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* Thermodynamic Limitations on the Conversicn of Radiant Energy into Work®
Robert T. Ross
Dep rtment of Chemistry and Lawrence Radiation Laboratory,

Univers ¢1y of Cdl?~w~u Ay Berkeley, California

The fraction of radiant energy incident on an absorber which
may appear as work is limited by the radiation entropy, and

entropy gained in frreversible transfer from the radiation

fileld teo an absorber. Ivreversibility may result from direc~

tionality of the radiation field, and some irreversibility is
necessary to cause 4 net flow of cnergy from a radiation absorber
into work or free energy storage. Impedance in the convercion

apparatus may further limit the efficiency, Maximization of

-

power storage under these constraints is discussed, and the
general arguments are then applied to photoelectrical and photo-

chemical systems; in these systems non-resonant deéay of the

excited state represents a major source of inefficiency, which
may be minimized by appropriate choice s for the Boltzmann tem~

~ perature and optical d@ng ity of the absorber. The relationships
are developed for narrow band alzorption, but application to L

broad band photochemical systems is discussed.

*This work was supported, in part, by the U. 5. Atomic Energy Commission, |
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I. INTRODUCTION

In the éast few years interest has infensified in‘biological pheto~
synthesié, and in photqchemical and phctoelectriéal devices for the con-
§efsién of solar energy‘into work. This interest.haé stimulated |
theoretical defivatiom%lsz of the fraction of monochromatic radiation
energy which may appeér as work, or the thermodynamic work equivélent9
which ‘is the Helmhoitz free énergy9 A = E-TS.

Related deri&ations havé qonsidsped the conversion of heat into

4

5

livht,s and thermoéynamic lim;tations on the performance of a polarizer.
Inxtheory developed specifically fob'pnn junction photovoltaic cells,
VShockley anvaueiésars,have considered a number of the additional efficiency
limitations treate& more génerally in this paper.
The'{ransfofmation of light energy into work may be divided iInto
tw& stages: (l} interéction cf an absorber with the rddiétion field, and

(2) the conversion of net absorbed energy into work (see Fig. 1). Any

4.

ts appearance as work, -

P

operation performed on the absorbed energy hefore i

or its storage as free energy, we consider to occur in an engine. Such

an‘enginé ﬁight_be bf.fbc conventional piston variety, or the engine hay
be present more abstractly aé,_éiELA a pair of thermocouple junctions
with ﬁires connecting theﬁ to a'locué of électricai wo_r'kQ or e&en_a
8equanceLof chemic&i‘reactions:Ieading to a stable, énergétic product.

Thé fraction of net absorbed energy which may aépgar as work is
réstriéted by the Carnot lihifatiﬁn.éf classical thermodyﬁamics; 1 - Tﬁ/THﬁ

-where T, is the temperature of the absorber, and T is the ambient

e

temperature. The Carnot efficiency is frequently described as a restric-

tion on the engine; this is a convenient and meaningful terminology for
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,conventional enginas. but 1t haa at timea given the false impression that .
g '_:- o the Carnot fautor may ba cirCumvented by using apparatus which does not
| 'employ macroscopic haat reservoiré; Actually, tha term (l - TL/TH)

represents xui the fraction of free energy 1n an energy increment at

Ty relatiVe to a atandard state at TL.' The heat engine fovmalism 1s

simply a convenient manner of representing the entropy asgociated with
net absovbed energy. ‘
The term abqorber must be defined rather carefully 1f our discuss‘on |
-vis to apply to all light capturing syetemsx An aheorber 13 an assembly“
of states, within an absorbing mater;nl, which 1nteract directly with a.
radiation field and which are characterized by a common temperature
' regardless of the nature of the radiation field. Thus the absorber may

ccnstltute the whole of the absorbing material. or it may constitute as .
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little as a single degree of freeaom.

The next section of thia paper shows how tha interaction of the

et e 2 etz S

,radiation field with the absorber limitb the maximum possible Ty

A maA b

Vf%ection 111 considers the irreversibility necess&ry for net absorption‘
.of energy. and shows how power storage may be maximized by an appropriate
cholce of ?H' The steady-state effect of impedance is treated briefly in
L ‘;  ‘Sectfon 1V,
L \

In Qeotion Vv we oonaider some additional features present in photo-

_chemical and photoelectrical aystems. and coneider the. effect of absorber

optical density on optimum «#fzciency.
. Section VI extenda the narrow. band treatment to the broad band

P o “Aabsorption-situation of photoghemical and photoele¢tr;oa; devices,

arads 9w
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unit time, Convenient units for this specific intensity are ;;QQ

v;k%. 
A II. AB%ORBBR TEMPERATURB
Material located 1n the cavity of a blackbody will equilibrate at
the temperature of this blackbody. Simzlarly. an absorber illuminated .

by a blackbody will, if not cooled by interactions with other surroundings,_'

' reach the temperature of the blackbody.

: The radiation flux emitted by a blackbody of tamperature T is . o
| " (2v2/c2) foxp(ho/it) = 1370 iy ay

‘photons per unit solid angle. per unit bandwidth, per unit area, per

l

'photons/sr(sec“l)cm sec,

This equation may be rearranged to describe the temperature.of é '
blackbody in terms of the specific intensity of the radiatioq which it
emitss. | | | |
| Tl - (k/hv) n(1 + 2v2/c21 ) ,' ?3’? f:'f j-.'f "(2);~

Equation (2) will also define the temwerature of an absorber illuni-

nated solely by a blackbody, and not coupled to any other systen.

Now suppose that a very narrow bandpass filter is placed between

,the blackbody souree and the abaorber, 80 that tbe frequency and specific,
'_1ntensity are effectiveiy constant across the pasa band. If the absorber

1s sene*tive (i.e., has non-zero absovptance) enly for radiation wlthln

the bang passed'by the fllter, then it will be_unaffected by the elimina-

tion of othér frequanciea;'and its temperature will continue to be defined

‘ Such a narrow band essentially monochromatic, absorber will be

unable to distinruish between radiation produced by a blackbody and

‘ radiation produaed by any unpolarized source which has the same speci‘ic

intensity at the absorption frequency of the absqrbev.- Consqquently,
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equation (2) definea the &pmpereture of radiatibn from eny source ae a

."4

lffunction of frequency..,'.'

A MonOchromatic absorber will be raised to the temperature epecified

by (2) only 1f the absorber 1e eensitiva exclusively to radiation in the
'direction of the aource. Ac seen from the absorber, most high tempera-

'ture sources are highly directlonal. so that the absorber must be quite

D e B paeZ e

directional if it is te attain the temperature of tbe source,

An ebeorbev may be intrinsically directionel. perhape because it
bcbnsiste of an orderad erray. or it may be made effectively directional
through optical magnification of the source, ag with the parabolic mirrors :

-uged in solar furnaces.. But most absorbers ave not hiphlv directional.

N ’ 1

éf." R . - An absorber will average the incident intensities over all the

e | e R R e 5 pman 24

Vv

dlrectione in which it is eeneitive to radiation. and the temperature of
the absorber will be detarmined from (2) ‘with an average specific entensity..u
If an absorber 18 spherieally symmetric with respect to its Interaction

; ‘ | with a radiation field then the effective intensity is ‘reduced to

;; . | I, (eff) = fz aa/ur, ,‘ | ‘ |

: | | For lower absorption symmetries, one must consider in deteil the

,steady-state relationehip between an absorber and a radiation field of"

intensity dietribution I(v Q).* ﬁssume that the absorber has a probability'

:““”5”' of emitting or absorbing light whieh 13 dependent on angle, P(2), and

| define the effective radlatlon temperature. TR, as, the temperature of an.

.*absorber whlchvinteracts exclusively with the radlation fleld.
f w o ‘ By requiring equality between the 1ntensity emitted and the 1ntensity
i . N . .
j oL abeorbed. T is defined in the lntegral equation
o

(2v2/c2) [exp(hv/kT) - l]"l f%(n) da = j&(v'g) P(n) da - »f‘. (3)
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1fF the radiation as seen by the abgorber, falls in a range of solid

'fangle in which the variation of. P(Q) from P (n ) 1s small, then the

right-hand side of (3) simplifies to

p(ay) j&(» n)«dn o wy
As most radvation sources subtend a small solid angle, and most ab orbers

are not sharply directional, (u) wwll hold in most cases* it holds exactly

_ for unidirectional light and for non-directional absorbers.

T We may rclate the ef‘ective intunsity of radiat*on (relatlvn to a’
given absorber) to the radiation temnerature by a modlfication oF (2):
1 2 (k/hv) 1n[1 + 202/e21, (e£E)1 | A’- (2');

By eolving {3) with (%) for TR, we find the effective radlatlon

1

vintensity to be .

1, (eff) . P(n ) ]E(v ?) dg//{§(ﬂ) @ L e

L

The'temporéfﬁie varioe aa‘the logérithm of infensity; 50 oﬁ]y

.sharply directional absorbers can haVe an effectiva radiation temoera-
ture which 1s significantly greater than that for nonwoirectional

' -absorbers.

The rad@ation temperature 1s a steeper function of inteneity at

lowav frequencies. Consequently, reduction of the effectxve intenszty.

~such as. by dilutlon over solid angle, causes the most variation in

radlat fon temperature at lower frequencies. Consider an absorber which

@
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lls sensitive over a range of direotions which ia D times the solid angle
4subtended by a blaokoody source of teMperature Ts. i.e., Ds 1. Crs)/I (eff);}‘ =
| By substitution of (l) into (2') we find that B | |
‘ = (k/bv) 10 {nrexo<hu/krs>-11+1} o e
g '_‘ . For hv/kTg greater than 3 this simplifiee to B o |
" " TRl % (k/hv) mp+Tgt RN iy

Plg. 2 showe TR as a function of fréquency for a sourCe temperature

g , -i lof 6000° K and & reduction of intensity by 105’ this corresoonds to the
L - effective radiation temperature of the sun as seen by a nonndirectional UE
absorber on Earth, uncorrected for atmospheric absorption. -
| The appearance of absorbed energy as work is limited by the Carnot
factor 5 IS TL/T . where TL is the ambientvtemperature, Fig 3 plots
~this efficiency as a’ funetion of wavelength for Ty, = 300° K conversion
-of energy from a narvow band absorber illuminated by a 6000° blackbody
source, Curves are shown for an absorber which sees the full blaokbody
'inteneity, the 10 reduotion of intensity characteristic of unfocused
é'_' S solar radiation on Earth, and a 1ol° reduction. i_ '_v’
The Carnot limitation may be apolied to-a. broad band of frequencies ‘
by averaging Tﬁl (v), weighted by the frequency d*strihution of Incident

-energy.; To attain this offieiency for an arbitrary diatribution of TR

. over frequency. it eppears that a conversion system - would have to be
composed of a large number of eub-syetems, sach of which was designed

;\-ff ?Ui‘ S ‘to optimize the conversion ofva narrow band of frequenoiesg_,This is B
“techniceily diffionlt. end any real conversion apperatus Aaé no more

H "i:f" o nban a Few such sub-systems. Understanding this sub—etructure of a
.broad band absorber may permit a limit on the efficienoy which is sioni-

ficantly below the band averaged Carnot limit (see Sec. VI). -
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Until now e have ignoved a major consequence of the fact that an

-abscrber at TR emita(aa resonant fluorescenc@ a photon £lux equal to the
Flux absorbedz Enevgy may be withdrawn for doin work (or free energy

,.ﬂtérage)'at Only.an infin;teaimalfrate;ifgthe.absorbar is to remain at

/

&

a If energy reradiated by the absorber is not considered; and if there

.Aare no other energy leaks, then the Carnot limit of 1 = TL/TR,can apply.

| - When there are losses from the absérber, however, then total effi-

'ciency is limxted by the product of a Carnot efficiancy, ‘and the fraction

of the absorbed quanta which are used for work or free energy storage:
'} z (L - TL/TH)(l out/Iiﬂ) . 2 . . ‘ (8)

whefé :in iz the input intensity, I&ut-is the loss intensity, énd_TH is

‘the absorber temperature.

When losses are present, the conditions for optimal effic1ency may

be found by determining the dependence of Iout on. TH, and settzn? the

' differential of (8) to zero.

The efficiency of most practxcal interest is tha ratzo of power

,storage to incident energy flux; in this case Iin is the incident :

Jintensity, and Iout 1ncludes losses from reflection 'transmissmon;

A

" absorber emission, and any energy leaks frcm the ubsorber. We will not
-consider reflectiony transmission is considered for photochemical syS=

._’tems in Section V.

If the absorber is a leak«frae ddeal (narrow band) blackbody, 80

that the only loss is the reradlatlon then P A T

Toue/Ttn = (€8 = /G =2y “'v BT <)

where R = hv/kTR and H = hv/le.“
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- For wavmlevrths mJLu, the ones in (') may be nealec?ed e?ce“t under
- conditions of extraordi arilj high Llight intensity; we shall neglect
4 “them from now on,_so that the ef £ficlency becomes
v | TR AT g S (20)
where L = hv/kTy . ) | o A L

: - . The condition o the ahsorber temperature for optimal power storage

{

"i.s'that

i Hopt = R+ In X B P S (11)
5 where:

i : » L TR T

a | >' = 1 + L - z-!opt - ; . y (12a)
: -4 l "- Ln-R - lﬁr..L + L-R - ln(l L d L-’R.-.‘D)] 9..' : : ' (l?b)

which converyes qulto raﬂidly.,
The resulting optimum eff*c1ency is -
ha L - (ReImI/L) - WX e '_ - : (J.s) ‘
I,The épressién within the bracketé is the Carnot tefm, anﬁ l/Y reuresents
the fractiou of guanta raradiatec under owtihum condit'onsa B

0

As was true'of decreascd eAAiciencv due to reducfd incident iﬁtensity,
the losses due to the prasnnce of reradiation are”lafées; at the long
'  wavele qth end of the. spectrum. ‘1a. L démonstrates the effect of
‘rcvadiation as & function of,wavelpnpth for kS narrow~bandAabsorber i;lumi-
.‘na;ed by a96000° lackhody sun (i 2., blackbody inténsity reduced by 10%).
,'The difference between the highest and middle curves represents the decrease
- in Carnot efficiency necescary for néﬁimum.po%ev stofageg the.ga§ Setwéenb
e co the middle and 10wmat curves showu'*he loss dua to ac ual-roradiation.

va-Tﬁ‘is not maintained at ‘or near the optimal valua, then the effi—

"ciency may be markedly lower than the maximun ‘sat’ bv (13) (qee, A Fig. 6).



, through this impedance, and the work used reduces the amount of work

. available for storage,

engine: W= H(I

“20~ Fo
. IV:INTERNAL® IMPEDANCE LOSSES

" Any real transfer of energy frém one place to“another éncountérs

someibesistancé;.or ihpedance.»to'the transfev; Similarly, an apparatus,

g

or engine, which transfers ab orber: energy to a locus of free energy

vatoraye must have some impedance. wOrk must be expended to cause a flow

<

4

As a result of this power dissipation, the max Imum efficlency for
conVersion‘cf'radiant-ﬂnergy intohwork becomes
e =T/ ) = /Ty = WAV, )

where W represents tha:average work required to mové_the~energe§ic

products of one photon through the engine.

W will be a function of the enevgy flow from the abﬂorber into the

eng), where Lon Iin = Touee The form of this functlon

will depend on the system which it describee. but it cannot be negatlve.
1f the function haa continuous derivatives. then it may be expanded in

a Maclaurin aeries:

2 ) i"'l‘,d " ’ . - .
W vy ¢ ”ﬂeng + v (Ieng) LT S Qas)

I wo is zero, then W equals v 1n the limit of small flux..

l eng

' Th1s 1inear relationship between flux and, thermodynamic potential dif-

',fcrence holds with good accuracy for many transfer processes which operate

at the molecular level; a familiar example is Obm's law for electrical
conduction.' Diffusion and heat conduction are also typically linear.8

The notabla exception ‘to linearity oceurs in chemical reactions, in

which the rate has an inverse hyperbolic dependence on the potential drop.

Because of this dependence. chemical reactions are_sure to beilinear only

for W << kT, 1If a chemical reaction may bz considered as a sum of several



;11; 4
elementary reactions, then the condition for linearity is relaxed to
require only that the frae energy change across cach of the partial

reaction& be small with respect to thermal energiea.g This may be the f
;-
case in biological systems.A '

o

In linear systems equation (15) becomes

n= (1~ HLX - eR"”) - £(1'= R'”>2 o Tae

[

-where f = Iinwl/hv‘ H may be adjusted for maximum power storage.

The' uepcnueace of power stored on: light intensity under optimal
condltlons is shown in Figure 5. The curve with impedanee is for f = 10

at intensity Ib.. At intenzities where £ 1s very small, the effect of the

rbresistance_is negligible, For ;argg £ (e.g., high ;ight intensities) the

impedance places a ceiling on.the power stored of. .

P.a(h“/“‘;’l)(l‘.iL/ij'z . o an

‘which is.shown ag a dotted line on the figure.,

The parameters used for this figure are aquivalent ito, 300° K converOion

of ltxradiation which at. I has the effective intens*ty of an unfocuged

6000° blackbody sun on Farth. The assumption of a. relatively long waves
length serves te accentuate the slopea of the assymptotic curves, but the

shape of the~power curve is not etrongly dependent on the parameters used.

"
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V. PHOTOCHEMICAL SYSTEMS
'wé define an eoergy eonversion'system to be photoehemical if-the

absorber Consists of a reqtrioted numbor of degrees of freedom w1thin

‘the spatial bounds of the absorbing material. Any radiation conversion

isystem which does not employ heat reservoirs in the usual macroscopic

sense fits this definition. 80 that g photoelectrical devices, as well
as cohventional photoohemicalsg are considered to be photochemical.

‘The temperature of the absorber, TH, is represented by the relativo,

 populations of the ground and excited states resonant w1th the radiation.

E A charaoteristic feature of photochemicalisyatems is the tranefer :
of energy from the degree(s) of freedom resonant with the radiation to
_ i
a degree of freedom whioh does not interact significanfly with radiation
and otherwise equilibrates with the surroundings only slowly. This transfer‘

may bo partially or wholly by prooessee such as ionization, molecular

rearrangement, chemical roaction, intersyotem orosaing to another spin

-state, migration of the excitation to a phvsicaliy distinot "trap" species,
~or simply relaxation within an excitod electronic state to a sub- tate

.which Hae relatively less overlap with tbe ground state. '

Tho total transfer process may fvequently be desoribed as; involvinn

several such steps, eaeh of- which hae a progrossively slower interaction

'with the surroundingo: & g., vibvational relaxation'tintersysten crossing‘-

to a triplet state, then chemieal reeotion.'

The final loous of free enorgy storege ie usually in reectable chemi- ‘

"oals' Energy stoved from a photovoltaio cell is likely to be in a battery ;p |

4of electrochemical cells; photosynthesis leads indirectly to firewood

This etorage may be viewed as a metastable excitation of the degree of




S R T T AL

A eSS

freedom represented by a chemical reaction coordinate.

o g

A e v o e = 5 4 S Y R

nl3o s

X

By definition, energy transfer to non-useful degrees of freedom

(e.., vibrational) represents a heat leak which is unique toKphotoé

vchenicq} sysfoms. This transfer may be coépletely non-radiatiVe, or it
.may‘involve c'oombinationIOE radiativo and nonﬂradiative processes, |
The rate of these losses is usually directlj proportional to the

excited gtate population, and thus a constanf proportion of the radiatire '
loss at the absorption frequency (the resonant fluorescence). The total '
rate of non-resonant loss may thus he ropresented as an absorber relaxa- :

tionlcoofficient, £y times tho'rafe of resonant fluorescence.

1f I, in (8) is multiplied by (£ + 1), this is mathematically

‘out
eguivalent,to reduction of the input intensity by the same factor. Con~-
sequentiy, thé effect of absorber relaxation~on optimal"rH and efficiency

is precisely that of an extornal reduction 1n the ef fectivo thermodynamiC'

:intensity. Equations (6) and (7) hold wlth (E + 1) multiplying D, and

‘Flgure 3 demonstrates the effect of absorber rolaxation on efficiency

as a function of wavelength. Tho efficzency contlnucs to.be specifled by -

(10) and (13), providing that | | . L ‘ ‘. o |

o | Rg R+ ln(g R I >'_ | (18)

is substituted for R in (10) through (13). The fraction, 1/X, repre-

sentinp,&oes from the absorber now inoludes losscs from non—resonant decay.
This non-resonant absorbervrelaxation~is cauaed by a coupling between ,

the absorbing degrees of freedom and their surroundings. If a constant

,temperature is maintained throughout the absorber--which is required by

our definitionrof a single absorberqothen‘the rate of absorber heat leak

due to nonsresonant relaxation increases when more absorbing sites (degrees-

 of freedom) are added to an absorber.,
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This introducea a question as to the optimum number of aboorbino sites

 for maximum_powerfstorage.n‘lf the'number'of_aites is quitcxlarge, then

virtually all incident radiation may'be'abcorbed, but the non-resonant

-flbéses will be relatiVely high. 'If the number of sites is small, then

'non-re sonant losses are anall but a significant fraction of the incident

adiation will pass through the absorber.{ Hhen the number of. absorbing

" sites, or——equivalently-~the optical densitv, is. controllable, then (8)

may be optimlzed with respect to this variable alao.
' Cons ider unidirectional irradlation normal to a planar absorber

which is made up ofwan engemble of absorptiqn sites, cach of which has

;a site relakaticn coefficient defined anaiogbﬁ§ly to E.: If different
sites have different relaxation coefficienta, then the accuracy of our -

-treatmont requires that the mean site relaxation coefficient o, be

entially congtant when avcraged over. the mean free path of a photon ’
havgng the absorption frequency.

The fracticn of light pascing completely through the abaorber is

'fé'sj uhere s is the thicknesg of the absorber in units of the photon mean

=

'free path.

T

The fraction of incident intensity,iIin; lost due to resonént
nadiatiﬁe decay istlf—{l-t)ek“ﬂ, ‘where R. is defined for a spherical

absorber; and lnlﬁxj corrects this to the flat plate value. The mean

transparency avaraged over solid angle, ty is the order of e’g/S for .

f large S this correction ils so small thnt ve shall naplect it.

Assuming that any directionality in the absorpticn of individual

sites is eliminated by averaging, the fraction of Iin lost bj non-resonant

absorber relaxation iq aSeR'“

g
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i _ : Substituting these exoressions 3nto (8), we £ind that

; ns (1. L) {1 - e-“ - (aS + 1/2)eR~H} ', Qo)
i S _ s ‘ :

é ' o Differentiating with respeet to 5, we find that for maximum

; . _ i : , S

[ iciency,

ﬁ ; : ) S C . R

i o : : ' -‘Sopt ® 8 R 1”“ S ._><2°)_
i '

% o .oubstituting this into (19). the efficiency becomea N
v SmEa- B/L) (- (a5 v 4 yneRHy SN ¢

By ccnparicon..it {10) and (18), we note that this expression is that’

‘of an absorber with

E4l=aS,.+a+l/2 >“' )

. Accordingly, from (ll), (18), and (22) e have that « -

P N A R + ln(ag pt * €+ 1/2) 4 1n X . L (23)
Vo ‘ f': P ByAcombinipg_(20) and (23), and recallingv(l2a); one obtéiné‘a

-conVenient'set of coupled equations_for maximum power storage!

: H= R+ S+ lno o - o oo {24a)
e *”XQI¥L;Hv._fv--_.]‘ S (a8b)
S=1ln X+ i+ s+ 1/20) Y T R

'I; a, R -and L are known. then H Xy and S for maximum‘effic;ency may be .
"; determlned accurately by a few cyclic iterations of (94).

Malntaining TH at the optimum in photochemical systems correSponds

T

to kaeping the relative population of the excited state(s) at a proper
| o *  value. Raising the population above thie level results In increased
, _ losses from absorber relaxatipn_. If the population of the excited state

W - 1s below the optimum value, fhen the free energy gain in the energy storage"

P .' : _§rocess is less than optimai,

AT e e



- s
'[ TH4isvcontrolledcby tﬁe écﬁ~cfzcﬁe.tﬁciﬁodjnaﬁic‘pctentiglvatcthe"
: iocus of free cncrgy sfonage and<the<botential drop acfocs aﬁy impedance.
» Figure 6 plots the e¢fic{ency as a function of the utorage potential, AA for
no imnedance and also for a linear impedance with £ = 0,3, The curves
shown are for parameters equivalent to 300° K convercion of L u. radxatlon
from a 6000° source with dilutien by 108. For radiation of hipher intensity_.‘
and/or shorter wavelenpth the impedance free curve would peak even more |
; closely to the right edge.
For photovoltaic devices Figure 6 reppcsents power delivered as a
~ function of load voltage, without and with an internal resiéténce; |
During the course of a typical photochemical reaction; the, thermo~
~dynamic activities of the reactants will VArY altering the free energy
of reaction. Usually the reaction starts at equilibrium and progresses
~to a photostationary state by ‘depleting the supply of reactants apd
increasing the concentration of products, This is-equivalentlto noving
along Flgure 6 from the left to the right edge. The mapping of tﬂne onto
the horizontal axis of the figure will depend on the feaction considered.
A significant free energy of reaction builds up rathertreadlly3 80 that
motion away from the left edge will de relatively rapic. The rate»of
| approach to the right«hand edge will be slow, and assymptotic to zero,
. as the quantum yleld goes to zero.

Y . ~

" The ineffioiencies we.have diacuascdrdc not include any effects due.

£

to . a finite.rate of transfervfrom én excited state, from which losses
occur, to more stable specles further along the storage pathway. .Attain-
vment of good efficiency requives that the groas forward rate of any

:transfer step be very much fastet than the rate of energy 1eakage from



S -17--. +
the staté preceding the éf@é.:ATheiintrinsid quantuﬁtyiéld for a'transfgr
‘ ﬁ S is ke/ (X, +‘_.ki). whléré kt i‘s:f;hfefprv&ard ’ltra,_nsf.er?éte. and‘—kl is the
loés rate.. This'éffect is indeéendent of the.thermpdynamic‘lééses dis-
cussed, and is quite Sanificant;in many bhotoéhemieal and photoelectrical

y o systems, 10

¢
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_VI'.." BROAD BAND ABSORPTION

Few radiant energy sources are anywhere near being monochromatic,

‘;!_making it necessary for practicel energy converters to utilize radiation
Ar‘in a broad band of frequencies.' Many photochemical and photoelectrical .
'eystems have an apprOpniately broad absorption band, exfending above

 some threshold excitation energy, hvo. Excitation energles in-ekccss'

of thie minimum are usually quickly dissipated as heat, and hence of

no use for energy storage, so that the effective photon energy is hvo.

(The prcblem of an optimum threshold- energy for maximum energy stovage .

has been consideted elsewhere.ll The wavelength and intene ty dependence

. of the efficiencies discussed in this paper. should be ccnSLdered in such

an optimization¢)

X 1

The relaxation within the excited etate nay increase the population

~of the lower cub-states merkedly, 1ncreasing the effective absorbe“

'vtemperature. Thlc decrease in entropy represents ‘a. fractional savxng

of the energy lost by relaxation £rom more energe{ic levels..'
: 9
‘A broad excited electronic state~~givina broad bdnd absorption~-.g
iq frequently associated with a broad ground electronic state. Such

a broad ground state givee rise to significant absorber relaxation by

'non-resonant fluorescence, which lowers the effective absorber tem~

LN

peraturc.
If one has little or no experimental information on a system of
interest then this fluoreocence may be lumped into the site relaxa-

tion coefficient, end the mcnochnomatic absorber formallsm may be

retained.

Assnming'fhaf'equilibriumvwithin the encited band_ievnuch more |

¢



‘rapid tban the loss' processes, thcn reradiation 13 predOminantly from.
|  .:the bottom of the band. If it is assumed that the subnlevels of thc
.excited state are pupulated according to. a thevmal distributmon for
a temperature Tp,,then an effective TR may ba calculated by.requirlng' 
'xequal numbers of abéorbed and emitted photons;' Fbr a thermai dis£r1~~ ,
:bution cbeyxng Boltzmann statistics in a broad band TR is generally
about the same as if all the intensity were incident in a band of

width kTp on a narrow band absorber operating at v

If thc,daté are awailable,'é more straightforward approach is
to use the abaorptidﬁ spéctrﬁm and fluorescence lifetime to c§ldulate
an absérbef temperéture”diregfiyz" |

Thé rate of excitation inté the eiciteé state'ié

| p/i(m(v')dv,l T N € 1)

wherevP ifkthe gvound state populat£on. is.the incident llpht '
! ‘_ o N 1ntensity (in units such as qnanta/cm7 sec per unit band wmdth), and B
i o o g A is_the absorptionﬁcross section._ The rate of decay of the excxtcd
£ j .,;'_ + state i; simélj | N _ v | .
o eae ()
] o o _ where P# is:the'egcited'atate pépulaficn, and T isft;e‘flqoreécencé |
! ‘;" o } o .lifefime. By'eqﬁatihg'these.two rates; we/may detérminé‘?/?*ﬂh’

'ﬁ

‘The free energy increment per photon at the absorber is -

. _v‘f-f: :"_",'V.' | hvo - PTL 1n(PQ*/P*Q). o e

i . - . uhere Q and Q* are the partition functions of the ground and excited
- ~statesg For atomic and most molecular systems, Q*/Q is given accurately

/
by the ratio of the spin multiplicities.12

The thermodynamic potential at the absorber in the absence of
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: energy storage may be defined as ,z.;"

vy (1 - - T/ g (28)
:fwhere TM is the maxinum ab orber temperature.
Equating (27) and (28), we find that 7
n = ln(PQ*/P“Q), L o ‘ . (édu”

| where M= hvo/kTM, and whan the population ratzo 1s neasured in the

absence of .energy storage.
By using (P/P“) from (25) and (26), we find that

M = - 1n[(Q/00)T [1(vIAW) av],

‘where 1 is méasured in the absence of energy storage.i

As M contalns many of the effects of site relaxaf lon internally,

the ‘equations for the optical density problem muot be modi“ied slightly.tu

If it is as sumed that fluoresoence emltted by one site cannoct b@ used

""by ano‘cher, then the basic’ efficievxcy relation is

ne e G-eSosdth ey

."By steps analogous to equations (20) through. (23), it is easily deter=

imined ‘that for maximum power storage.

HaM+s S (24a')

S 2 ln(l +8)+ 1n X . 4 © (2ue")



; _the degree of saturatlon (see Flv. 5).

w21
VII. CONCLUSIONS

There are several sources of inefficiency in the transformation :

of llght 1nto work whmch may be con51dered in thermodynamic termsz
 (1) directional radxatlon incldent on a non-dlrectlonal absorber;

"‘](2)_1rreVer51b111ty‘neCes,ary to- get a directmonal flow of energy

into‘wbrk 6r free energy storage; (3) internal resistance losses,

nd (4) energy. leaks from the absorber. :

EfflcienQJ, as defined by the amount of pover stored, is most
e
smgniflcantly affec*ed by control of the thermodynamzc potentlal at

the locus of free enerpy storage, indirectly, this means control of
g he absorber temperature. The latltude in-this control for goqd

'eFf1c1ency in a photochemlcal system is 1nd1cated in Fig. 6.

" As shown ‘in Fig. 3,‘absorber dlrectionalitv and absorber felaxa—

tlon rate must change by at lea*t an order of mawnztude to siynlflcantly

‘affect the thevmodynamlcally llmlted maYimum efflCLQDCY. The loss due

to absorber relaxation ln a given chemical system may be minimlzed by

I

an apprOPriate choice of optical density for the absorber.,

Internal res xqtance logses may be reduced by remov1ng seme of

the re81stance, but the 31pnif1canCe of such a reductlon depends on

“

An understanding of these sou*ceq of 1nefficiency may be useful

in the design of radiation convarters,_such'as in efforts to devise a

: “simple photochemical system for the effectiye capture of seolar energy.:

" The prodess may also be reversed: Information can be obtained :

‘about a radiatlon conversion system by studying its efflciency, or

U‘parametcro sach aq chenical potentlal or fluorescence jleld, as a



¢
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1

"_hoﬁe that an understanding of the thermodynamics of radiation con-

‘22- i

- function of the vafiables,considéred in this paper, Biological photo-

 synthesis is the4system.which originally moti#éfed'thisvﬁbrkg and we s

'version may be particularly useful in this area.

3
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Fig. 2.

Fig. 3-

-4~

f

Schematic dlagram for the conversion of radiant energy into work.

Maximum temperature for a non-directional narrow band absorber

" ‘on Earth illuminated by a’ 6000° K blackbody sun, - S ;

Maximum efficiency from a narrow band absorber illuminated by

‘a 6000° blacmbody source, with efficiency calculated on the basis

of net absorbed light intensity. Curves from top for full blackbody

.intensaty, intensxtv reduced by 105 (solar equlvalent), reduction

by 1010

.Effect of reradlatloh s on the efficiency. from a narrow band

. @bsorber. on Earth 1llum1nated by a 6000° blackbody' sun. |

Ll - TL/TRsvvmaximum Carnot efficiency; 1 - Ty, /Tyt Carnot efficiency.‘

' Fig. 540_'

 for maximum power vtorage‘ n:. maximum effmciency calculated on the

: hagls of incident light 1nten 1ty.

Maximum stored power as a function of incident light intensity.

Upper curve: no impedance; lower curvet f = 10 at I;. Parameters

-

are discussed in Sec. IV.

'Dependence of efflclency on the thermodynanic potentlal at the

' 1ocus of free cnergy storage. Upper curve: _no-lmpedance; lower

curves f = 0.3, Parhmeters are discussed in Sec. V.
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