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PHOTOCHEMICAL, ELECTROCHEMICAL AND THERMOCHEMICAL TRANSFORMATION
AND STORAGE OF SOLAR ENERGY: THERMODYNAMIC ASPECTS

Gion Calzaferri

Inorganic and Physical Chemistry
University of Bern
Freiestrasse 3, CH-3000 Bern 9 (Switzerland)

SUMMARY

Arguments of reversible and irreversible chemical
thermodynamics are first explained and then
applied to the transfer and.storage of chemical
and radiation .potential. The key processes are
identified as-watersplitting, carbondioxidereduc-—
tion and nitrogenreduction. New results on photo-
chemical storage processes are reported.

1. INTRODUCTION

The key processes for chemical transformation and
storage of solar energy are watersplitting, car-—
bondioxide reduction and nitrogen reduction. By
now none of these reactions can be carried out di-
rectly under solar irradiation. For the last few
years photochemists have been making progress,
however, and there is little doubt that efficient
solar energy storage reactions will be found. Some
significant steps have also been made in our labo-
ratory. Actually the only possibility for chemical
storage of solar energy is first producing electri-
city, preferably by photovoltaic devices, and then
electrolizing water to produce hydrogen. Although
the mentionned key processes are the most prefe-
rable for chemical transformation and storage of
solar energy, there are many photoreactions which
could potentially lead to valuable products in a
chemical solar industry. Engineering of solar
reactors is in progress and we are soon expecting
first devices for the production and storage of
interesting chemicals.

In this article I do not describe any of these
reactions but I concentrate on the storage problem.

First I will treat the question "why chemical
transformation and storage?" and then explain the
most important possibilities. Many of you might
not be familiar with reversible and irreversible
chemical thermodynamics. Therefore a large part
of this article is dedicated to an introduction of
this field. The arguments developed are then used
to discuss the transfer and storage of chemical
radiation potential from a thermodynamic point of
view. Finally I procure some photochemical back-
ground knowledge.

2. WHY CHEMICAL TRANSFORMATION AND STORAGE

We all know that one of the severe limitations to
applying solar energy technologies on a large scale
basis in our environment is that during summer
there is more solar energy available than we would
need whereas in winter we would need more than is
available. The other reasons why storage is so im—
portant are day/night alternations and meteorolo-
gical fluctuations. The rate of production of che-
mical energy in the natural photosynthesis process
is in the order of 41013 Watt or 0.023% of solar
power on the earth (1.7'1017 Watt). This corres-—
ponds to about 3 times the actual total human need.
If we wished to supply 1010 human beings with the
comfortable share of 4 kW each and if, for that
purpose we had a solar energy process with a 107
storage capacity, we should need 1.6 x 10 km? of
land close to 309 latitude, which corrsponds to 18%
of the Sahara. For a storage capacity of 20%Z, we
should need only 9%.

Conclusion: A 10 to 207 solar energy storage pro-—
cess would solve energy problems for ever, so long
as the Earth's population did not much exceed the
1010 1imit, which it is to be hoped will be the case.

Why chemical energy? This question is easy to ans—
wer by comparing some energy densities shown in
Table 2.1 and Table 2.2.

“Solar Energy '85° — Proceedings of Summer School held at Igls. Austria, 31 July —9 August 1985 (ESA SP-240, November 1985)



94 G CALZAFERRI

Table 2.1.

10“kWh energy stored in different systems.

Chemical energy: 1 m® oil
3

3m NH3

Electrochemical: 600 m® lead/acid

40 m® Zn/air
Latent heat: 10 m® NaF/CaF,/MgF, at 800°C

250 m® of warm water at 90°C
used at 60°C

Sensible heat:

Mechanical: Fly wheel:

3 tons spinning at 10* t/min

(R =5m)

Hydro-Electric:

3600 m® of water at Ah=1000 m
Table 2.2.
Energy density of some fuels
Substance [kWh/kg] [kWh/m®]
Hydrogen 34-40 3.3 gas

2300 liquid

Methane 18-20 10-11 gas
Aethanol 7.5-8.3 6+10°-6.6+10°
Gasoline 11.7-12.8 8.4x103
Mineral Coal 7.6-9.7 20 000
Wood 4-5 5 000

All our fuels consist of stored chemical energy.
They are burend with oxygen from the air. It would
be far more economic to use them in fuel cells.

3. MOST IMPORTANT POSSIBILITIES

The most important solar energy storage processes
are (all compounds in gaseous phase):
Water splitting Hp0 =+ Ho+ % 0o

AGO

228 kJ/Mol

Carbon dioxide CO, + 2H,0 - CH30H + % 053
reduction
560 = 688 kJ/Mol

H,0 » 2NH3 #* % 0o

AGO =359 kJ/Mol

Nitrogen
reduction

Np +

N —
ofw

Probably, carbon dioxide reduction to methanol and
nitrogen reduction cannot be achieved in one step.
As an example, the carbon dioxide reduction could
be carried out in one of the following ways:

1

Photochemical: C02+H20 > HCOOH+EO2
Electrochemical: HCOOH+H20 * CH30H+O2
or

Electrochemical: HZO -+ H2+—;—02

1
Exothermal process: C02+ 2H2 > CH3OH+—2-O2

The electrical energy needed in both processes
could be supplied by photovoltaic cells.

4. CHEMICAL THERMODYNAMICS; A VERY SHORT INTRODUCTION

The difference between chemical thermodynamics and
thermodynamics used in physics or engineering
science is that in chemical thermodynamics the
most important variables of the state functions
are the concentrations of the chemical species nj.
I will therefore try to summarise the necessary
notions, so that people who are less familiar with
chemical thermodynamics will be able to follow the
most important conclusions.

Energy and enthalpy changes in chemical reactions:

Suppose that we consider a general chemical reac-—
tion

aA+bB+... = LL+mM+... 4.1)

This is often more conveniently written as an al-
gebraic equation with all terms on one side,

o
QL+mM+. ..—aA-bB-... = )} v, X, =0 (4.2)

where the symbols X; stand for the r species A,
B,... and the v; are the stoichiometric coeffi-
cients a, b,.... By convention we always subtract
the reactants from products, so that v; must be
positive for the products and negative for the
reactants. Example

Co +2H20 = CH,0H +% 0

2 3 2

3
=1, v, = Sa¥ =1

VCH40H 0, cop ~ VHpo T
How do we go from an equation in terms of chemical
formulas to one involving the thermodynamic pro-—
perties of substances? Consider the process by
which we balance a chemical equation. What we ac-
tually do is apply the principle that the atoms of
each element are conserved in chemical processes.
But mass is also conserved. We can therefore write,

for the change of mass in a reaction,
T
M = z V.M. =0 (4.3)

where M; is the molar mass of substance i. Now com-
sider the internal energy and the enthalpy. They
are state functions, and thus defined for any ther-
modynamic state of the system. Furthermore, they
are extensive functions®), so that we can define an
energy or enthalpy per mole. We can therefore write
equations similar to eq (4.3) for the total changes
in internal energy and enthalpy in a reaction.

*)

An extensive parameter, such as volume and mass
depends on the size of the system as a whole and
on the amounts of the various substances present.
Intensive parameters, such as pressure, tempera-
ture and concentrations, which have definite va-
lues at each point in the system and do not depend
on the size.
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T
AU= ) v.,u
5 (4.4)
A= § v.h

If uj and hj are the internal energy and enthalpy
per mole of component i, respectively, then the
AU and AH defined by these equations refer to 1
mole of the stoichiometric reaction.

But what are the states for which uj and hj are
defined? To specify AU and AH for a reaction, we
must clearly know not only the stoichiometric
equation but the initial states of the reactants
and the final states of the products. By "state"
we mean such things as the temperature and
pressure; u; and hj in eq. (4.4) refer to the
initial state for the reactants and to the final
state for the products. An additional complication
is the fact that changes in energy and enthalpy
occur even when substances are mixed without re-—
action. Since in practice chemical processes are
usually directed to the production of pure sub-
stances, it is customary to take the initial state
as consisting of pure reactants isolated from one
to another, and the final state as isolated pure
products. One can then imagin the overall reaction
as a three-step process:

- Take the pure reactants in their initial equi-
librium states, and physically mix them under
reaction conditions.

- Allow the reaction to proceed.

- Isolate the individual products from the reac-—
tion mixture and bring them to their final
equilibrium states.

Since a set of chemical equations can be thought
of as a set of mass balances, it follows that
different equations can be combined by addition
and subtraction to obtain any desired mass ba-
lance. It does not matter whether or not the fi-
nal equation represents a real chemical reaction,
that is, one observed in the laboratory. For an
example of this consider the several reactions:

A) C+05 = CO,
1 -
B) H2+5 0, = H,0
7
C) C,H, i 0, = 2C0,+3H,0

If we algebraically add 2(eq. A)+3(eq. B)-(eq. C),
multiplying each equation by the indicated numeri-
cal factor, we obtain the composite reaction

D) 2C+3H2 = C2H6
But what good is such a manipulation? The answer
is that it is equally valid for extensive quanti-
ties other than mass. Until now we have thought of

a substances chemical formula as representing the
substance itself, or in stochiometric contexts a

mole of the substance; but it can equally well re-—
present the internal energy, enthalpy or any other

extensive property of a mole of the substance.
Let us examine this. The enthalpy balance for eq.
A) above can be written as

95

or in the more usual short hand (compare Section 3)
C+0y = COZ—AH

and for reaction D):

—3AHB)+AHC) = —AHD)

AHD) ZAHA)+3AHB)—AHC)

‘\
We now want to calculate the enthalpy and internal
energy changes in chemical reactions as functions
of temperature and volume or pressure. \

—ZAHA)

Remember that for constant composition:

L L
du = (a ) dT+(aV) dv

T
v T T ‘r,z
9P
AU = U(TZ,VZ)—U(T1,V1) ';(‘ CydT+ l {T(ﬁ) -P}dv
v
T1 V1
and (4.5)
di = (—g—%) ar + (%) dp
P T
T
av
AH = H(T,,P,)-H(T,6,P,) = | CpdT+ | {V-T(Z7) }dP
2°%2 1251 ] i 9T
P
Ty By

Suppose that we know the heat of reaction for
1
SOz(g)‘+E Oz(g) = 503(g)

at 291 K and 1 atm. What is the heat of reaction at
873 K and 1 atm?

Now, the "heat of reaction" is just the difference
between the enthalpies of products and reactants.
Once AH is known at one T and P, it can be obtained
at any other T and P by applying eq (4.5) to each
of the substances involved:

AH a(Tz,Pz) = E V1 (T,,P,)

reac
T P
= AH (T, P )+2v-{f2c dT+ fz[ '—T(Ez—i) 1dP} (4.6)
T Tlreac 12717 L P ) Vi 3T .
1 P
T4 Py

(For a perfect gas the pressure integrals vanish,
because

v

- i
vy o= T(TﬁTL )

Let us now return to the specific example given
above and actually carry out the calculations.
Since Py and P, are the same, the pressure inte-
grals drop out. The other data we need are:
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-5351 J/mole

I

H(291K, 1latm)

Cp(S0y) = 2.72+4.1+107*T-4.89+10"T~?
Cp(0y) = 1.8+1.93+107"T-2.1-10"T~?
Cp(S03) = 3.02+1.53+107°T

Substitution and integration over T then gives
873
r
AH(873K, 1atm) = AH(291K, latm)+ | [Cp(SO3)—Cp(SOZ)
J
291

1
'E’CP(Oz)]dT
873
§
-5351+ | [-0.6+1.02+107°T

291
+ 5.94+10%T"2]dT

-5291 J/Mole

Introduction to phase changes:

A phase is a region within which all the intensive
variables vary continuously, whereas at least some
of them have discontinuities at the borders be-
tween phases. For example, ice and water in equi-
librium form a two-phase system. By a phase change
we mean simply the process that brings a system
from a state characterized as phase A to another
state characterized as phase B. The transition from
water to ice or from water to vapor is an example
of a phase change.

solid liquid

P vapor PY

Although phase changes in systems with several com-—
ponents can be quite complicated, as an introduc—
tion it is sufficient to discuss a one component
system. For any pure substance, a (P,T) diagram
shows the various phases as distinct regions sepa-
rated by sharp boundaries. A process that involves
a phase change corresponds to a path crossing of
one of these boundaries. The phase change itself
occurs entirely at the point where the path crosses
the boundary, and thus at constant temperature and
pressure. In all ordinary phase changes (freezing,
vaporization etc.) there is a difference in density
between the two phases involved. The amount of heat
absorbed or released in a phase change is called
the latent heat.

To illustrate these concepts, suppose that our sys-—
tem is pure water and our path is the isobar p=latm.
We start with a piece of ice at some temperature

below 0°C and gradually add heat. The ice increases

in temperature and expands slightly until 0°C is
reached. At this point the ice transforms continu-
ously to liquid water, at constant temperature and
pressure, with 6 007 kJ absorbed for each Mol of
Hy0 melted. After all ice is transformed to liquid,
adding more heat will raise the t§mperaturevagain.

In general, whenever the path a system follows from
state Py, Ty to state Py, To crosses a phase boun-—
dary, the latent heat of the transition must be in-—
cluded in AH for the process. Thus, consider the
above example of the 1-atm ice + water transition.
The molar enthalpy change must be calculated as

(2 = liquid, s = solid):

o°c Ty
h(k,Tz)—h(s,T1) = ( Cp(s)dT+Ahf + (Cp(z)dT 4.7)

J L

T4 0°c

Standard States

The change in internal energy or enthalpy for a
given process measures only the relative properties
of the initial and final states. Not only do abso-
lute values of energy and enthalpy not need to be
specified, but it is meaningless even to speak of
"absolute" values, because the zero of energy is
arbitrary. It is convenient, however, to have de-—
finite reference points to which energy and enthal-
py of substances can be related, because the values
so defined can then be tabulated for substances
rather than reactions. The choice of such reference
states is arbitrary. Once such choices have been
made, however, they must be consistently used
throughout a given set of calculations.

For pure substances it is conventional to choose
standard states in the following way:

1. The standard state of a chemical substances at
a given temperature is taken to be a state of
the pure compound or element at that temperature
and pressure of 1 atm. If no temperature is
specified, 25°C is to be assumed.

2. Each element in its most stable form at 25°C
and 1 atm is assigned an enthalpy of zero.

Thermodynamic quantities refering to a standard
state are designated by the superscript 0, Thus
the standard heat of reaction, the value of AH for
a reaction in which all the reactants and products
are in standard states at the same temperature T is
designated as AH®° or AHp. We can now rigorously
define the standard heat of formation AH{ for the
reaction in which a compound is formed from its
elements in their most stable forms. The values of
AHE have been tabulated for a very large number of
compounds, usually at 25°C; a sampling is included
in Table 4.1.

Table 4.1

AHZ standard heat of formation of a given substance
from its elements at 25°C [kcal/Mol]

SO the entropy of the given substance in its ther-
modynamic reference state at the reference tem-
perature 25°C [cal/deg Mol]

¢ = cristalline, g = gaseous, £ = liquid,
aq = aqueous
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Substance state AHg ASO
NHj 2 ~11.04 46.01
NoHy 2 12. 10 28.97
NoHy aq 8.16 33
CHy, g -17.89 44.50
CoHg g -20.24 54.85
CyHg g -24.82 64.85
HyO0 g -57.8 45.1
HpO0 2 -68.3 16.7
C02 g -94.05 51.06
HCOOH aq -101.68 39
CH30H L -57.04 30.3
CH3CH,OH 2 -66.36 38.4
HpS g -4.,93 49.16
HyS aq -9.5 29

Given our specification of the standard enthalpy

of elements it is clear that for any species at
25°C the standard enthalpy HO has the same value as
AHQ (25°C). Since the same elements appear on both
sides of any chemical reaction equation, it is ob-—
vious that the standard enthalpy change in any re-—
action can be obtained directly from the standard
heats of formation of all the species involved:

\).(ho—h0

0 r
AH = } v.h, .~h,
121 i1 i,elements

reac i

I
I o~

i=1

il
[ M

v ARC (i) (4.8)
i E

i=1

Gibbs free energy G and chemical potential uj

To introduce the chemical potential we must under-
stand how the thermodynamic functions of the system
depends on its mass.

zaoozao@goozz
n mol of substance

|
]
|
T.p.V i

Z
72 L2722

Consider a closed system with two parts, I and II.
In part I, with volume V, there are n mole of a
pure substance at temperature T and pressure p; in
part II there are dn mole of the same substance at
the same pressure and temperature, and occupying
volume vdn, where v is the molar volume. Let the
boundary between part I and the surroundings be
deformable in such a way that as V varies, the
pressure of the substance inside remains equal to
the external pressure. Finally, let there be an in-
sulated piston connected to II so that external work
can be done on the dn mol of substance in that part
of the system. The boundary between parts I and I
is permeable to matter.

We consider two states of the total system. In the
initial state of the system the dn mol of substance
in part II are outside the envelope defining the
volume of part I. The internal energy of the total
closed system is then

nu+udn

where u is the molar internal energy of the sub-
stance. In the final state of the system the dn
mol of substance in part IL have been isothermally
and reversibly driven at constant pressure p into
part I, whose volume thereby changes from V to
V+dV. In this change of state the surroundings
coupled to the piston do work pv+dn on the system,
the expansion of part I does work +pdV on the sur-—
roundings, and heat dq is transferred to part I
from the surroundings. Let the internal energy in
the final state be denoted by

nu+dU.

The difference in internal energy according to the
first law is

nu+dU- (nu+udn) = dU-udn = dq-pdV+pvdn (4.9)
Using the definition of the molar enthalpy,

(4.10)

h = utpv
we find for the internal energy change of part I,

dU = dq+hdn-pdV 4.11)
Consider now the form taken by the second law when
mass transfer is permitted. In the initial state
of the system described above the entropy is

ns+sdn

where s is the molar entropy. In the final state
the entropy is denoted by

ns+dS

As a result of the process by which the dn mol of
substance are added to part I, there are entropy
changes associated with the mass transfer, the
work done, and the heat transferred. Since the dn
mol of substance were added to part I isothermally
and reversibly, the change in entropy of the total
system, dS-sdn, is

dU h

dq P
dS-sdn = — = — - — dn +—
sdn T n T dv

pe T (4.12)

Using the definition of the molar Gibbs free energy

g = h-Ts (4.13)
we find
dU = TdS—-pdV+gdn (4.14)

The molar Gibbs free energy of a pure substance is

also called the chemical potential U of that sub-

stance.

Most systems of chemical interest contain more than

one component. In the presence of several compo-

nents we get instead of (4.14)
r

dU = TdS-pdv+ u;dn,

i=1

(4.15)

and for the Gibbs free energy we have

G = U-TS+pV =

e
=]
=]
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5. IRREVERSIBLE PROCESSES

The system we consider is enclosed by a rigid
adiabatic wall. The two compartments are separated
by a diathermal, elastic barrier that is permeable
to one of the components in the system.

RIGID ADIABATIC WALL

DIATHERMAL , ELASTIC WALL
PERMEABLE TO ONE COMPONENT

The change in the entropy of the compartments is
given by the sum of the partial changes due to the
transport of energy, volume and matter:

331 351 351 332 BSZ
9 =5, Worew, Yatem Patan Wty O
! 1 ! 2 2
+EEE d (5.:1)
3n2 ) :

Since the total energy, volume, and amount of sub-
stance are constants,

du, = -dU,, dV, = -dV,, dn, = -dn,

Introducing these conditions into (5.1) we obtain

381 332 831 852 381 aSZ
ds=dU, (- =) +dV, G5 -5 +dn, G—-+—) (5.2)
1 3U1 BUZ 1 BV1 BVZ 1 3n1 an
By using the relations
39S 1 3s P oS U
&) = &) == &) =-=
BUV,H T BVU,n T anU,V T
equation (5.2) becomes
By B M, WH
1 1 1 2 1 2
ds = dU, (—-=)+dV, (—-=")-dn, (=—-=>) (5.3)
1 T1 T2 1 T1 T2 1 T1 T2

This equation shows that the entropy increase in
our system is given by the sum of products of chan-—
ges in the three internal parameters, U, V, and n
multiplied by suitable affinities, (1/T¢-1/Ty),
(P{/T{-Py/Ty) and (u1/T1—u2/T2). It is of interest
to examine the last term in eq. (5.3) when Ty = T,
and Py = P,. In this case,

U1'H2
T T

d$ = —dn >0 (5.4)
If Uy >}y, dny must be negative and matter will be
transported from the higher to the lower chemical
potential. This justifies the term '"chemical po-
tential", since the gradient of this quantity acts
as the driving force for the transport of matter.

dS will become zero when Uy = U3 this is the con-
dition for chemical equilibrium.

Equation (5.3) may be cast in another form, which
will be useful, Let us denote the bracketed diffe-
rences in this equation by A so that

P, .2 H, W

1 1 1 P 1 2 = 1 2
AR =— =3 AE) =— == A(ED) ==(—-=5)
T T1 T2 T T1 T2 T 'I‘1 T2

Further let us divide both sides of eq. (5.3) by
the time change dt, and denote the flow of energy
du,/dt by J , the flow of volume dV. /dt by J_,

and the flo¥W of matter dnlldt by Jn' Equatiog (5.3)
may then be written as:

48] i - g » -1
S = 3y A, A+, G (5.5)

This equation demonstrates clearly, that the rate
of entropy production in adiabatic irreversible
processes is the sum of the products of individual
flows each multiplied by the corresponding affinity.

6. TRANSFER AND STORAGE OF CHEMICAL AND
RADIATION POTENTIAL

We have now the necessary background to study the
thermodynamic losses in chemical storage reactions.
Consider a chemical reaction step in which pro-
ducts B, at chemical potential pg are formed from
reactants A at chemical potential .

4,2 B 6.1)

The rate of storage of chemical potential per unit
volume in the product B is je-ug.

j=—-—— =——=rate of change of concentration
in the forward reaction A+ B

J kg and ky are the rate con-
stants for the forward and

for the backward reaction.

In Section 5, eq. (5.4), we have seen that if the
forward reaction proceeds at a finite rate j > 0,
there is a net entropy production and u,<pA. At
equilibrium j =0 and in the limit of j =max the
rate of storage of chemical potential jeup is equal
zero because g is equal zero. There must be some
intermediate finite rate of reaction at which the
power has a maximum value.

The scheme (6.1) corresponds to the steady state
condition: the injection of A into the system
exactly equals the removal of B from the system.
We will assume that no external work is done. Be-
cause the chemical potentials uy can be written in
the form uy = u§+RT In[X] the change in chemical
potential is given by

[B]
[A]
Because uﬁ-uz is equal to -RT1nK, K is the equili-

briumconstant and K is equal to kf/kb and j is
equal to Jg-Jp we get

Au = ug=ty = (ug=ug)+RT In (6.2)



TRANSFORMATION & STORAGE 99

[B]

AU = RT ln(E;[T]) = RT 1n(1—j/Jf) (6.3)

For a sequence of 1 reactions of this type, with a
common flux j, there will be an overall loss of
chemical potential given by

_ i
Ap = RT % 1n(1 Jf(l)) (6.4)

According to equation (5.5) the entropy production
is equal to

& _
ET

R Y 1n(1- ) >0 (6.5)
1

i
Je (D)

For the rest we limit the discussion to the case

1 = 1. The rate P of production of chemical poten-—
tial in the form of product B at chemical potential
ug is given by

P = jug = j(up+dw)

P = j[Up*RT In(1--0)] (6.6)
£

When the flux j to give maximum power, (dP/dj)j=0.

Differentiating (6.6) with respect to j and setting

the derivative equal to zero gives

i /3 u
m " f A » __A
1_jm/Jf 1n(1 Jm/Jf) = R (6.7)

jm is the flux at maximum power. The free-energy
transfer efficiency n is defined as n = ug/yy
= (1+Au/uA). Example: Uy = 1 eV leads to

jm
T 38.7, 3; = 0.972, -Ap = 0.093 eV

and n = 0.907

This means that under maximum power conditions the
entropy production leads to a loss of approximately
107 when the chemical potential to be transfered is
1 eV.

For a photochemical reaction without leakage as
shown in (6.7) the first product becomes the exci-
ted state A¥%.
Ig
5 il 6
A (6.8)
Ty

- A+hv

The potential of the "reactants" is composed of the
chemical potential of A and the potential of the
light quanta absorbed. Following G. Porter we will
call yp the radiation potential or the partial mo-
lar quantal free energy of the radiation, by ana-
logy with the chemical potentials, and define it

as the maximum work which can be derived from one
einstein of the quanta when they are absorbed at
the ambient temperature Tp. The entropy production
in the absorption process is

uA+uR-u
T

2. iR In(1-3/J¢) (6.9)

In any realistic transformation and storage process
for solar energy conversion, we have to assume that
the direction of the radiation beam is lost. This
is equivalent to scattering the radiation from
angle Q to 4I. Including this entropy production
and approximating the solar energy distribution as
a blackbodyradiation, the overall efficiency of
solar energy conversion into chemical potential at
maximum power is

K
SR o Ty E s
" NhC T, NAC it
RT, \ N
e (1-3;) (6.10)

Tp = effective temperature of the radiation, Ty =
temperature of A, N = Avogadro number, h = Planck's
constant, C = speed of light, A = wavelength of
light. From this the overall efficiency at maximum
power for light quanta 700 nm is calculated to be
071

Although the other wavelengths in the sun's spec-
trum will, because the sun approximates to a black
body, give similar temperatures and therefore si-
milar efficiencies on the basis of (6.10), this
calculation has assumed that the energy of the ab-
sorbed quantum is exactly equal to the energy E of
the excited state. But when a single absorber is
used allowance must be made for losses due to non-
absorption or the degradation of energy in excess
of the zero-point excitation. Two types of single-
threshold devices have been studied:

Single absorber with a threshold excitation wave—
length Ay so that the yield

% = % =
@A 1 for A‘iko and @A 0 for A2>AO

The energy of all photons absorbed, after degrada-
tion of excess vibrational emergy, is hc/Ap and the
fraction 6 of the energy absorbed from a polychro-
matic source which is available in photochemical
change is given by
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where E) is the energy of the radiation in wave-
length interval dA. For a threshold wavelength of
700 nm and A.M.1, the fraction © = 0.38, giving an
overall solar efficiency at this wavelength of
0.38x0.71 = 0.27

Hot-carrier solar energy converters: (R.T. Ross
and A.J. Nozik)

A single-threshold quantum-utilizing device in
which the excited carriers thermally equilibrate
among themselves, but not with the environment,
can convert solar energy with an efficiency
approaching that of an infinite—threshold device.
Such a hot-carrier flat-plate device operated un-
der typical terrestrial conditions (AM 1.5 illumi-
nation, 300 K) can convert solar energy with an
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efficiency of 667, substantially exceeding the 33%
maximum efficiency of a quantum device operating at
thermal equilibrium, and the 527 maximum efficiency
of an ideal thermal conversion device. This high
efficiency is achieved in part through an unusual
inversion, in which the chemical potential of the
excited electronic band is below that of the ground
band. This negative potential difference reduces
radiation losses, permitting a low threshold ener-
gy, and a high Carnot efficiency resulting from a
high carrier temperature.

Finally I would like to add an enthalpy diagram
which gives interesting information about the re-
duction capabilities of silver clusters. This
diagram illustrates, that the enthalpy and the
free energy of clusters can differ very much from
the bulk material. A fact which is often misunder-
stood. In this diagram the enthalpy in condensed
phase is related to the heat of hydration of the
gaseous Agt ion -5.07 eV.

6. KEY PROBLEM IN PHOTOCHEMICAL CONVERSION AND
STORAGE OF SOLAR ENERGY

I have already mentioned that wattersplitting,

reduction of CO; and reduction of Ny are the most
preferable solar energy storage processes. In pho-
tochemical terms this means the following reactions

H,0 ———lDL———* H, #

2 Katalyst 2 g

2

hv
———
Katalyst H3COH "

hv
—_— 2 S
Katalyst NH3 2 "2

co, + 2H20

P 0

2

W W -

N + 3H,0

2 2

In each case oxygen must be produced. But photo-
oxygen evolution with visible light was an unre-—
solved problem in an energetically uphill system
noncontaining any electrodes. Recently we have de-
tected selfsensitization of photo-oxygen as well
as of photo-chlorineevolution in Ag* zeolites. De-
pending on the conditions 0y or Cly can be pro-
duced over the whole visible spectrum. This means
that we have been able to make a considerable step
forward in the problem photochemical conversion
and storage of solar energy.

From our present knowledge, the overall stoichio-
metry of this photo-oxygen generation

[(ag"), m,01z 2o [ (ag)" ", £8*, (mr/2)H,012
19
+Z 02
fn-r)t
n

[(Agﬁn-r)+

,rH+,(m—r/2)H20]Z+r'H20 = [(ag

(r—r')H+,(m—r/2)H20]2+r'H30+
The stoichiometry of the photochlorine evolution
below pH4 is

(n-1)+

+ - hv -~ 5 of
[Ag ]nZ(mcl )ads—+[Agn] Z[ (m-r)Cl ]ads+—Cl
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In the figure below a selfsensitization experiment
of an aqueous Ag+ zeolite A dispersion is shown
(1 nA*s corresponds to 3.94 nl of oxygen). Energy
flux: 9.1 mW/35 cm . Automatic pH control 6-6.3.

g.
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Enthalpy diagram; env. = environment
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