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THE EFFICI:NCIES OF THEPMOCHEMICAL 

EUERGY TRANSFER 

by 

PO Carden and OM Williams 

Department of Engineering Physics 

Res e a rch Sc h o~J. o f Phys i c.:.11 Sc Ln r.c ~.s 

The Australian National Unive rsity 

Ca nbe rra, l\ . C . T. , AUS'l' RALIJ\ 

A ge n e ral the rmodynamic study of ther.nochemical ene r g y 

transfer an:i uork production processe s is prasented. Both g a seous 

syste ms in which the effluent o f each re3.ctor is not separated 

into the reactant and product species, and liquid/gas systems in 

which the e ffluent separarate s spontune ously into liquid and gas 

phases, are treated. The study extends to consideration of 

non-isothernal reactors, to the indi vidual roles of reactor and 

heat exch~nger in the work production proce~ses, and to the 

signi f icance of t he intr insic work of p~ase s e?Qration. The 

overall system ,-~ffici:.=mcy is derived as the produ·:: t of two 

e fficiencie s: the energy s t orage ef f i cien c y w~i ch define s the 

fracti on of the input enerqy pa.sse -::1. i n chemic':tl form to s,:o rage 
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and th~ work recovery efficiency which defines the fraction of 

this stored energy available as output work. I'he f~ndamental 

thermodynamic processes underlying the derivation of these 

efficiencies is examined from the point of view of optimization of 

the design and operation of individual system components. In 

particular, it is shown that the available work from a 

thermochemical energy transfer system approaches the maximum value 

given by the Gibbs' free energy change when the temperature 

profile of the exothermic rea.ctor is suitably tailored. 

T:i..:.! •,✓-.Jr l- o f. s E~p3.r.:t t i o n }ns fnrnti:-,d the b ~ts is of Lh~ ;,rna lysi:; 

of specific system co:npone;1ts and hc?.s given a useful insight in::o 

the understanding of e nergy s torage efficiency. i•;ork recovery 

efficiencies a re calculated f o r the a rrmv:mia/hydrogen-nitrogen 

system and the paper concludes with a discussion 0£ some practical 

co::rnij,erations relati:r..g to the recovery of work and the 

performance that one migh~ 111 timately 0:,q,ect from e1is system. 
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1. INTROCUCTION 

Considerable interest has develops-1 recently into the use of 

reversible chemical reactions bot:1. for trans~:.orting energy from a 

solar collector array to a central power gen8rating plant and for 

transpo:::::-ting high grade heat from nt:.clear po•,,·er plants. A working 

fluid undergoes an endothermic reaction in absorbing thermal 

ener3"y at the source or multiple sourc~s and is reconstituted 

during the reverse exotlwrmic reaction with regen•.:=ration of th8 

reaction heat. Dis ta:nces over which hi g~1 g:i:-ade heat must be 

transported are minirrdsed by using a counterf l ow h2at exchanger at 

eacl1 of th2 e;1c'.oth2rmic and exotberr.iic rea ctors t11us allowing t:::ie 

workin9 fluid to :x! transported ovc~r. th2 rt:!I:>a.ini ng distancr::! 

through pir,,es at a1nbi,~,1t te'J\porature. Thr1rma:.. lag•~in0 is 

unncce ssa~y and fu~ther~ore, co~si ie~abl~ pot e~tial . ~ ex1s ... s for 

long term lossless storage of energy through storage of the fluie 

at ambient temperature . 

In this paper w2 are particularly interested in those 

systems whcro£;: the end use of the recovered he at is the produ1::tio:;1 

of work by means of a heat en gin,:!. A number of reversible 

rf.:!actions suitable for thermoche rnic,3.l energy transfer and work 

production have been pro~osed [1-S] and may b8 divi~ed assentially 

into two classes: ::,.on-separating sys tens S'.1ch as sulphur trioxide 

dissociation/synthe sis (Chubb {1]) and tuo-phase separating 

system3 such as amnonia dissociation/ sy~thesis (Ca rden [2]). In 

non-septlrating systems, ~te exothe rmic r 0actor is fed by the 

effluont of the endothermic 

endothermic reactor is fed by thG 

reac t o r and 

ef::lue :1t of 

conversely, the 

the exothermic 
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reactor. It is dcsirablo from the poirit of view of achieving a 

high value of stored enthalpy per mcil:~ that b,.Jth r e a.c tions proceed 

as close as possible to coP1ple ticn. This reqnirem,:;nt favours 

thos-~ reactio::1s which, bec=1use of their hi,:rher reactivity, 

p:'::'ogress easily towards P-quilibriurrt even at the lower tei.'lperature 

of the exothe rmic reactor. :r.n addition to this restrict.ion the 

-choice of operating temperatures is res~ricted al.30, and indeed, 

the endotl.1ermic reactor n:ust always op:aratc 

temperature than the exotherE1ic reactor. 

a+- a higher 

On t ~ c othe r hand , 1 i_rfl' i .:V:ra s scn 1r. , t incr svstcr-1 ::: offer - . -
grcc. ter f le:-:ibi Ii t y in th-~ c:1oic 2 o f both reactions arn:J. 

tenpera tures. Reactions nesd n o t proceed to com?letion because 

the effluent of each r e actor s e pa=ates sJontaneously into the 

basic reactc1.nts which m:1y t he:i. be store"l o~ r 2 circulated to the 

r e actors i n any desire~ proportions. The s torage of se?aratc 

compon,~nts i ::1s tead of itlixtures of the two er,ables th2 achievement 

of high valu€ s of store d eDthalpy pRr mole without restriclin1 

other parameters such as the reaction temperat~res. 

energy 

into 

!n order to opti~ise the o p eration of a thcrmochami cal 

transfer s~•stern it is necessar.y to gain a aetailed insight 

the inhe rent proce.sses of energy transfer and work 

production. The thermodynamic:; of such sys t e'1s have been Gxamined 

in several earlier papers [5-9) but to date there has been no 

general study of the problem. Wentworth iJ.11cl Chen [5] have 

exa~ ined thcr~ochemical cnArgy transfar systems from the point of 

view of establ i shing crite ria for sele c ting the best chemical 

systeras. In particular, they have derive d a 'turning' tc~perature 

rr* which chnractc rise s the oper.'l. tinq t emperature range of a 
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systeri. Their definition of T* applies only to systems o per ated 

at m1bie~t pressure but in a separate paper [6 ] we have extended 

the definition to all syster1 pressures and further, have related· 

T * to the maximum thermodynamic efficiency. Expressions for 

thermodynamic efficiency have been derived by Cox et al [7], but 

ap?lY only to non-se parati :rig systems opGratin9 with isothermal 

reactors and with fluids of equal specific heat flowing in each 

arm of the associated he at e xchangers. Cox et al conclude that 

for such systems the maxirr,um availahle Nork gi?cn by the Gibbs' 

f:( ee e '1r. r oy c 1v1. nge at tho E'nqinc s i n}: t :: rr:per,1. :-:.ur e cannot b e 

approa ched since the out-;;rnt he:lt i s ne c es s:irily produced at a 

considerably lower t emperature tha n the input he at. 

In this pa p e r, we pre s ent a ge ne ral thermodynamic study of 

both s e parating and non-separating thermochemical energy transfer 

systems. The stud y e xtends to consider ation of non-isothermal 

reactors, to the individual roles of reactor and heat exchanger in 

the work production processe s, and to the significance of the 

intrinsic work · of phase separation. Our purpose is twofold: we 

derive two basic system efficiencies, the energy storage 

efficiency and the work recovery efficiency; and we examine the 

fundamental the rmodynamic proce sses unde rlyi ng the derivation of 

these efficiencies from the point of view of optimization of the 

desig n and operation of individua l system compone nts. The ene rgy 

storage efficie ncy defines the fraction of the input energy passed 

in chemical form to storage and the work recov ery efficiency 

defines the fraction of this stored e ne rqy available as output 

work. These efficiencie s are relevant whe t he r or not storage of 

the fluids is actually implemented and our th•;:?ore tical treatment 
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is correspondingly quite general. In contrast to the findings of 

Cox et al [7] for the special case of non-separating systems with 

isothermal reactors, we show that the available work from a 

genera l system may indeed appr oach the Gibbs' free energy change 

if the exother~ic temperature profile is suitably tailored. 

In examining the underlying mechanisms of energy transfer, 

our analysis gives new recognition of the significance of \vOrk of 

separation. In an earlier study [8], Soliman et al calc ulated the 

work of separation applied externally to the gaseous proc.ucts of 

sevcr.:i.2. spe,.: i. f i. -; t l18cmo ..:;h ~rni c al p r ocess e s . Thay conc l t.:1c-l th.J.t 

processes where spontaneous two-phase separation occurred were 

:;,referable, imp lying tha t the work of s2paration H21. s compara tive ly 

small. Recently Funk [9] has der ived a general expression for the 

work of separatio~ of ideal gase ous products whe re the separation 

is carrieJ out at the same temperature as the reaction. In the 

prn3,~nt study we dr:1.w attention to the fact that work e,.: 
separa tion for idea l gases reduces with temperature and we show 

that the work of separation for spontaneous processes is 

essentially equivalent to the former when the separation occurs at 

the sink temperature of heat engines rather than at the reaction 

temperature. Thus we have elucidated the conc lusion of Solima~ et 

al referred to above. 

In this paper, separation wod~ r efers to spontaneous 

separation into two phases and applies to separatitlg systems only, 

although it has a more complex counte rpart in non-separating 

systems. The work of separation has formed the basis of our 

analysis of spa cific syste m compone nts and has given a useful 

insight into the understanding of energy storage efficiency. Work 
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are calculated for the 

system proposed by Carden [2J and the 

paper concludes with a d i scussion of some practical considerations 

relating to the recovery of work and the performance that one 

might ultimately expect from this system. 

2. THERMOCHEMICAL ENERGY TRANSFER SYSTEMS 

The basic e l e ments of non-separating and liqui d/gas 

separating thermochemical ene rgy transfer systems are shown in 

Figur e 1 ~ 1ere the e ndothe r mi c r eactor can r cpr~s ent e ithe r a 

single reactor as typi cal of a nuclea r heat source , or a multitude 

of s mall r eacto r s i n paral l e l as t ypi cal o f a distr ibute d 

colle ctor solar powe r plant. The corre spond i ng temperature 

enthalpy d iagrams for the two syste ms a re shown in Figure 2 . 

The opera tion of a non-separating system is straightforward: 

eac h reac tor is fed by the product mixt ure of the other and 

counte rflow he at e xchangers ensure tha t e nergy transport b e twee n 

the reac tors occ urs at ambient t emperature . The working fluids 

are generally gas mixtures thro ughout and there is no provision 

for separating the components. 

Opera tion of a liq uid/ga s s epar a ting system is similar with 

the e xc eption that t he product mixture s, which a re two-pha se at 

ambi ent t empe rature , pass t o gravitati onal s e ttling t a nks from 

which two se parate compone nt strea ms are drawn , one liquid and one 

gase ous. The s e c omponents ma y pass to storage or be recirculated 

to t he counte rflow he a t exchangers in any desire d proportion. In 

the h eat exch a nger ad joini n g an endothermic r eactor t he mixture o f 
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component fluids flows along the input channel towards the high 

temperature reactor and, as it is heated, the liquid vaporises. 

In the reactor, heat is absorbed and the product mixture then 

passe s through the second channel of the heat exchanger towards 

ambient temperature, the liquid component condensing as the 

temperature is lowered. In a similar manner, the exothermic 

reactor is fed with a tailored mixture preheated by its adjoining 

heat exchanger. High grade reaction he at is generated within the 

exothermic reactor and may be converted into useful work. 

1-Jor:~ m~y also b~ oh talni:!d f r o•n rhe coun t erf lm,1 heu. t 

exchangers which are treated in this study as additional heat 

sources (positive or ne gative) as well as devi ces which transfer 

heat from one fluid to another. Because th2 two fluid streams are 

liable to have sign ifica ntly diffe rent s pecific he ats at any given 

temp e rature, particularly the reactants in two - phase syste ms, and 

in order to maintain thermal equilibrium within "'ny elemental 

length of the two adjacent heat exchanger passages, one or both of 

the following must occur: 

(a) heat must flow to or from external components or elements 

(b) the temperature gradients in the adjacent passages must differ 

widely. 

The latter process acting alone is dealt with in standard texts 

where it is shown that as a consequence the temperature profiles 

along the passages become markedly ~on-linear and non-parallel 

resulting in locaiiscd high temperature diffe rentials betwee n the 

passages. Under these conditions, the proce sses occurring within 

the he at exchanger arc considerably irr e versible and are therefore 

not conducive to efficient conversion of heat to work. 
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On the other hand, if additional balancing heat flows are 

provided at the appropriate temperatures from a device external to 

the heat exchanger, an ideal reversible situation may be 

approached in which conductive temperature differentials become 

negligible. In this paper we will always consider a heat 

exchanger as a device which produce s flows of he at {positive or 

negative) over a spectrum of temperatures as illustrated for 

example in Figure 3 and we will cons ider that a ny associated 

temperature differentials between adjacent fluid ele ments due to 

conducti on are negligible . In a solar e ne rgy sys t e m one would 

wish t o approach thi s ide al f or the exothermic loop e xchanger but 

not necessarily for the endothe rmic loop exchangers since for a 

practical syste m external work will neithe r be added n or extracted 

at these locations. (Howeve r, the r e verse may be true f or a 

nuc l ear power s ource supplying process heat to many remote 

cons rnners. ) 

Thus f o r solar energy a pplications, it i s assume d that the 

exothermic exchanger is operated reversibly as part of a central 

plant. Excess he a t from the exchanger is supplied to Carnot 

engines which operate as heat pumps when the excess heat is 

negative , and fluid friction throughout the system is regarded as 

negligible. The overall output work W is then regarded as 

originating from the combination of exothe r mic reactor and 

as s oc i ated heat exchanger . We ma y define a work recovery 

e fficiency nR as t he ratio of output work to chemi cal energy 

transferred from storage: 

nR = W/L\H(Ts) { 1 ) 
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Expressions for nR are derived below in Section 3. 

It is particularly important to conserve heat at the 

endothermic loop and ther efore we are concerned with those parts 

along the (ideal) heat exchange r whe re there is a net he at 

outflow. · Generally a heat exchanger may be divided along the 

length of the passages into positive or negativ e zones d e pending 

on whether net heat flow is respectively to or from the heat 

exchanger. In practice, h e at from a negative zone will be 

conserved provided there are positive zones of lower temperature 

t o Hh ich it can a ll !) ::! conducte r. . Howe ver, i f tlH' n-:::g;it i ve f l rn·1s 

exce e d t h e positive flows o r i f the l owe st t emperature zone is 

ne gati ve , hea t must necessarily be wasted to the environment. 

This waste he at is clearly the d iffer e nce be twee n the minimum 

solar ene r gy i npu t Q a nd the che mically sto r e d entha lpy 6H(~
8
). 

Thus we define ene r gy storage e ffi c i e n c y 

nST 
::;:: L\.H(T

5
) /Q 

The method for evaluating the magnitude of nsT for a given 

is discussed below in Section 5. 

Clearly, the over a ll thermodynamic efficie ncy W/Q 

syste m is obtained as the product of (1) and (2): 

flo = nsTnR 

{ 2) 

system 

for the 

(3) 
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3.1 Formulation 

We consider the general reversible chemical reaction 

Ev .A, 
ai J. 
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( 4} 

in which m mole s of the B mixture are generated for each mole of 

the A mixture consume d. Stoichiometric proportions are assumed 

amongst the rcc:i.c t i o n coMoon ,~Hts fo r both A and E rn i ~~ture s , 

allowing the r e action to be written in the simplified form 

A ~ mB, L\Ho > 0 ( 5) 

The characteristics of any mixture of A and B may be d e fined in 

terms of the mole fraction x of B or the weight fraction o of B 

which, by the reaction stoichiometry, are rela ted according to 

0 = X 

m(1 - x) + x 

The e:xtent of reaction 6.o between mole 

given by 

fractions 

(6) 

x, and x2 is 

60 = 6(x1) - o(x2) (7) 

and will always be d efine d pos itive. The rmodynamic variable s such 

as enthalpy change 6H and Gibbs' free energy change 6G are defined 

on the basis of constant system mas s equal to the mass of one mole 

of A or m moles of B. On this basis, the number of moles in any 

mixture of A and Bis give n by 
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N(x) - m{1 - - x) + x 
m 

( 8) 

It is convenient to scale the energy transfer and work production 

calculations described below to unit mass of A generated by 

chemical reaction. Thus the mole numbers for the two end points 

of a reaction of extent 60 are scaled to the value 

n(x) = N(x)/l!.o ( 9) 

Both exothermic and endothennic reac tions are assumed to 

occur within the ideal soluti o n region and therefore mixi ng heats 

are zero at the r eac tion temperature Tf. Furthermore, in 

separating s ystems, t he liquid and gas phase s which form during 

cooling are a ssumed to comprise respectively pure A and pure B at 

the sink temperature T
8 

s o that in thi s instance mixing heat is 

also zero. We are therefore able to relate system enthalpy 

changes scaled simi larly to (9 ) to the enthalpy of reactio n: 

6H(Tf)/6o = 6H
0

(Tf), both systems 

( 1 0) 

6H(T5 )/6o = 6H
0

(T5 ), separating systems alone 

and system free energy change s to the Gibbs' free energy of 

reactio n: 

6G(Tf)/6~ = 6G
0

(Tf) - Tf[6Sm(x1 ) - ASm(x2 )]/A6, both systems 

AG(Ts)/A o ~ 6Go(Ts), separating systems alone 

where AS (x) i s the en tropy of mixing. 
m 

( 11) 
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In the present study it is assumed that the storage 

reservoirs and transport system are isobaric. However, the liquid 

phase may be stored more economically at ambient pressure as in 

the case of ammonia which is refrige rated to - 34°c. The 

introduction of a separate reservoir temperature TR distinct from 

TS will be dealt with in a future paper t ogether with the question 

of incomplete separation at T8 (mixtures of A and B in each 

phase ). However, studies so far show that the errors introduced 

by our simplifying assumptions in this paper are small. 

3.2 Energy Transfe r and Work Pr oduction 

For the purpos es o f the pre s e n t study it is conve n i e nt to 

r e turn t o fi rs t pr i ncip l e s in order to ide n t ify the funda menta l 

processe s occurring within the m~othc r mi c loop of a t her moc hemical 

energy tra nsfer system. A schemati c diagram of the energy 

t r ansfer processe s is s hown i n Figure 4 in which the r ecircula tion 

components are omitted in the case of a non-separating system. 

Figure 4 models a reversible system capa b le of degeneration into a 

real reac tion process. Compone nts A and Bare treat ed as single 

fluids, a simplification which c an be r e adily validated, and t h e 

flow quantities are scaled according to (9} so that unit mass 

undergoe s chemical conversion . 

Three sour ces o f av a ilable work a r e i dentified, the fi rst 

be ing t he heat exc ha nger whe r e it is assumed that oper a tion is 

r e versib l e as described above wi th nett work ge n e r a tion equal to 



] 

1 
:, 

:1 

I 
I 
I 
I 
I 
J 

J 
_J 

J 
J 
J 
J 
J 
J 
J 
l 

WH = 

Tf 

610 J -d ( 611) [ 1 - T; l 
TS 

where the integrand represents the 

infinitesimal Carnot engine at T. 

We define 

QH = 6H(T 5 ) - 6H(Tf) 
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( 12) 

contribution from the 

( 13) 

which is recognised for separating systems as an effective latent 

heat of vaporisation of A. The factor d(6H)/T occurring in (12) 

is a diffe rential entropy and it is thus conve nient to d e fine also 

a characteristic temperature TH such that 

TH = 
QI-I 

6S(T5 ) - 6S(Tf) ( 1 4) 

Equation {12) the n r e duce s to the si~plified form 

WH = QH[ - 1 
6 0 

- Ts] 
TH ( 1 5) 

which is equivalent to the work output of a s i ngle Carnot engine 

operating betwe en reservoirs TH and T 5. 

Equations (13), (14), and (15) also specify the quantities 

QHo' THO and WHO defined as the values of QH , TH and WH 

respectively when 60 equals unity. These special case quantities 

depe nd only on the propertie s of A and B since they descr i be the 

situation when the heat excha nger passages contain respective ly 

the two pure components. For separating syste ms we are able to 

write, from (10) 

QHO = QH/6 6 = AHO(Ts) - 6Ho(Tf) ( 1 6) 
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Two other sources of available work are located within the 

isothermal r e actor of Figure 4. A total of n(x1 ) mol~s of 

reactant mixture leaving the heat exchanger is separated into the 

r espective partial pressures (partial fugacities at high system 

pressure) of the components A and B by passage through a pair of 

semipermeable membranes. Neither energy transfer nor work 

production occurs at this stage. Each component is then expanded 

to its chemical equilibrium partial pressure by means of a 

reversible isothermal expansion engine. This process produces 

wo r:~ and al.J~;o.r.b 3 h 8.:t t .r0; 3Ul ting resp ... ' cti v.:-l ly i n 'l. <lec r sv. sc o f free 

ene rgy and increase of entropy of the c omponents passing through. 

In contrast, the enthalpy will be unchunge d since the mixture is 

ideal. 

A tota l of rn mole s of component B the n passe s through a 

membrane into a vesse l con tain ing a mix tur e in chemical 

equilibrium at the sys tem pressure and at t e mperature Tf• In this 

vessel m moles of B a re converted to 1 mo l e of Ii. and h eat L\H
0 

is 

released. Constant mass and composition are maintained in the 

v esse l by withdrawing at the same time through a second membrane 

the one mole of A which has been produce d and this is added to the 

bypass A. Both A and Bare then compre ssed iso the rmally to their 

final partial pressure s (or fugacities), again by means of 

r e v e rsible eng ines, and finally the two components pass without 

ene r gy t r ans f e r through a third pair o f me mbranes t o form the 

mixture returned to the he at e xchange r. Since all proce sses in 

this reactor system are reve rsib le and isothe rmal, it follows by 

definition that the ne t work output from the engine s, our second 

source of available work, i s in fact the tota l fre e energy change 
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6.G/60 between the input mixture and output mixture. 

by definition, the net heat output is Tff:...S/66 . 
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Similarly, 

Furthermore, 

because all processes outside the vessel are isenthalpic, the 

system enthalpy change f:...H/6 0 equals the vessel enthalpy change 

6H
0

• Thus, employing the standard relationship between enthalpy, 

free energy and entropy, the above heat output is expressed: 

Tf6S/6o = f:...Ho - 6G/6 o ( 1 7} 

Part of this heat may be converted in a Carnot heat engine to form 

J th~ t h i n1 souri~c of a v .:1.il .:th le 1,,ot''. ~ fro!l'l the systC'm . 'l'he total 

available work from the three sources is therefore 

] 

J 
J 
J 

J 
J 

J 
J 
·1 

first 

Wrev 
0 

= 6G(Tf)/M + ( IIH
0

(Tf) - IIG(Tf)/M )[l - ::] 

+ QB[ 1 - ::] / 116 ( 1 8) 

In practice, the free energy component represented by the 

term of (18) is not fully available as work, being first 

irreversibly converted into heat within the reactor before being 

partially converted into work by the adjoining Carnot engine. The 

difference between the total reversible work available and W O , 

the work available in practice , is th2 reto~e 

and hence 

T 
T

8
6G(Tf)/6o 

f 

w 
0 

- IIH
0

(Tf) [1 - ::] + QH[1 - ::]/110 ( 1 9) 

Moreover, the reversivle work W~ev is i~entified as the stored 
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Gibbs' free e11er9y 6G (T 5) /l\ o by substitution of equations ( 13) and 

(14) in (18) and by application of the standard relationship 

between the~modynanic quantities referred to above. This result 

is in accordance with establishe d the ory an1 confirms the validity 

of (18). We are therefore able to derive from (19) 

w = 
0 

T 
6G(Ts)/l\6 - Ts 6G(Tf)/l\6 

f 

3.3 Work Recovery Efficiency 

(20) 

Work recovery efficiency is e xpre ssed fr om (1) in terms of 

(20) and the correspo nding stored enthalpy as 

nR = 

which is the 

T s [tG(Ts) - T~G (Tf)] /6H(Ts) 
f 

general r e sult fo r isothe rmal 

(21) 

reactions. 

Equation (21) may be extended to a general reaction temperature 

profile by dsvelop~ent of an integral form for nR, a convenient 

=orm being 

nR = 
J nR(T, x)clo 

l\ 0 (22) 

where nR(T, ~ ) is the limiting value of (21) 2s the reaction 

extent l\6 is reJuc ed to zero 

with AG {T) r e plac ed by td, !~ IT 
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and b.H(Ts) by dHI . /J.6 a8 T 
s 

Equation (22) is useful if charts of constant nR(T, x) are 

available sue~ as Figure 5 for the ammonia/nitrogen hydrogen 

system. Such charts may be prepared by calculating nR(T, x) in 

the ideal solution region using the limiting value of (21) to give 

nR(T,x) := 

3GI 
a6 T -

s [

{1 
RT 5ln -

( 1 
------· ~ ,rn T 

;-1 0 IT 
s 

- xe)x:~ 

- x)x 
e (23) 

w!1ere x describes the equilibrL..1m r.,ixture at T. Equation (30) is 
e 

d.eriva d by taking the limit o f equa ti0n ( 15) after s nhs ti ·cution of 

standard logarithmic e;~pres sions for the t hermodynamic quanti tics 

6S (x) 
m 

:= -RN (x) [xlnx + ( 1 - x) ln ( 1 - x)] { 2 4) 

and 

/J.G (T) := -RTln[ /t ,,J 0 
(25) 

The partial derivatives in (23) equal respecthre ly 6.Go(Ts) and 

l\Ho(Ts) for separating sys tems according to (1 1 ) and (10), and 

for non-separating systems may be taken eqnal to /J.G(T
5

)/!J.6 and 

l\H (T 5)/ /J.6. These results verify t!1at nR r eaches a maximum value 

I.IG('t'
8

) /MI(T
8

) , or specific2. lly l\ G
0

(T
5
)/MI

0
(Ts) f or- s e parating 

systerr,s whe n the r-3ac tion path follo,.vs i..:h c equilibrium line, and 

that rea:;tion paths running clos 2l y parallel to thl.! equ ilib~ium 

line will yield recovery efficiencie3 approaching this maxirnu1n 

value . Ti1us we m3.y d e termine from the? n,!actor t emperature pro::ile 

the r.ia.ximurn work nvailable from both :ce actor and hec1.t exchang2r 
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without specific or detailed knowledge of the contribution of 

eithe r. 

The maximum ,-:ork recovery efficieacy 

* 

max 
nR is 

the effective temperature Tc by the Carnot equation 

max 
nR = 

T 
1 - S 

* T 
C 

related to 

(26) 

* We have shown elsewhere [6] that T is re.lated to the turning 
C 

* temperature 'I' intro :1.uc cd by Wentworth and Chern [S] as the 

temperature at which neither the forward nor the r everse reaction 

* 
J• .. , " t \1,:, r moc :1c,rr i· -~:t I e¥1,, ·--1ry0 tr 1.n ::;f ,,... -=-,· , ~ t-e ·,,, .J..~ c,• f:q1··,·J. ~· ,.,1 T -i .:: 

~ ... J. ..... - ~- ... -~ · ..... ...... .. ~~ ., - - · - -- .. ..1 - - - -~ .......... .,, "- ~-'- - C --

related to the variables in the present s t udy according to 

* T 
C 

= /iH{Ts)/6S(Ts) (2 7) 

* 7hus for s y stems ~ 1cr e Tf exce eds Tc i t is possib: c unde r 

certain c i r~wns t a nce s for the ava ilabl e work f r om ~h2 r~ac t or heat 

to e::-~ceed the a vaila ble work W from t h e syst.em in ,,.,hi ch case the 

available work from the he at exchang e :?:" must be negative. 

4. SEPARATIOL'1 WORK 

4.1 Ide ntif ication of Loop ilork 

Our study so far has been g8nera l ly applicable to all 

therroochernical energy trans fer sys tems a nd we ha ve o b taine d 

resul t s relate d t o ove rall system pe rforma~ce. \·Je 110 1... direct 

attention to the perfo r mance of in.J i vidual c omponents, 

particularly the e xo the rmic r eactor and hea t exchange r, and to the 
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manner in which the availab l e work contributions from both add to 

give the known output W • 
0 

Because the treatment depends on 

separation wo r i( it is strictly app licable only to two-phase 

separating systems. However, siniila r but more complex me chanisms 

proceed in non-separating systems so an insight into their 

behaviour may be gained also. 

We begin by rewriting the output work eqlla.tion (20) for an 

isothermal reactor using the standard r elationship be t ween Gibbs' 

free ern~rgy, entropy and enthalpy, together with equations 

( 1 3 ) , ( 1l! ) u.n.~l ( 1 6 ) 

w 
0 

= i\H0 (T f) [ 1 - Ts] 
Tf + QHo [ 1 - TT:o l 

- T5 [ 6Sm(x2 ) - 6 Sm(x1 )]/6o 

( 11 ) , 

. (2 8 ) 

The first two terms may b e identifia d respectively with the 

Carnot work a vailable from an irre versible iso t~ermal reactor and 

the maxirnun possible value WHo of. heat exchanger work. \·ia now 

identi fy the third te~m as the wo~t r equire d for s pon~aneous 

s•9paration into A and B in th-=! g,:meral case wh::!a the fluids are 

mixtures of the tr.-m. Our analysis is based on the well u nderstood 

process o f separation of ideal cr?ses b7 a pplication of ext ern a l 

work and we consider initially the thermodynamic cycle shown in 

Figure G{a) in which a two component i deal s olu t ion of A and B 

chara cte rised by mole fra c; tion x of Bis c ooled from a source 

temperatur-= Tf to sink t cmper'1 t ure T5 . At T
5 

the cornpo n e :1ts of 

the ideal solutio n are separat ed reversibly by input o f external 

,.,,10r}: w8 ( for example by selccti ve c ompres -;i o n of t he i n d i. vidual 

compone nts t o the system pres sure) and rejection of an equal 
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amount of heat. The unmixed compone nts are then heate d to T f and 

mixed r e v e r s ibly to con1p l e te t h2 cyc l e . Si:nce mi;:ing h e ats are 

zero thro ughout, the hea ting and cooling arms o f t he c y cle are 

indistinguishable on the T-H diagram. 

The ent ire loop c ompri ses a single hea t s ource Qf at Tf, 

heat r e j e ction Q5 at T8 a n d ne tt work productio n Wf - w
8

• The 

cycle the refore consti t utes a single Ca r not eng ine with output 

work given by 

w - w = Qf [ 1 - ::] (29) f s 

Sinc e z e r o en t halpy c:1:.=i.nge o ccurs at T f ' both Qf a !1d Wf assume the 

same valut"'! Tft.Sm (x ) equ al to the r ev3rsi'.)le i .3othe r m.:il wor :-: o f 

rr.ix ing . By s ubsti t utic,n of thi s valu e i n ·::o (2 9 ) we obt2.in an 

expre s s ion for the e,xter!:al l y a pplied work of s e paration 

ws = T 8 6 Sm(x) (30) 

We now turn our a ttention to the c a se of i n terest where t h e 

sepa ratio n pro c eeds s~>cntane o usly . Thr::! equiva l ent thermodynamic 

cycle is shown in Figure 6(b). In thi s ca~e , th-: e xces s he at o f 

mix ing def ine d by 

6 HE(x, T) = H(x, T) - (1 - cS )H(O, T) - oH( 1, T) (31) 

i s not ze ro excep t at T 5 wherG t h..:~ s ys t e rr· c ompone nts are fu ].ly 

s eparat e d and also within t he i deal s o lution reg ion a t h igh 

t e mperatures . We may a gain r educe the sys tem to a s i ngle Carnot 

eng ina ope r a ting with the s ame hea t input Qf a s befor e , but with 

nett work outp u t give n by Wf - WL where WL i s the loop work 

a ssocia t ed with tra vers i n g t h •.= com?l cte c ycl e . That i s , 
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WL(x) = d[~HE(x, T)] [1 - T;j 

J

Tf 

(32) 

TS 
By fol~owing the same ar.gumen.t as before, we deterIT.ine that the 

mag~iitude of WL(x) is given by T
8
tism(x) and that an equal valu.e 

of heat is rejected at the sink. Since, in traversing the cycle 

the components successively mix and separate as in the first case, 

and b~l drawing analogy with (30), we obtain the important result 

that the loop wor;< WL (x) is the work of s eparation w
8 

(x) • 

Thus by analogy with the case for ideal solutions, any 

mixture b e ing cooled from the i d eal solutio n region may be 

regarded as undergoing physical separation at T5 by application of 

ext.•:!r nal work w8 ? rovidcd the rnb:ture is c ons i der ~d t o b e virtual 

in the s ense that it possesses the thermal procerties of the 

unmixed c omponents. This r es 1.1lt proviC:.es the link between WH 

(c.1epen.Jent on a specific mixture of components) and WHo (dependent 

on the properties of the unmixed components), a link which will be 

derived formally and expr essed in equation (34) below. 

4. 2 Thermodynamic Si9nificmicc 

The separation work is a function of the compo sition of the 

mixture and is propo.ctional to T8 provide d that Tf occut"s -;.,ithin 

t~1e ide al solution r egion . Furt11~rrr.ore, with thi s provi s o, the 

s eparation work is independent of the nature of the process by 

wh ich the compo:i1onts are sepa r 'i ted. Ide nti fica tion of the loop 

work given bv ... (32) forms the basis of the calculation of energy 

storage efficie ncies d e scribed in the following sectio n and in the 

accompm1ying paper (Williams an~ Carden [9]). Th8 separa t i on work 
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for Figure 6 (b) may also be expressc,1 in terms of an equivalent 

temperature and ent~alpy change for each branch according to the 

concepts described for the derivation of (14} and {15). Thus for 

positive w8 , t:1e e::rni valent temperature of the mixed branch must 

always be less than the equivalent temperature of the unmixed 

branch. 

We are now in a position to identify the last terms of the 

available work equation (28). The sep~ration work associated with 

the exothermic reactio.1 loop of the th,3rmoc'1smicdl energy transfer 

cycle sho~,rn in Fiqur'" 2. me.y be C13.lcul r1ted 

dif fe r ence between th,::! v:1.lues of loop work at 

obtain for t h e separation work 

6.WS = T5 [6Srn(x2 ) - 6Srn(x1)J/68 

simp ly 

x 1 an::l 

from the 

x2. W,3 

{ 3 3) 

which is the G ,DH?. as the last terns in e cp a tion ( 2 8) • Co.:npar.i.son 

of {19) and (28) u s ing (15) and (16) gi~es the f~rther result that 

6.W = s [ 
1 _, l T - - T QHo S TH Ho = WHo - WH (34) 

and, as we have anticipated above , LlW8 may b9 of either sign. 

The nature of the origin of the s eparation work associated 

with exothermic reaction loop3 has t h e re fore b9en identified. The 

work is externally applied in the sense that th,?! full work WHO 

which would h u.ve been a v a i l a.ble f r oP1 t !te h e :::i. t e:-:changer had the 

components bee n unmixe d is r educe d by the qua ntity f).WS • 

In the case of the endothermic reaction l oop , wh0re the heat 

source norn1aJ.ly supplie s net he2.t to the h ea t exchan~er, the 

SE!puration work is related to the abilU::y of the source to do 
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Carnot work and t o t l1c heating and s ubseque nt cooling of that part 

of the liquid f e ed that remains unconverted t o B i n the reactor. 

The net effect of the s e two latter processe s is the t ransfer of 

heat fron t he s ource at one effec tive t 0.n ;:1era turc e.nd the return 

of an e •:rual quantity at another tempe rature. The conse quent 

change in available Car not work f r om t he s ource is the quan t ity 

6 ws. 

What ha.ppens to the returne d he at dep e nd s on the magnitude 

of the heat e xchanger input QHo and i ts tempe r a ture spectrum 

d [ 6H (1' ) ] /dT (illust-::.::i.Lcd in 1-' i gttr .:• 3 ), 
0 

Eu= c l ~a£1J i f it is 

p ossible t o c hoos e a t e~perature TA such t h ~t the re t u r ned hea t in 

the r d.n ge T 5 < T < TA excee a s 

TA 1 d [ L\ H
0 

(T)] 

TS 

the n t he d iffere n c e ·will n o t h e effP.ctive ly abso:rbed by the s ource 

a nd must t here for e b e wasb:?d. Thi s i s t ~e origin o f the 

ine fficiency d i scusse d in the ne xt section. 

5 . ENERGY STORAGE EFFICIENCY 

5.1 Limiting Efficiency 

The l oss mech ~ni sms a s s oc i a t e 1 wi t h c nQ rgy stor~3e ma y be 

e xp l ained part ly by me ans of ge ne r a l t her mod y n a mi c argume n ts a nd 

p a rtly in t erms o f spGcifi c Molecul a r mo dP-ls . v1e hnv e already 

pointed t o a link bet we en ener gy loss a nd s eparatio n work , t he 

e vi,:h mce fo r which i s bas ':!d on the r~-nod:y11amic a r gurnen t s, but it is 

not poss i ble to d e ve l op t~is l i nk fur the r without a s pecif ic 
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molecular model. Nevertheless, a limiting value to ener 3y storage 

efficiency 

which we 

may be established from the the r~odynamic argument 

nm, present. Procee ding from 

where 

equation (2), and 

con side ring * only the case Tf < Tc Tf is the maximum 

temperature of the endothermic re:J.ctor, we obtain for th~ maximum 

work available from the source 

wmax < 
l'iH(T

8
) 

nsT [, - ::] 
* Since the recovered wc:>rk canno t exce~d Wma :-: nor /\H ( T s ) ( 1 - T

5
/Tc ) 

it f ollows that 

TS 
1 - -

T 
11 s·r < ·r 

s 1 - -
* T 

* 
Tf < Tc 

* C 
In the rang-e Tf.?. T~ mol ecular efEects contin·.1e to op e rate 

do2s not necessarily follow that here n is unity. 
ST 

The re lation (35) ho lds for hoth separatinJ 

{3 5) 

and it 

and 

non-separating systems and explains why non-separa t ing systems, 

. . . * which necessarily ope rate endothermica lly well above T, tend to 
. C 

have higher storage efficL~ncies than s2p2.rating syste::ns. Thus, 

although separating systems possass slightly lower storage 

e fficiencies, this may n ow be placed in proper perspective in 

r elationship to t~eir a dvantage of b eing able t o operate at lower 

tomp ~ratures. 
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5.2 Energy Storage Efficie~cy 

The value of ener•JY stora-Je efficiency defined by equation 

(2) may be dete r mined for a given endothermic energy transfer loop 

directly from the temperature-enthalpy characteristics of the 

system as shown in Figure 7 for a liquid/ga s separating system. 

The enthalpy requirements of the endothermic loop are shown in 

Figure 7 (b) • Clearly, sufficie nt heat Q must ba drawn from the 

source to develop the maximum value ~H of enthalny requirement. max ~ -

'T.'!12 h-J c:1-:. m.1y b e s 11ppl i.ed t •::i th..: h 2 ,1. t ~' (clnn,1r, r ,7. t. t !lE: c. i. f _Fcr.>-=n t 

temperatures required or, in a practic~l solar absorber, perhaps 

at significantly highe r temperatures with i~rcversible d egr adation 

of the heat by conduction al on-3· t r.e heat e:.:cho.nger. 

Since heat rej ected from the endothermic l oop cannot be 

utilized in a practicc1l dis tribute::l. solar poTve r plant, we obtain 

the result that 

n = ST 6H(T5) /flH 
max (36) 

Clearly, the storage efficiency equals unity for any system in 

which flH max equals l'IH (T 8 ), a condition which often occurs in 

non-separating systems. The maximum enthalpy difference for a 

liquid/gas separating system is generally coincident with the dew 

point t e Mperature of the output fluid, as seen froM Figure 7. 

Actual values o f 11ST for a given system can only be determined i~ 

the t emperature-~nthalpy characteristic curves arG known for all 

mixtures of react;J.nts over a wide t emperature range. Such 

inf ormation is not generally available within the cheMical 

engineering literature. It has therefore bee n necessary in the 
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case of a:n..~onia/nitrogen-hydro?en to generate the required data 

from available phase equilibrium measurements, and from the 

requirement that a given system be thermodynamically consistent. 

In particular, the shapes of the characteristic curves must be 

consistent with the criterion that the loop work calculated by 

means of ( 6 ) , ( 3 1) and ( 3 2) for a given mixture equals the 

separation work for the roixture . A full description of the reethod 

as applied to the a~monia/hydrogcn-nitrogen syste~ is given in the 

accompanying paper [10). The results show that the energy storage 

~ffJ.-::Lt,nc:z a~pr o.1ch e s the! 111.:l~~i r".'l "l v<-d:1•J o F tm~ t v a s the 

0ndotherrnic reaction a?proachc s completion, a n d values excee ding 

0.90 arc obt~ined providing that the reaction extent exceeds 60%. 

This result is enc, 1u ragj ng for tr:e potc nL.i ::t l u s e of liquid/gas 

separating the rmochenical systems in solar po~er plants. 

6. PRACTICJ:,L CONSIDERATIONS 

We have explored the Elaxi:'.'lum work 9ctential of an energy 

recovery sys tern comp r ising an exo ther,11ic reactor an:l aasociated 

hen.t exchanger and our results imply that althou9h the average 

t emperatur e of the reactor may be increa s ed to the point where the 

avai luble wor)< recoverable from that coViponent approa.che s /iH
0 

(T f), 

the coantering effe ct of the heu. t exchanger work QH(1 - T
8
/TH), 

which rray be of either sign, limits the totcil a v?. ilable work to 

l:::.G0 (T 5) • From a pr,1cti ca] poi.n t of vie w it may b 2 di l:f icul t to 

extract the available e;xhanger work involving as it generally 

doe s t he utilization o f rel a ti vcly l ow gTc:.dG hc~.=.i. t. However, it iG 

poss ibl e to choose conditions e nabling t he h e at exchanger work to 



_l 

l 
J 

I 
J 
] 

] 

_] 

I 
I 
I 

J 
_J 

J 
J 

J 
J 
I 

Pag8 26 

ne 2ero or negligible , and the exot.hermic loo? of Fic;-ure 7 (a) h.3.s 

beeil specifically chosen to illustrate this situation. 1'he 

available heat from this loop is shown in Piqure 7{c) and may be 

di vic1ed .into four broad zones. Zone A is that e ncompassing th~ 

reactor, B the heat exchanger above the c o n densation zone c, and D 

the evaporation z o.::-ie. The mean temperatures of t:h.8 zone s, the 

corresponding values of difference in t.H across the zones an<i the 

availab l e nett work 

6W = I d (,\ H) [ 1 - ~;] 

for a sink teriperature ot 3,}0 K a r e listed i n Ta hle 1 t ogether 

with tlv:: percentage a v a ilal.J J. ,.::: worJ~ f ror.1 e ,J.c h zo ne . It is cl":a r 

t :1.a t in::1st of the av:i._i labl e work is proc1u r,ed in t h •":'. r,:::act,:)r zone A 

an:1 the .:iv.:dlnb l e wc,r J: values from zone::; B, C and D ,-:i.lmos t c .:w.cel. 

However, it is u~li}:ely that wor:~ could b P. c:.le ri v2d prac !::.ical ly 

from zone C for the purr_:,os e ' ) f punping heat to z or,,e 3 and o ne must 

therefore consider other solutionu to th ~ problem o f supplying the 

deficit zone s Band D. An obvi ous alte rn&ti v e is to sup p ly these 

zo~es by conduction from A and C respe ctively. A second 

a l ternativ,3 is to e:nploy some of the wnste he at from the he.:..t 

engine w~1ich inc vi tably occurs c1s a rcsul t of me chanical 

i neffi ..:::ie:.ci cs , th2. rmodyn ami c irrev 2 r sj bilit.ies a nd d irect t her:nal 

los ses . Thi s was te h8 a t, p os s ihly a ~ounti ng t o 40 f of the 

availnbl2 work, is u nlikE: th2 thermodynanic s i n l<:: heat in that it 

i s availabl 8 at tempera tur«::s c:ibov0. t:1 .::: sink t emp •;:, ,:-3..ture, s ome e ve :1 

at th2 hi9l1 temperature of zone B. This he.,. t may b e tapped by 

providin,3 s u it.1.blG j J.cl~eti:; a1.·Q·Lm<l th0 turb i.ne . I t S CEITIS 

pre ferable to ado:,::. th2 s e con:::l al tornat :i.ve for s;1pply ing zcne B 
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rather than degrade th,:l source A. The first alternative, however, 

se ems at1equa t e for zone D. 

T~us, with appropriate engineering design and choice of 

react:.or temperature i t s e erns possible to cope with the unorthodox 

fea t u r es of this new heat source and at the same time achieve 

engine working fluid tsmpe rature s compdrable with :inoclern p0"1.\1e r 

generation practice. It is therefore expected that th3 pr,.::idicted 

work recovery efficiency achie v able fo r the r mochemical fluids will 

be comparable to that now achieved by the c ombvstion of fossil 

~ue l s . 

7. CONCLTJSION.S 

I n t his paper we h-1v2: in tro:1uced ::he fun~'larn,:int al 

tht:1rrr.odynami c theory 1 .. rn.derly i n g t iv~ ope:rati on o f s epa.rntin1J and 

noti-sep:trating ther:11oc:1ernical ene rgy transfe r systems proposed for 

l:lSe in bo t h nuc l e ar a nd solar powe r plants . T:1e m:1.x irarnn 

eff iciency for work production is essentially limited only by the 

constra in ts imposet"l by the second J..aw of then1odyna.mics and is 

fix~d for each t he r mochemical systera . On the othe r hand, the 

di v i s_i_on of work pro due tio11 a mon g the indi vic1ual syst<;:~m c omponen ts 

is governed by a different rnP-chanism identi f i e cl. in the c..:as2 of 

s epar a t ing sy3 t.e;.11s as the ge nera t i on o f wor !<. of s e p a r a tj o n . It 

h a s b2en s h o :,,n t~1a t t he s cpar ntion wo ck is pr o v i de d bv ... the 

degradation o f mixin~ he a t wi thin t he sys t e m and th2 t ti1is is 

partly r e s ponsible £or s~~l l losse s a t the t h~rrn0 l ahsorbc rs of a 

dis tr11mb-'d colle ctor sola r powe r plctat. 
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In comparing S(\?·:l.r.a ting and non-separating systens, we find 

th:1.t the fo.rrner po.sse ~~s an .:.·d.v,➔ ntage or in~r.cased f:le:.:ibility in 

c~oica of operati~g systems and conditions. The storage of 

sepctratGc1 gas and li~uid components prov5.de a high stored. entr.alpy 

per mole and further, the r,:?actio:.1 tempe:::-a tures may b e chosen 

independently of one another and of the required extent of 

reaction. Prac tical e~crgy storage efficiencies exceeding 0.90 

and work recovery e fficiencies of approximte ly 0.5 can be achieved 

r e a listically for the an~moni a/hydr.ogen nitrogen s y stem . It tvould 

LE• ~·xrx:,.·i.::.:•t: thc'l.~ pc:,ci i c· ,1 cf cici ".'.11.CiG'::i £0!" \·.'Ork f)L)'L i.:: t in.:1 \ IC<1 t l.d 

ho:! app:rox i!-1ate ly 60~~ of the thooreticc.: l vah,es, <;ivi nt; an ovBrdll 

effici ~ncy for t~e t ~c rmochernical ene rgy transfer-work production 

systeu of about 27 %. Th is is an encour a ging r cs t:lt and should 

proilp t f urt:1er d c"elop,nent r.:•f thc . .-:T1oc:·1ern.i ca l E:uc rgy trans fer 

systeri1s . 
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L\S (T) 
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Re~ctant speciec. 

Product specie s. 

Gibbs' free energy chc1.nqe per unit mass of A. 

Gibbs' fre e energy of reaction at pressure P 

and temperature T, including reactant ancl 

pro1uct mixing terms. 

System enthalpy at T cu1d mole f=.;l.ction x . 

En th,1.lpy (: Jl J.Wj .::! p c .i: u .:-1i,: Mel.S E: o( _2-_ . 

Enthalpy of r e ac t ion at P and T. 

Maxi mun val uc {°J f /\H fni: endo thermic loop. 

Exces s heat o ~ roixing . 

Molr·s o f B prc,-:1u c t:!d p e r rro lt= of A consu!rted. 

Mole number <lt x defined by (9 ) . 

Mole nul:lber a t x per uni t mass :if A. 

System pressure . 

Heat absorbed fro;r sonrce . 

Nett heat transf~rre d across heat exchanger. 

Nett heat trans fer.TAd across heat exchanger 

for c omple t e re~cti on. 

.Mixing heat a bsor::,ed at TS. 

.Mix in-; heat -ce jec tt~d c:1.-:. T f • 

Gas constant. 

Entropy cha.n<~£8 p t~ i..- unit mass of "I\ . 

Entropy of reaction at P and T. 

Entropy of n i xi7J a t x. 

l\b,:;0111 !:e tempe ra tu.!·e. 
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Sink temper~t ure. 

nc nction tempera t ure . 

Tur n in•J t emp e ratur e. 

System characteristic Carnot temperature. 

Heat exchange r characteristic temperature. 

Heat exchanger c i1arac t eri s ti c temper <t tur,~ 

for complete reaction. 

Outpu t work . 

Work o f mix ing at Tf. 

II•~a t e :-:c '1anr;•.~, •-:o:-Jr . 

Hea t: e xc :1anger work f c·::- comp le t r~ r .:,!action . 

LOO:_:) ~,1f-,:rk: a t ~{. 

Av a ila b l e work . 

Rever sible availa b le work. 

Sepa~atio n 1.-.To r t at x . 
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Separation work fo r endo thermi ~ or e xothe~mi ~ 

r eac t i o n l oop . 

Mole fraction of Bin mi x t ure. 

Equilibrium mole fracti o n of R. 

Weight fra c t ion of B. 

Sxte nt o f reac tion. 

Work r e covery e f fi ciency . 

Max i m,..1.m work l't-!CO~: c~r y e .f.f i cienc y . 
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Ener gy s torage eff i c i anc1 . 
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FIGGRE CA?TI011S 

(a) Non-separating the:r:-mochemical ener<Jy 

t r r1 ns fe r syste~tt. 

(b) Liquid/gas separating thermochemical 

energy transfer sys t em. 

(a) Temperature-enthalp~ diagram for a 

non-separating thermCJcher:1i. c al ener•JY 

trnnsfcr system with isothermal re~ctors. 

( li ) 'I e;r,pc.:,1·3. t u rE:- €! n t h:1 l:_) f ,.1i. 1._ri:- .. 1 .. t tc,r a l i.q u.id / 

gas s e p~cating t~ermoc hernicnl e nergy 

t:rll.n .::; :!:e .:- sy?- te,ll ,·Ti th i s otherrnn l reac t ors. 

(a) Extreme curvt; .; nf. t he 'r·-II c1i "l g rar;1 :: -:,,)~ a 

liq uid/9a.s se9aratin9 •-5y;-;t,.n,. 

(b) Te rnpe rabare spectrum o f the ext e~nal h e at 

Q re r,Jired bv a reversibl:=! co11nte :i:-flm., Ho .1 ... 

h l~:.=ti:. e :~c h anger in which r~ i s hea t.--Jd ,:m,1 B 

is cooled. 

En.3 ·cgy trnnsfer and work p:roduction [ram a 

rev2.1:-s.ih J.e exothermic reactor and assoc ia ted 

r even, ib1.e cou:1t e r f lew heat exch,:tng2r. 

C 

E 

-

Sern.ipermeable me !'1bran9. 

Cnrnot engine . 

R~v e rsi~le isothorrnal expans ion engine 

at Tf. 

Hor-k . 

He at. 



J 

) 

I 
] 

~I 
·1 

] 

J 

] 

] 

_J 

J 
I 
J 

J 

J 
J 
I 

Figure 5 

Fisi-ure 6 
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Curves of constant work re~overy efficiency !or 

th,2 a,nrnonia/ 3: 1 hydroye11-ni trogen syste m at 

0 

300 atnospheres wi.th T5 = 300 K. The curves 

a r e d a shed out side of the i Jeal solution region. 

Origins o:: separa t ion work s~1own by T=H diag::--an 

and e~uiva l ent single Carna l ergine . 

(a) Ideal solutioll wi-!:h external separ.a tion. 

(b) Liqui d/gas p~ase s eparat ion. 

(a) Ten perature -enthalpy diagram £or a Thermo-

c he11.,j cal e:1 -., r s··~- t r nns: S ":._7 3tc:n . The ,1.iagr,:iirt 

r epr e sents t he a mnoni a / "1ydrog e n -ni trogen 

syst':!In ~ t J OO atino sphe res wi th T
8 

= 300 K. 

(b ) Tempera t ure p r o fi le of entha l;?~/ r::hctn•JE!S 

occurr:i.ng in t11e er.c1.othe n '.1ic l o np of 

F i 11ure 7 (a) . 

(b) Te~~eratura profile o f e~thalpy changes 

occ:ur r i n9 in the exot.hen:1i c l oop o f 

Figure 7(b) with the z0nes r e f e rred to in 

the text labelled A-D. 
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Table 1 

ZONE I T l.i (~H) flW % "WORK 

( OK) (Kcal/Mole NII 
3

) 

-
A I 72'j 2.02 1 . 184 100.5 

'n 
.0 500 -0.21 -0.084 -7. 1 

C 336 0.75 0. 0 80 6.8 

D I 313 -'J.05 -0.002 -0.2 

Chara cteristic s c.,f the fmir b ~1 1r>e r -:1. :.::.ure 

zones of the exothermic loop sl1own in 

Fiq·ure 7 (c ) for a rtF.lo nia/ 3 : 1 }1ydr,·1g•~n 

-nitrogen. 
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-----::i-1 Endothermic E xot her mic1 ). 
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S1nk 
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FIGURE 1 (_a): Non-separating thermochemical 
energy transfer system. 
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FIGURE 1 (b}: Liquid/gas separating thermochemical 
energy transfer system. 
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FIGURE 2(a}: Temperature-enthalpy diagram for a non-
- ---- separating thermochemical energy transfer 

system with isothermal reactors. 
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FIGURE 2(b): Temperature-enthalpy diagram for a liquid/ 
gas separating thermochemical energy transfer 
system with isothermal reactors. 
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(a) Ideal solution with external separation. 

(b) Liquid/gas phase separation. 
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