnaces are designed to provide
temperature, not power. Increase of heat transfer surface to
improve power output will increase losses and reduce maximum
temperature.) The maximum temperature attainable in a solar
furnace is about 4000 K [1]. If energy loss from the boiler

is assumed to be purely radiative and is taken to be proportional
to the fourth power of boiler temperature, the heat available

for the vapor cycle is the difference of the incident and radi-
ated energies. This heat is given by

oT) = Qo |2 - [T )4
4000

where Qo is the solar energy incident upon the boiler. Efficiency
of the boiler is defined by

ng = Q(T)/Q = [1._ [ T ]"J
4000

Losses in the reflector are not included in this accounting.

The maximum thermal efficiency of the overall system (boiler +
engine) is given by the product of boiler and engine efficiencies:

i
overall efficiency = neng = T = To |;_ T
Ly 4000

This quantity is the ratio of shaft work to the solar energy that
impinges on the boiler, and it is plotted as curve 1 in Fig. 1
with T, = 300 K. Peak efficiency is approximately 0.80, with

an associated temperature of 1800 K (2780°F).

Remarks:

The preceding efficiency is an upper limit in two respects:
Carnot efficiency is assumed for the engine, and solar furnace
characteristics are assumed for the boiler. To bring engine
performance closer to reality, we note that the efficiency of
modern steam turbines (shaft work/heat input to steam) is

st i b Bt e
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approximately 40% {2]. Maximum steam temperature is typically
1000°F or 810 K. Utilizing the quantity ng for the efficiency
of the solar boiler, we calculate the efficiency of (boiler +
engine) :
&l
overall efficiency = 0.4 x |1 - |_8LO0/" = g 4
4000
(Boiler efficiency is virtually unity for temperatures below 2000 K.)
Thus, about 40% of the solar energy that impinges on the boiler
is converted into shaft work. This performance, slightly greater

than half the thermodynamic upper limit at 810 K, is indicated
in Fig. 1 as a "more realistic estimate."

II. Thermal Decomposition (Splitting) of Water to Produce Hydrogen

This process differs fundamentally from that in (I.) in that

fuel is manufactured; i.e., it is a conversion of solar to chemi-
cal energy. Of course, the Hy will be eventually reacted with

Oy to provide either shaft power or electricity. In keeping with
the objective of this analysis (to estimate maximum performance),
this reaction will be assumed to have maximum theoretical effi-
ciency. The free-energy content of the fuel upon reaction will
be assumed to be converted completely into mechanical or electri-
cal energy, and the efficiency will be computed as the ratio of
this work to the heat required by the splitting process. This
tacitly assumes use of an ideal fuel cell for conducting the
reaction; combustion of Hp in a heat engine is typically only

30% efficient [3].

a. Direct Thermal Splitting

Thermodynamic quantities AQ (heat required) and AF (work required)
for the splitting of water are shown in Fig. 2. (More detailed
data that include the ionization of Hz and Oy have been published
[4], but use of these refined data would not alter the conclu-
sion.) Free-energy change AF, the work required to split one
mole of water within the prescribed mixture, is given by

AF = RT 1n Q
Kp (T)

Here Kp(T) is the equilibrium constant in terms of pressure (5],
and Qp is defined as

b

where the P-terms denote partial pressures in atmospheres of the
respective gases. The "standard" condition occurs when all partial
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pressures are equal to 1 atm. This defines the free-energy
change for the standard state,

AFO© = =RT 1n KP(T) '

and from this one obtains

AF = FO + RT 1ln Qp

The r4eceding expression for AF is plotted in Fig. 2 for several
combinations of partial pressures in the reacting mixture. From
the abscissa-intercepts of the curves and from the previous re-
marks concerning the maximum temperature in a solar furnace,

it is clear that, in mixtures where PH2 and P02 are 1 atm or
greater, it is not possible to split water without input of
electrical work. It is necessary, then, either to provide elec-
trical input of amount AF, or to operate with low partial pres-
sures of Hy and Oy and thus reduce AF to zero at the temperature
employed. 1In the latter case, however, work must be expended

to compress the product gases to a useful level of pressure.

To discard the Op, for example, l-atm pressure is required.

(In reality, work will also be required to separate the gases
from the mixture, but here we assume ideal, selectively permeable
membranes that permit separation of the gases with no pressure
loss and no increase of entropy.)

To compute the compression work necessary to produce Hp and O3
at l-atm pressure, we assume that the partial pressures pHZ and
Pp, are reduced so that AF is substantially less than AFO at
temperature T. Then AF is given by

AF(T) = AF®(T) + RT 1n Q;, .

where Qp < 1 and the last term is negative. Now the work per
mole to compress the separated gases from pressure Py back to
1 atm is

We = f PdAdV = Rr in 1, n = number of moles.
n Bx

The total work to accomplish the splitting of water and produc-
tion of gas at 1 atm is therefore (only % mole of O3 is produced
per mole of Hp)

Wp = AF(T) + W, = AF(T) + RT 1n —— + % RT 1n ——
T PHj Po,
or
- k -
WT = AFO(T) + RT EH(PH2P025) = 1n(PH2P02 ﬂ = AFO(T)
4




R-6-77

Thus, use of reduced gas pressures in the mixture just exchanges
electrolytic work for compressor work; the total work required
remains the same.

Having established that AF®(T) can be employed in the analysis
without loss of generality, we now compute the maximum thermal
efficiency for a direct splitting process with a temperature of
heat input T, and eventual reaction of the Hy at temperature
To. For heat input Q at temperature T,, the work input must be

wI = QAFO (T”)
AQO (Tw)

The quantity of H2 produced will be

ny, = Q/A0°(Ty)

If reacted reversibly to water at Ty, this Hy will produce work
equal to

9 AFO(Ty)

W = m AR e e

H

However, from this must be deducted the work required to perform
the splitting at T,, so the net work produced is

3 AFO(To)  AFO(Ty)| _ o [AFO(To) - AFO(1y)]
AQ°(Ty)  AQO(Ty) 8Q° (Ty)

Wnet = Wy - Wp =

It is now assumed that (1) AH for the water decomposition reac-
tion is not a function of temperature, and (2) the heat required
to raise the incoming water at temperature T, to the temperature
of reaction Ty is exactly provided by the heat withdrawn in cool-
ing the reaction products Hy and O back to To. Under these
conditions, the AFO(T) function must be a straight line (which,

in fact, closely approximates the data for water), and the thermal
efficiency of the splitting process assumes a familiar form:

AFO (T, = AFO(Ty)_ Ty = T -
Efficiency of splitting = Wz;t = ASL(TU) S uTu 2 = n

This is simply the Carnot expression; it relates the work poten-
tial of the H product to the heat put into the splitting proc-
ess. Now the ratio of this heat to the solar energy incident
upon the process containment vessel, or "boiler," is the quantity
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ng. Thus the maximum overall thermal efficiency for a system
that produces power by first splitting water with a solar fur-
nace, and then reacting the Hp reversibly, is the same as that
for the heat engine: the product n.ng, or curve 1 of Fig. 1.

The general case where the heat capacities of the substances be-
fore and after reaction are not equal, and regenerative heating
of the reactants by the products during cooling is not completely
attainable, has been treated by Esteve et al [6], with the result
that the efficiency of splitting is always less than the Carnot
value n.. The overall efficiency consequently falls below curve
I af Fig. L.

Remarks:

The preceding analysis has assumed that both the work output

of the process and the work required for splitting can be pro-
vided with 100% efficiency by the reaction of Hp at To. Only

a fuel cell can approach this condition. Now a state-of-the-art
fuel cell provides about 55% efficiency in converting Hp free
energy into electricity [7]. For this figure the thermal effi-
ciency of the splitting process would be (retaining the ideal
fuel cell for output power)

AFO(Tg) - (1/0.55) AFO(Ty)
AQO (Ty)

This has been computed from the AFC-data for water and combined
with the solar boiler efficiency ng. The result is plotted in
Fig. 1 as curve 2. It is clear that the lower conversion effi-
ciency has a drastic effect; temperatures above 2200 K are re-
gquired to make the process self-sustaining. If a heat engine-
generator were to provide power for splitting, its efficiency
would be no better than 30%. This value gives curve 3 in Fig. 1.
We conclude that solar power conversion through direct water
splitting will be feasible only if very efficient means are avail-
able for (1) separating the gases from the mixture and (2) con-
verting Hy chemical energy into electrical work to assist the
reaction, or into mechanical work to compress the gases. Naka-
mura [8] reaches similar conclusions in a much more detailed
study.

b. Two-Step Splitting

The principal shortcoming of the direct process for water split-
ting is the need for input of work. Funk and Reinstrom showed
in 1966 [9] that a properly chosen series of reactions can split
water without the high temperatures or electrical work required
by the direct process. The principle is illustrated in Fig. 3
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with data from the ZnO process under study by the French solar
furnace group at Odeillo [10]. The decomposition of water, re-
action (3) in Fig. 3, is viewed as the result of two component
reactions. In reaction (1), 2ZnO is decomposed endothermically
(AH] >0) at Ty = 2200 K to yield Zn. In reaction (2), the Zn
is combined with water exothermically (AH2 <0) at Ty = 1400 K
to yield ZnO and H2. At temperatures T, and Ty, the AF-values
for reactions (1) and (2), respectively, are zero. Hence, no
work is required to drive the reactions and accomplish the de-
composition by this route.

The quantity of H, produced for heat input Q is

ng, = = 92
52 7 55,7y T BEp

This Hy will be cooled to ambient temperature T, (heating the
feed water to Ty in the process) and eventually reacted with Oj
to produce work. The maximum work obtainable is (again assuming
an ideal fuel cell)

wmax — NHp AF3(T0) - _Q_ AF3(T0)
AHy

from which the thermal efficiency of splitting is Wpa4/Q, or
AF3(Ty) /AHy. For the ZnO process in Fig. 3 the magnitude of this
ratio is approximately 0.65; this value has been multiplied by
the boiler efficiency ng at 2200 K and entered in Fig. 1 as a
theoretical maximum, point *.

The preceding was an actual case. The more general situation
in two-step splitting is illustrated in Fig. 4 with the "straight-
line"” model. Here the thermal efficiency of splitting becomes
Ty - To AF3(To)

Tu AFl(To)
We see that Carnot efficiency no can be attained by ng, but only
if AF3(To)/AF1(To) is unity. This will in turn be true only if
Ty = Tg; i.e., only if the exothermic reaction occurs at ambient
temperature. In this case the overall efficiency (boiler +
splitting process) is given by the product ngng, or curve 1 in
Fig. 1. If Ty > Tg, on the other hand, the ratio AF3(Tp)/AF; (To)
is less than unity, ng is less than ng, and the overall efficiency
ngng falls below curve 1.

Ng =

The geometry of Fig. 4 yields an alternative expression for ng
that points up the importance of the temperature difference (TU—TQ):

Ty - To AF3 (To) Ty - Tg AF3(To)

ﬂs=

T, AF; (T,) T AF3(Ty)
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From this we see that the efficiency of splitting is basically
that of a Carnot cycle based on T, and Ty, but enhanced by the
fact that the Hp is reacted at To < Ty.

c. Multi-Step Splitting

The slope of the AF; (T) relationship in Fig. 4 is (-AS), as is
clear from the thermodynamic expression

AF = AH - TAS

in this ideal case where AH and AS are independent of T. As
pointed out by Funk ¢t al [9] and Bowman [11] and illustrated
in Fig. 4, the slope must satisfy

Ty — Ty
Now it is very difficult to find reactions whose entropy changes
are great enough to keep (Ty-Ty) conveniently small. Bowman
gives AS = 76 cal/mole K (320 J/mole K) as a desired value based
on Ty = 1100 K and Ty = 400 K. Yet he points out that typical
reactions provide only 25 cal/mole K. From this follows the
widespread opinion that two-step processes will not be found
suitable for water splitting. (The ZnO process described above
provides a AS-value of approximately 45 cal/mole K; the result-
ing upper temperature T, = 2200 K (3500°F) is beyond current
industrial capability.)

The way out of this dilemma is to use more than two steps, as
illustrated in Fig. 5. A series of reactions is chosen whose
net AF(T) matches that of the previous endothermic reaction 1.
The sum of the slopes satisfies

¥ As\_ -AF3(Ty)

endo. By~ T¢

Similarly, a set of exothermic reactions (not illustrated) is
selected to match, in sum, the previous exothermic reaction 2.
The resulting AS for all the reactions together must be

< As) Y As| AF3(Ty) - AF3(Ty)
(=]

ndo.] *\exo. [=
Py = Ty

the entropy change for water decomposition.

The efficiency of the multi-step process can, under ideal con-
ditions, equal that of the previously considered two-step pbrocess.




R-6-77

These conditions will exist if the crossing points (AF = 0) of

all the component endothermic reactions fall at a single temper-
ature T,, and those of all the component exothermic reactions

at a single temperature Ty;. Otherwise, the efficiency (for speci-
fied maximum and minimum temperatures) will be less than that

of the two-step process, because some of the heat will be trans-
ferred through less than the maximum temperature difference.

(The example shown in Fig. 5 is a non-ideal case in this respect.)

From this brief discussion, we see that the maximum thermal effi-
ciency of a system that splits water via solar heat and a multi-
step process, then reversibly reacts the Hy at ambient temperature
to produce work, is the same as that of a solar-powered ideal

heat engine that operates between the maximum temperature and
ambient; i.e., the efficiency is described by curve 1 of Fig. 1.
In any real process, however, there will be degradation factors
associated with injection of heat at temperatures below the maxi-
mum and rejection of heat at temperatures above ambient.

Remarks:

About a dozen multi-step processes are currently being investi-
gated, and Funk ¢t al [12] have estimated efficiencies (realistic
losses included) for several of them. These calculations are
based upon the high heat value of H; at ambient temperature and
not on the free energy; for use in this report an adjusting factor
0.8 has been applied. The resulting efficiencies lie in the

range 0.2 to 0.4. Peak operating temperatures for the multi-step
processes are about 1100 K. Utilizing the boiler efficiency np

at this temperature, we estimate for a solar-powered splitting
facility that

L
Overall Efficiency = (0.2 to 0.4) x |1- (1100 = 0.2 to 0.4
(4000

These values have been plotted in Fig. 1 as "more realistic
estimates."

In contrast to direct splitting, where the requirements for re-
versible internal processes are very severe, multi-stage split-
ting, according to Funk's results, appears feasible. No thermal
splitting process has yet been implemented in an operating plant,
however. Problems include the efficient recovery and reuse of
auxiliary elements in the reactions, and the complexity of the
physical plant when the process contains numerous steps.

III. Solar Cells

These are devices that convert the electromagnetic solar radia-
tion directly into electricity, without first degrading it to

PSRN eIT R RT——
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heat. They are accordingly not subject to thermodynamic limi-
tations, there is no need for high temperatures, and there is
no "boiler" heat loss. Still, there are factors that preclude
complete conversion of solar to electrical energy.

a. Photovoltaic Cells

These cells function on quantum principles. To produce an
electron-hole pair in the crystal, a minimum energy is required
of the impinging quantum of radiation. Any excess of energy above
this threshold level does not go into release of electrons, but

is dissipated as heat. Now the energy of a quantum of radiat ion
of wavelength A is h/A, h being Planck's constant. The fraction
of radiant energy converted into electricity for a wavelength
interval d\ is therefore

A

=% EA dx (AN < A%}
where A* = wavelength associated with the threshold energy level
E) = energy per unit wavelength in the solar spectrum

The efficiency with which radiation releases electrical energy
in the crystal can be expressed as

A
A *;‘_* E) di [N By ax

Evaluation of these integrals with the appropriate expression
113] for E)‘

g w ] _ 3.66 x 10% X5 [um]
MmZ=um] 2.406
A um -3
e

reveals that the efficiency attains a peak value of about 44%

at A* = 1.1 um, but exceeds 43% for 1.00 pm < A* <1,25 pm. The
common silicon crystal has a A* of 1.15 um; thus silicon is vir-
tually optimized in regard to wavelength.

We see that an optimum photovoltaic device converts 44% of the
sun's radiation into electricity. Unfortunately, however, all

of this energy cannot be delivered to a load. A photovoltaic
device can be represented by a generator and a resistor in series
[14]. Elementary electrical theory (see Appendix 1) shows that
such a circuit delivers maximum power to a load when the load
resistance equals the devic2 resistance. Under this condition,
however, half the power developed by the generator is dissipated
in the internal resistance of the device itself. Thus we arrive

10
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at the often quoted result that the maximum efficiency of a photo-
voltaic device for converting incident radiation to electrical
power is 22%. This level has been indicated in Fig. 1. Actual
efficiencies as high as 18% have been claimed for some GaAs cells.
Ten to twelve percent is typical of present Si cells, although

15% has been recently reported [15].

b. Antenna Cells

A second conceptual type of solar cell consists of an array of
broad-band antennas for receiving the electromagnetic radiation
and converting it into electricity. These are not quantum de=
vices. They function by presenting to the incident electromag-
netic wave an impedance that is approximately that of space.

The waves accordingly enter the antenna with little reflection
loss, and the weak alternating fields of the space waves are in-
tensified by the geometry (for example, by the converging passage
of a horn antenna) until detection and rectification of the sig-
nals are possible. There is at least one patent [16] covering
an array of conical or tetrahedral elements (similar to the
structure of the retina) designed for this purpose. A function-
ing device has not keen built to date, however, because of the
very small dimensions required of the antenna elements--approxi-
mately the wavelength of light.

With recent progress in fabrication of microcircuit components,
there seems little doubt that such structures will eventually
be made. For example, work on short-wavelength (x-ray) lasers
at the U.S. Naval Research Laboratory, (Washington, D.C.) [17]
shows promise of permitting the etching of microcircuits with
dimensions much smaller than the wavelength of light. Further-
more, it is anticipated that wave interference patterns will be
capable of producing the variation of intensity necessary for
etching the fine detail of the microcircuits, eliminating the
need for photo masks.

In the longer-wavelength IR region, Javan [18] and Schwarz [19]
have already been successful in converting 10.6-um radiation to
electrical signals by means of tungsten wires etched to sharp
conical tips. Schwarz is considering printed circuit arrays of
such elements as improved IR detectors.

The advantage of a broad-band, antenna-type solar cell is that
virtually all the incident radiant energy can be converted to
electricity--at least in theory--as opposed to the limit of 44%

in the conventional cell. Of course, the 50% loss due to intern-
al heating at optimum load will still occur, so the maximum theo-
retical efficiency for converting solar radiation to electrical

power will be 50%, vs 22% in the conventional cell. This is in-
dicated in Fig. 1.

b I &
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Discussion of Applications

This report has presented upper limits of performance for three
classes of solar energy converters: heat engines, water split-
ting processes, and solar cells. It is fair to say that, in

terms of efficiency, no process stands out as being clearly super-
ior to the others. Thus, the ultimate value of any conversion
method will depend upon (1) the cost and (2) any additional de-
gradation factors that specific applications entail. This sec-
tion examines various applications and discusses the factors that
influence final output. Cost will not be addressed.

Because the element of cost is not considered, the discussion
will be restricted to heat engines and water splitting processes.
It is reasonable to expect that plants using heat engines and
those using splitting processes might be comparable in cost.
Thus, comparison of the plants' efficiencies alone will give

a meaningful impression of their potential. This is not true
for plants utilizing solar cells, where the technology is so
different that initial and maintenance costs may be guite unlike
those of the competitive methods. For solar cells, then, a com-
parison involving efficiencies alone would appear to be of little
value.

The preceding sections have shown that heat engines and water
splitting processes have (1) the same maximum theoretical effi-
ciency and (2) similar efficiencies when real engines and real
processes are considered. Thus, for the same maximum tempera-
ture, the shaft horsepower developed by a solar-driven steam tur-
bine will be about the same as the free energy of Hy produced

by the splitting process. At this point in the comparison it
becomes necessary to define the ultimate use of the energy. Four
applications are discussed below.

a. Electrical Power Generation at the Solar Plant Site

In this application the turbine must be connected to an electri-
cal generator, the efficiency of which will vary with size.
Typical efficiencies are as follows [20]: 88% for 25 kW (equiv-
alent to about 32 m2 of incident sunshine), 96% for 3100 kW (1
acre of sunshine), and 99% for 70,000 kW (22 acres). For any
plant of commercial significance, then, a generator efficiency
of at least 95% should be attainable.

To generate electrical power from the splitting process, on the
other hand, the H, produced must be either supplied to a fuel
cell or used to fuel an internal-combustion engine/generator com-
bination. Griine et al [7] give the efficiency of a modern fuel
cell to be 45% based on the high heating value of Hp, or about

12
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55% based on free energy. We will adopt this figure in place

of the idealization used in the preceding analysis of splitting;
namely, that the free energy of the Hp is converted into elec-
tricity by a perfect fuel cell with an efficiency of 100%. As
discussed in Appendix 2, an Hp-fueled IC engine provides an effi-
ciency of about 0.375 based upon free energy.

Combining the preceding data, we arrive at the following ratios
of electrical power output Pg for plants using heat engines vs
those using water splitting:

P (heat engine/generator) 0.95
Pg . (splitting/fuel cell)  0.55

=1.73

Pr (heat engine/generator) 0.95

= = 2.67
Pgp (splitting/IC engine/generator) 0.375(0.95)

Thus the fuel cell is substantially better than the IC engine/
generator in utilizing the Hp from the splitting process, and
the heat engine is substantially better in producing power than
either system that uses splitting.

b. Mechanical Power Generation at the Solar Plant Site

Here the shaft output of the heat engine can be used directly,
while the splitting process must be combined with either a fuel
cell and electric motor or with an IC engine. The appropriate
ratios of mechanical power output Py are as follows, where elec-
tric motor efficiency is taken to be 0.85 [21]:

PM (heat engine) - 1 e
Py (splitting/fuel cell/motor) 0.55(0.85)

2.14

PM (heat engine) 1

= = 2.67
Py (splitting/IC engine) 0.375

Here again, the heat engine is substantially better than the
splitting process.

c. Production of Hjp
In the future, Hy may supplement ele:tricity as an "energy vector"
for transferring power from a centrai source, through a distri-

bution network, to consumers [22]. To produce Hy with a solar-
powered heat engine, an electrical generator and electrolysis

13
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unit would be used. The efficiency of electrolysis, based on
free energy of the Hp produced, will be taken to be 0.7 ([22].
The relative output of the two conversion methods is given in
terms of Qy, the rate of Hy production, by the ratio

Qy (heat engine/generator/electrolysis)
Qu (splitting)

= 0.95(0.7) = 0.67

Here the splitting process, being more direct, has a definite
advantage.

d. Vehicle Propulsion

Appendix 1 discusses batteries, and Appendix 2 compares vehicles
powered by batteries with those powered by Hp stored in hydride
form. It is found that batteries are better from the standpoint
of saving energy, since there is less loss in transferring the
stored energy to the driving wheels. Hydrides, however, are bet-
ter from the standpoint of weight. The hydride-powered vehicle
outperforms the battery-powered vehicle of the same weight;
therefore, for equal performance, the hydride-powered vehicle

can be smaller and lighter.

(1) Comparison Using Electric and Hydride Vehicles

To compare solar power conversion by heat engine with that by
splitting process, we first assume that the heat engine drives

a generator to charge the batteries in an electric vehicle, while
the splitting process replenishes the hydride in an Hjy-powered
vehicle. Electrical generator efficiency is taken to be 0.95,
and losses in charging the batteries and in replenishing the hy-
dride are assumed equal in magnitude and mutually canceling.

In this case, the results of Appendix 2, section B, pertain after
the factor 0.95 is applied to the performance of the battery ve-
hicle: the latter vehicle delivers about 35% more (payload x range)
per unit solar energy than does a vehicle powered by an Hp-fueled
internal-combustion (IC) engine, and about 10% more than a vehicle
powered by a hydride/fuel cell/electric motor combination. In

both cases, the battery-powered vehicle is substantially heavier
than the Hy-powered machine,

(2) Comparison Using Hy-Powered Vehicles
In cases where the better payload/weight capabilities of the

hydride vehicle would indicate its use, it is clear that the
splitting facility will outperform the heat-engine plant. From

14
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the previous discussion under "Production of Hy," we conclude
that the heat-engine plant will produce only 67% as much Hp fuel
as the splitting facility.

e i

Conclusions
{ Conclusions relative to conversion methods are as follows:

1. All methods proposed for converting solar energy to electri-
cal, mechanical, or chemical energy have inherent shortcomings
that reduce efficiency. Realistic expectations for maximum effi-
ciency might be 40% for heat engines and multi-step water split-
ting processes, and 20% for photovoltaic solar cells. Antenna-
type solar cells, which hold promise of higher efficiencies than
photovoltaic cells, deserve further basic research and development.

2. Direct water splitting requires a combination of high temper-
atures and highly reversible internal processes that seems un-
likely to be achieved in a viable commercial operation.

3. The heat engine is superior to the multi-step splitting proc-
ess in the following applications, by the factor noted:

mechanical power generation: 2.1
electrical power generation: 1.7
vehicle propulsion
battery vehicle vs Hy vehicle with IC engine: 1.4
battery vehicle vs Hy vehicle with fuel cell/electric
motor: 1.1l

4. The multi-step splitting process is superior to the heat en-
gine in the production of Hy, by the factor 1.5.

Conclusions relevant to vehicle propulsion techniques are as
follows:

1l. For (a) state-of-the-art batteries and hydrides, and (b)
vehicle performance rated in terms of (payload x range)/(energy
stored), the battery vehicle outperforms the Hy vehicle with IC
engine by about 40%, and the Hy vehicle with fuel cell and elec-
tric motor by 15%. The weight of the battery vehicle is approxi-
mately twice that of the Hy vehicle.

2. For vehicle performance rated in terms of (payload x range)/

(vehicle total weight), the Hj vehicle outperforms the battery
vehicle by about 2:1.
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APPENDIX 1l: Characteristics of Batteries

The performance of a battery is illustrated by the simple model
in Fig. Al. The battery is represented by a voltage source V in
series with a resistor r that simulates the resistance of the
various internal elements to flow of current i. The load is
represented by a resistor R. Power delivered to the load is
given by

. 2
P=12R=(V)R=V2 R/r
X

R + r (1 +RrRmZ2

Maximum power Pp is delivered when R/r = 1, so

tly 2
Pp = 1 V
4 R
and
P = 4Pm R/r
(1 + R/r)?

The energy U delivered to the load is expressed in terms of the
total energy Up stored in the battery by
U i2R R/r

Gy @ A2(R+ 1) 1+ R/r

In Fig. A2 is plotted P/Pp vs U/Uy for various values of R/r.
Maximum energy is delivered to the load when the load resistance
is very high and the power delivered is very low. As load re-
sistance is decreased, power delivered increases, but the energy
delivered decreases, because of the resistive loss i2r within
the battery. Peak power is delivered when R = r; here exactly
half the energy is delivered to the load while the other half

is dissipated as heat within the battery. Values of R/r < 1
represent wasteful load settings that would be avoided in
practice.

Fig. A3 presents power-energy data for several promising types
of batteries. Power and energy "densities" are employed; i.e.,
the qualities are expressed per unit of battery mass. The Ni-Fe
(Edison) and Ni-Zn cells described in the figure are essentially
ready for production, having been road tested in electric vehi-
cles. The other two types are high-temperature cells and are
still in the experimental category. The familiar lead-acid bat-
tery, not shown, has a maximum energy density of about 25 Wh/kg.
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APPENDIX 2: Vehicle Performance as Determined
by Energy Storage Characteristics

Speed and range of vehicles powered by batteries or other chemi-
cal storage systems are controlled by the quantity of energy
stored and the rate at which it can be withdrawn. These factors
are in turn fixed by the fraction of vehicle weight allocated

to storage and by the energy density and power density of the
storage medium.

I. Power Requirements

To obtain an estimate of the power required by a typical vehicle,
we note that the average thrust required to propel a rubber-tired
vehicle under "town" conditions is about 1/16 of the vehicle
weight [24]. This constant thrust provides a usable approxima-
tion up to perhaps 40 mph, where air drag is no longer small.
(The fractions for light suburban driving and severe stop-and-go
driving are 1/25 and 1/10, respectively.) Thus, range R and
speed S are given in terms of energy density € and power density
¢ by

R =16 n

S =16 n

HlE S|
Q fe Q|

Here E and T are the weights of the energy storage medium and

the total vehicle, respectively, n is the efficiency with which
energy is converted from the storage medium to the driving wheels
of the vehicle, and g is the acceleration of gravity. (Loss

of energy through internal resistance of the battery is included
in the battery ¢ (e) function and is not part of n.)

For € and ¢ in units of Wh/kg and kW/kg, the quantities R and S
in units of miles and mph are given by

R[miles] = 3.65n E € [Wh
T kg
S[mph] = 3.65n E ® kw
T kg

For battery-powered vehicles we take n = 0.85 to represent the
efficiency of the electric-drive motor and obtain

R=3.10 E¢ s =3.10E ¢ ¢ o v (1R)
T T
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In vehicles powered by IC engines operating on Hp (stored, for
example, in hydride form), only about 30% of the high heating
value of Hy, or 37.5% of the free energy, is converted to shaft
horsepower (3]. Thus n will be taken to be 0.375 for these sys-
tems, and the corresponding expressions for range and speed
become

R=1.37E¢ g=1.37E4 i e w1200
T T

II. Comparison of Battery-Powered and Hy-Powered Vehicles

As shown in Appendix 1, energy density for batteries ranges from
45 wWh/kg for good state-of-the-art batteries to about 200 Wh/kg
for advanced high-temperature cells. On the other hand, energy
density for hydrides (converted to free energy) ranges from 240
Wh/kg for the readily decomposed compound FeTiHp to 3200 Wh/kg
for LiH, which has a high heat of dissociation (25 kWh/kg Hjp)
and an equilibrium temperature of 800°C [27]. We will select

50 Wh/kg and 240 Wh/kg to represent batteries and hydrides, re-
spectively, recognizing that substantial improvements can be
made in both.

a. Fixed Vehicle Weight
A comparison between battery (B) and hydride (H) vehicles of the

same total weight will be based upon the following expression,
derived from equations 1A and 2A:

3.10 [E T\ 50 E 1)
2 - i Gk (ko ool (B

Rg

or

Ep )
0.471 —_, since T = .
Ry Ey B H

(3Aa)

It will be assumed that E = T/3 for the battery vehicle (BV).
This value, which is typical of current designs, probably rep-
resents a practical upper limit for a machine that must have

a substantial frame and body and must carry a useful load. Fur-
ther, the payload L of the BV will be taken to be T/3, leaving
a frame weight of T/3.

The ratio E/T in the hydride vehicle (HV) will be assumed to have
a maximum value of 1/3, but may in general be smaller. The frame
weight will be set at T/3, and the payload will be

Ly = Ty - Eg - (1/3) THe
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Substituting the assumed weiqht ratios into equation 3A, we obtain

% 0.471 (\%)G:)H

or

0.471
L
2’3(¥)H

From this expression the following conclusions are drawn: If
the payload of the HV is made equal to that of the BV

(L/T = 1/3), then Ry/Rg = 1/0.471, and the range of the HV is
2.1 times that of the BV. If the ranges of the two vehicles are
made the same, then (L/T)H = 0.510 (as opposed to the value 1/3
assumed for the BV), and the HV carries a payload 53% larger
than that of the BV.

£ |

In every case, however, the HV consumes more stored energy per
mile than does the BV, because of the less efficient IC engine.
The superiority in range and payload arises from the higher energy
density of the storage medium; the HV simply carries more energy
with it.

b. Fixed Stored Energy

A better comparison of the two vehicles, which takes account

of the difference in efficiencies, will be based upon a quantity
M, the product of payload and range for a given quantity of en-
ergy stored in the vehicle. Thus the ratio of energies stored
in the vehicles is

energy (battery) _ Ep €p
energy (hydride) Ey €y

From equations 1A and 2A, the ratio of terms R' (the range per
unit of stored energy) is

R'g  3.10 Ty

R'y 1.37 Tp

If Lg is again taken equal to Tg/3, the ratio of payloads is

Lp 1 T
Iy = 3 In
21
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Finally, the ratio of the quantities M is

My Lg R'gp 3.10 Ty 1 Ty 0.754

My Iy R'y 1.37 T 3 Ly  Lg/Tg . o e (4R

Since Ly/Ty = 2/3 - Ey/Ty, the range of Ly/Ty is from 1/3 to 2/3,
corresponding to the range of Ey/Ty from 1/3 to zero. (Since
the quantity of energy stored in the vehicle is by assumption
constant, Ey is constant, and Ey/Ty can change only by variation
of Ty.)

Equation 4A yields the result that Mg/My varies from 2.26 for
Ly/Ty = 1/3, to 1.13 for Ly/Ty = 2/3. Thus the BV outperforms
the HV for all possible values of Ey/Ty. The parameters are dis-
played in Fig. A4 for the full range of Ey/Ty. We note that
when payloads are equal (Lg/Ly = 1), the BV has greater range
than the HV, and when ranges are equal (R'B/R'y = 1) the BV has

a greater payload. At Ey/Tp = 0.14, a reasonable point at which
to compare the two vehicles, the value of M is 1.43.

While the BV is more energy-efficient, it is, however, heavier
than the HV. The ratio of total weights is

T T E E E
T8 _ T8 BB BH _ ., 56 EH
Ty Eg Ey Ty Ty

This is plotted in Fig. A4, and we see that the BV weighs about
twice as much as the HV when ranges and payloads are comparable.
Thus, although the BV delivers more ton-miles per unit stored
energy, the vehicle itself will probably cost substantially more
than the HV. If vehicle cost were included in the criterion

of performance, the relative standing of the vehicles might be
changed.

The performance of the two vehicles depends, of course, upon the
efficiencies assumed for the propulsion systems. An IC engine
nas been assumed for the HV because of its simplicity. If, how-
ever, a fuel cell/electric motor combination were employed, a
reasonable value for the efficiency n would be 0.85 x 0.55 = 0.47,
and the range equation 2A would become

R=1.71 & ¢
T

In this case, only the expressions for range and M change, as
follows:
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R' 3.10 T T
B oo 2 o ol B
RH 1.71 TB TB
Mg 3.10 Ty 0.604
Mg  1.71 Ly  Ly/Ty

The functions are plotted in Fig. A4 as dotted lines. Here the
BV is inferior to the HV for small Ey/Ty, but shows about 15%
superiority when payloads and ranges of the two vehicles are
comparable. Again, though, the BV is heavier than the HV, by
about 70%. (It is noted in passing that no allowance was made

in the HV for fuel burned to provide heat to the hydride, a func-
tion conveniently accomplished with the exhaust heat of an IC
engine.)

This comparison has not included the speeds of Hy- and battery-
powered vehicles, because we do not have appropriate ¢-e data
for hydrides. Power will be determined by the rate of H) re-
lease from the hydride, and this release will require input of
heat to maintain temperature and provide the heat of dissocia-
tion. Thus the power available will depend upon the character-
istics of the heat exchanger. Schmitt [27] has published useful
data relating the H; release rate to temperature and pressure
for several hydrides.

There is a parallel in batteries to the heat requirements of a

hydride system. It has been tacitly assumed in Appendix 1 that

the heat dissipated within the battery at high power settings

is promptly removed, so that battery temperature remains con-

stant. If this is not the case, power output will be restricted, y
and the power-energy plots shown in Fig. A3 will not be achiev-

able. Thus, heat transfer considerations must be included in

the design of both hydride and battery systems, but in batteries

heat must be removed from the storage medium.

III. Estimates of Range and Speed k

In the preceding comparisons between battery and hydride systems, 3
absolute ranges were not computed. A quick estimate of range
and speed capabilities for given battery (or hydride, if ¢(g)

is known) characteristics can be made as follows from equations
1A and 2A: To maximize the range performance of the vehicle

we will take E/T = 1/3. Then equation 1A indicates that, in a
BV, the range and speed will be given approximately by the nu-
merical magnitudes of € and ¢ of the battery. Referring to

Fig. A3, ftor example, we see that this first-generation BV would
have a maximum range of about 55 miles with the Ni-Zn battery.
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This could be achieved, of course, only by proceeding at very

low speed. On the other hand, the graph of ¢(e) indicates that
the vehicle could make 35 mph for over 45 miles before exhausting
the battery.

This simple model requires modification to be quantitatively
useful at high speeds, where air resistance will alter the as-
sumed condition of constant thrust. Another complication is the
fact that resistance to motion, as defined in reference 24 for
different driving conditions and used in this model, includes

a certain amount of braking action. Thus the figure for "town"
driving, for example, is based upon an (unspecified) average
speed and frequency of stops, and to apply it to a range of
speeds--as was done in the preceding paragraph--is inconsistent.
The remedy, of course, is a model that includes separately the
rolling resistance, the air resistance, and the kinetic energy
that is dissipated in braking.

For hydride-powered vehicles with E/T = 1/3, equations 2A indi-

cate that the range and speed will be approximately equal to
half the magnitudes of € and ¢ of the hydride.
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Theoretical Maxima

solar boiler and heat engine; heat rejection at 300 K

solar boiler and direct water splitting; 100% conversion
curve 1: of Hp free energy to process work, heat rejection at
300 K

solar boiler and water splitting in two or more steps;
all heat input at T, heat rejection at 300 K

curves 2&3: solar boiler and direct water splitting; 55% and 30%
conversion of Hy free energy to process work, heat
rejection at 300 K

level 4: photovoltaic solar cell
level 5: antenna-type solar cell
point*: solar boiler and two-step ZnO process

More Realistic Estimates

<:> solar boiler and heat engine

D solar boiler and multi-step splitting

1.0 |

P

i AN

0.5

L s A

o
O i 2 3 .
Maximum Temperature T, 1000 °K

Fig. 1. Thermal Efficiencies for Various
Solar Energy Conversion Processes
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