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ABSTRACT 

ENERGY STORAGE EFFICIENCY FOR THE 

AMMONIA/HYDROGEN-NITROGEN THERMOCHE~ICAL 

ENERGY TRANSFER SYSTEM 

by 

OM Williams and PO Carden 

Department of Engineering Physics 

Research School of Physical Sciences 

The Australian National University 

Canberra, A.C.T., AUSTRALIA 

Energy storage efficiency is calculated for the solar 

thermochenical energy transfer system based on ammonia/ 

hydrogen-nitrogen. The calculation for this system involves 

generation of thermodynamic data not available in the literature 

by a method in which u s e is made of the available phase 

equilibrium measurements together with application of the 

criterion that the correct value of separation work for a 

two-phase mixture must be generated internally by degradation of 

mixing heat. Energy storage efficiencies for ammonia/ 

hydrogen-nitrogen are derived from the generated thermodynamic 

data and are shown to increase towards unity as the endothermic 
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reaction approaches completion, 

0.90 being obtained for reaction 

validity o f the analysis has 

with efficiencies greater than 

extents exceeding 0.60. The 

been teste d successfully by 

compariscn bGtwee n the the r modynamic predictio ns and experimental 

data in the form of measurements of the waste heat rejected from a 

counterflow heat exchanger operated with liquid ammonia fe,2c and 

ammonia/hydrogen-n itrogen output. 
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INTRODUCTION 

In the preceding pape r (Carde n and Will i ams [1]) we have 

derived expressions which enable the thermodynarr.ic efficiency of a 

liquid/gas separating thermochemical energy transfer s ystem to be 

evaluated. The analysis has been oriented towards the anticipated 

operation of a thermochemical system within a large scale solar 

power plant based on a distributed arr~y of concentrating 

collectors. ThG overall efficiency for such a system may be 

' divided into two factors: a work recovery efficiency associated 

with the operation of the central exot~ermic reactor, and an 

energy storage efficiency related to the amount of ene!'.'; y rej-ected 

at the individual endothernic reactors in the form of low grade 

heat wasted to the environment. 

Calculation of work recovery e f fici encie s for a given 

separating therr:tochemical syste:n requires no more t:iermodynamic 

information than for the pure reaction compone nts. In contrast, 

detailed thermodynamic data is required fo~ both the components 

and their mixtures for the calculation of energy storage 

e fficiencies, p.1rticularly in the regi on of the boundary 

separating single-phase and two-phase mixtures. This latter 

information is not readily availab2.e within t:t:.e chemical 

engineering literature eve n for such indust~ially impo~~ant 

systems as amrnonia/hydro;en-nitrogen. Phase equilibrium data 

defining the compositions of the liguid and gas phases may be 

avail3.ble but thsre is a paucity of data for determining mixture 

values for the thermodynamically important v a riable s such as 

enthalpy and Gibbs' free ene rgy. 
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In this paper we describe a method for generating the 

thermodynamic data necessary for calculation of energy storage 

efficie ncies . The method is base d on the combined use of p has e 

equilibrium data and the requirement that the systera be 

the rmodynamically consiste nt in that the c o rrect value of 

separation work for a given mixture be developed internally by 

degradation of mixing heat. Energy storage efficiencies are 

calculatec for the arn,~o~ia dissociation/synthesis syste~ proposed 

by Carden [2] and the variation with endother~ic reaction extent 

is discussed from the point of view of optimising system operation 

towards maximun efficiency, It is found that energy storage 

efficiencies increas9 towards unity as the reaction extent 

increases and that efficiencies in excess of 0.90 are readi ly 

achievable for a practical thermochmnical energy transfer system 

base d on the ammonia dissociation/ s y nthe sis reaction. The 

validity of the analysis has been tested successfully by 

compari son between the therModynamic predictions and experimental 

data in the form of measurements of the waste h eat r e j e cted fr0m a 

counterflo•,1 heat exchanger oJ;,erated with liquid anmonia feed and 

a.rnmonia/ hydrog(m-ni tro ge n output. 

2 . THER1YIODYNA..111IC DATA FOR AMMQ;,JIA/HYDROGEN-NITROGE~J 

The ecergy storage efficiency 

thcrMochernical reaction 

n8T for the liqui~/gas 

A ~ mB 6 H0 > 0 ( 1 ) 

is defined in [1J for a distrib-:.1tc d solar power plant as 
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nST = 6.H (T 8 ) /!J. Hmax 
( 2) 

where T 8 is the temperature of the fluid fed to the cou:nterf].ow 

heat exchanger associated with the endothernic reactor, and where 

6. H (T
5

) is the enthalpy difference between the f ,:ed and return 

fluids. The denominator in (2) rep~esents the maxi~un value of 

l:IH(T) throughout the tenperature range of the heat exchanger. 

Since the thermodynamic data available in -the literature is 

incomplete for the amrnonia/hydrogen-nit~ogen reaction 

NH3 
..,__ 
-,--

3 1 
28 2 + 2N2 ( 3} 

the essential problem in the present study amounts to dsveloping a 

procedure for generatinq enthalpies for mixtures of arrflonia ar..d 

3: 1 hydrogen-nitrogen so that the entha2.py di fferenc-:s 

hence nST may be evaluated. As in [ 1 ] ' each 

characterized by the mole fraction X of the gas 

alternatively by the weight fraction 0 I where 

0 = X 
m ( 1 - x) + X 

wi tl1 rn = 2 for the rea~tion (3). In the 

Sl.1rV8~' the available thermodynamic 

following 

literature 

in ( 2) 

mixture 

mixture, 

sections 

for 

and 

is 

or 

(4) 

we 

the 

ammoni~/hydrogcn-nitrogen system and, wh2re it is incomplete, we 

calculat~ mi x ture enthalpies by a me~hod based on the equality of 

separation work and the loop work davelop Gd by degradation of 

mixing h22.t. 
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2.1 Literature Survey 

Thermodynamic data for ammonia, hydrogen and nit:::-ogen ap?ear 
in various standard reference texts [3, qJ bu~ often do not cover 
the entire tem9erature range of interest in the prese~t s~udy, 
particularly within the high pressur2 region. The r80.uired data 
have been collated elsewhere (Williams [5]) and sup:_:>leme nted by 
corresponding states principle correlations. Ammonia above 500 K 
is well represented on a corresponding states basis i f effe ctive 
critical constants of 450 K and 160 atIP.ospheres are assuned. 
The rmodynamic data for 3:1 molar mixtures of hydrogGn and nitrogen 
have been calculated by advanced corresponding state s principle 
techniques using th8 two-fluid van der Waals model (Breedfeld and 
Prausnitz [6]). The c a l culations show that within t he temperature 
and pressure ranges of interest i n t he present study, 
hydroge n-nitrogen mixtures deviate only t o s econd order from i deal 
solution behaviour. 

The general characteristics of the tem?erature - e n~halpy 
curves for am.rno::iia. and for the complement.ary 3: 1 hydrogen-nitrogen 
::nixture assoc iated with the r eaction (3) are illus trated in 
Figure 2 balow fo"- a system pressure of 300 atmosph2res. The 
comple~entary fluids are represented by the left and r ight extreme 
curves respectively, the gas mixture being charac terised by 
essentially constant specific heat whereas the curves f :'.)r ammoniu 
exhibit pronounced curvature wi t h in the vapori~ation r egion . No 
definite boiling temperature is evident since the sys-:.em pressure 
exceeds the critical pressure for ammonia. 
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Calculation of thermodynamic prop3rties for inter~ediate 

mixtures of am.~onia/hydrogen-nitro~en represGnts a formidable 

problem since ammonia is a polar fluid. Advanced c o rresponding 

states pri~ciple techniques that have been developed recently [6} 

c.:ln, however, cope with the problem within th--: high temperature 

single phase region, as shown elsewhere [5] by comparison between 

computed and observed hGats of mixing. Anur~nia/hydrogen-nitrogen 

mixtures behave essentially as regular solutions in the high 

tempGrature region above 800 X; that is, the mixing heat for a 

given mixture is finite but independent of tempera ture. This 

effect represents the macroscopic manifestation of the persistent 

intermolecular forces caused by the finite polarity of the ami"!\onia 

molecules. Mixing heats at temperatures above 800 K increase from 

typically 1% to 3% of the reaction enth~lpy for pressures in thG 

r ange 100 tc 300 atmospheres. In this study we adopt the 

approxirr.ation that within these ranges of tereoe rature and 

pressure, mixing heats may be neslected; that is, mi:xt.1.1res wi thi~ 

these ranges will always be treated as ideal solutions. It would 

be unwise to apply such an approximation to systems at higher 

pressure which deviate rather more strongly from idaality, 

The only other t hermodynamic d;.ita we have loc.:i.t3d withi:1 th2 

literature suitable for the calculation of ejergy storage 

effici"}ncies for the ammonia/hydrogen-:iitrogen syste;'l are phase 

equilibrium measurements by Michels et al (7] which define the 

compositions x 1 {T) and xg(T) of the liquid and gas ph3ses within 

the two-phas...? region. The measurements are su.'lh'"!larised in 

Figure 1, the left hand side of each cu~ve representinq the eff ect 

of the limi tcd solubility of. the qas mixture in .~rrunon.5.a and the 
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right hand side representing the effect of finite amounts of 

ammonia vapour within the gas phase. The equilibriurr. compositions 

x 1 and x at T mav be datermined from g - tho inte rsections of the 

phase equilibrium curve with the isother:11 at T. We have been 

unable to locate data defining the svsten enthaloies H(x) and .. - 1 

H(xg) corresponding to the phase eguilibYium compositions but show 

below that these may be generated by application of the separation 

work criterion develop<:d in the following sections. 

-2.2 Separation Work Criterion 

It was shown in [1] that separation work i~ a liquid/gas 

separating thermochemical energy transfer system is develop~d 

internally by degradation of mixing heat and indeed, for the 

general reaction (1), t~e work 

W (x) 
s = T 5 .t.Sm(x) 

required for separation of a mixture at X • +-1.n ~o liquid 

phases at TS co~prising pure A and pure B respective l y, 

to the loop work defined by 

WL(x) = f
Tf 

d[.t.HE(x,T)] 

TS 

[1 - T;] 

where 6HE(x,T) i3 the excess heat of mixing given by 

E 
Mi (x,T) = H(x,T) - (1 - o)H(O,T) - OH (1,T) 

(5) 

and gas 

is eqtnl 

( 6) 

( 7) 
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and where the tempera tur = limit Tf OCC'..lrs within the ideal 

solution region at high temperatures; that is, within the region 

where the mixing heat given by (7) equals zero. The e ntropy of 

mixing in (5) is given by 

6 s (x) ;:: 
rn 

Rm m~- x} + x [xlnx + (1 - x)ln(1 - x)] (8) 

The equality between equations (5) and {6) may be us 2d as 

the basis of a criterion for determining values for mix~ur~ 

enthalpies H(x,T} throughout the temperature range of interest. 

Before this criterion may be · developed, however, it is necessary 

to generalise equations (5), (6} and (7) to include the case ·where 

incomplete separation occurs at T
5

; that is, t o the case wh3re 

finite amounts of gas are dissolved in the liquj.d phase at T 5 , and 

vapour from the liquid compornmt is present i n the gas phase. The 

liquid and gas phases are characterisea then not by the pure 

components A and B. but by rni,~tures which we define respectively b~, 

mol~ fractions x 1 s and xgs of B. The tempe rature-e nthalpy cur•.res 

for the mixtures at x
1 

and x inte rsect the dew li~e defining s gs 
the boundary between the single phase and two-phase regions at T 

5 
, 

as shown in Figure 2. 

In orde r to extend the analysis to the case of incomplete 

separation, we define a generalise d e~ce ss he at of mixing at x 

referred to the extreme enthalpies at x 1 and x s gs 

~ 
6 H (x,T} ;:: H ( x , T ) - ( 1 - 8 ) H ( x l , T) - c H ( X , T) s gs 

( 9} 

where 

o - 61s ( 1 0) 
6 = i --~- -o~ 

gs ls 
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Since no mixing occ urs be twee n phase s, the mbdng heat ( 9) 

is zero at Ts and, by molar proportions, is zero also within the 
ideal solution region at high temperature s. It is ~herefore 
possibl~ to identify a cyclic path, as illu strated in Fiqure 2, 
around which loop work at x may be calculated as 

WL(x) = 
T f [ T l r d[.llHE(x,T)] 1 - : J 

JT 
s 

The same arguments as presented in Section 4 of [ 1 J may 

used to show that the loou work equals the separ:1t ion work 

w
8

(x) = TS [ 6 S (x) - ( 1 - x) 6 S (x
1 

) - xt.S ( x ) ] rn rn s m gs 

where 6 S (x) is m given by (6) and where 

x - xls 
X = 

X - X gs ls 

( 1 1 ) 

now be 

( 1 2) 

( 1 3) 

The equu.li ty bet.ween the loop and s e paration •.vo rk e"{ua tions 
(11) and (12) may be use d as a conve nient criterion for t est i ng 
the t herr-1od•!namic consiste:!'lcy of any trial curve defined by values 

of H(x,T) as a r eprese ntation of the t e~?e rature-e ntha lpy 
characteristic curve for th~ mixture at x. Give n values of 
H(x,T), the excess heat of mixing defi.!"1e d by (9) may be COMputed 
throughout the tempe rature range and h e nce a value deter1Tlin -:d for 
the loop work WL ( x) given by ( 11 ) • Th0 tri~l curve is 
thermodyna.mical ly consistent only whe n the loop work e qu~ l s the 

separation wor"-< (12), a r eguirert1ent which must extend over the 
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X gs• 

Development of the iterative method for determining the consistent 

values of H(x,T) is described below in Sectio n 2.4. 

2.3 Generation of H(x,T) Values 

In order to apply the above criterion it is necessary to 

generate trial values of H(x,T) and this may be accomplished in an 

ordered manner if a trial curve is initially defined for the dew 

line, as shown in Figure 2. Once the dew line is defined, then 

the phase equilibrium enthalpies Hd(x
1

) and Hd(xg) corresponding 

to the liquid and gas phases respectively are defined also at each 

temperature T within the two-phase reg ion from the intersectio ns 

between the dew line and the isotherm at T (given 

tempera ture -composition information, as shown for example in 

Figure 1). By a ssuming that no mixing occurs between phases, the 

enthalpy of any two-phase mixture at T may then be determined as 

H{x,T) = (1 - 6d)Hd(x1 } + 6 dHd(xg) 

where 

The variables 

6 = 
d 

ad, 

o - o 
1 

"l""o------.:;s 
g 1 

o1 and 0 
g are all 

( 1 4) 

( 1 5) 

temperature dependent 

through the phase composition data for x
1 

and xg, as shown in 

Figure 1. 
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Values for H(x,T) are known from (14) within the two-phase 

region and also, from molar proportions, are known within the 

ideal solution region at high temperatures. Within the 

intermediate single phase region where mixing heats are finite, 

however, there is generally insufficient data in the literature to 

define mixture enthalpies. In order to complete the 

temperature-enthalpy curve defined by H(x,T) for a given mixture, 

it is therefore necessary to apply a suitable interpolation rule 

for connecting the ideal solution and two-phase regions. 

Given that insufficient data is available for defining the 

exact shape of the temperature-enthalpy characteristics within the 

intermediate region and that further, no unusual variation is 

expected, we have adopted a simple quadratic interpolation rule 

based on values of H(x,T) at BOOK and 1000 K within the ideal 

solution region, and a third value defined by (14) at the single 

phase/two-phase boundary. The interpolation rule is illustrated 

in Figure 2. The rule has been applied to all mixtures except 

those at very low values of x corresponding to t he left arms of 

the phase composition curves shown in Figure 1. As x tends 

towards zero, the values of H(x,T) must tend t owards H(O,T) 

corresponding to pure ammonia and therefore the curvature of the 

characteristic curves becomes more pronounced within the 

vaporization region than can be adequately r epresented by a 

quadratic interpolation. Deviations from the quadratic 

interpolation rule were introduced in this reg ion, based on the 

tendency towards the curvature of the pure ammonia characteristic 

curve. Rather greater uncertainty in the interpolation procedure 

is thereby also introduced, but only within a very small region at 

low x. 
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2.4 Application of the Separation Work Criterion 

We have shown above that values of H(x,T) may be generated 

provided that the dew line is defined. In this section we locate 

the thermodynamically consistent values of enthalpy corresponding 

to phase equilibrium, thus allowing the dew line to be positioned 

on the temperature-enthalpy diagram. In defining a trial curve 

for the dew line, we adopt the initial assumption that the 

mixtures comprising the liquid phase at low x obey Henry's law. 

Values of Hd{x1 ) and hence the left arm of the dew line shown in 

Figure 2 may thence be defined as 

Hd{xl) == (1 - o
1

)H(O,T) + o
1
H(1,T) ( 1 6) 

Since x 1 is small for the ammonia/hydrogen-nitrogen system, as 

shown in Figure 1, and since mixing heats are not expected to be 

large for solutions of gases in liquids, significant errors are 

not anticipated. Moreover, deviations from the assumption may be 

introduced by means of the iterative procedure described below. 

The iteration adopted for positioning the dew line on the 

temperature enthalpy diagram is outlined in Figure 3. The left 

arm of the dew line is defined initially according to (16) and an 

arbitrary trial curve is then chosen to complete the phase 

boundary. At each x, values of H(x,T) may then be genera ted 

according to the procedure described in Section 2.3, and the loop 

work WL(x) hence computed from (9), (10) and {11). The reference 

temperature T5 is initially chosen sufficiently low that the 

extreme mole fractions x 1 and x
9 

in (9) approach zero and unity 
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respectively. For the ammonia/hydrogen -nitrogen system, T
5 

is 

chosen equal to 250 K. If the loop work exceeds the separatio n 

work calculated from (12), then the dew line must be r a i s e d 

towards high temperatures in order to reduce the area of the loop 

s hown in Figure 2. Conversely, if the separation work exceeds the 

loop work, the dew line must be moved towards lower temperatures. 

Thermodynamic consistency at each xis only obtained when the loop 

work equals the separation work. 

The separation work criterion is applied first at high 

values of x, corresponding to low temperatures, and is then 

applied successively at lower values of x until the full span of 

the right arm of the dew line is defined. The left and right arms 

of the dew line must be connected smoothly so that a single 

continuous curve consistent with the phase composition data of 

Figure 1 is obtained. Fine adjustments t o obtain a better 

correlation between loop and separation work are effected by 

varying the position of the left arm. The extent of correlation 

achieved for ammonia/hydrogen-nitrogen is shown in Figure 4. 

Here, the correlation corresponding to TS = 300°K is calculated 

directly from (11) and (12) on the basis o f the d ew line po sitio n 

evaluated from the earlier choice of Ts = 250 ° K. The 300 K 

correlation represents the better assessment of the procedure and 

shows that the r equirement for thermodynamic consistency has been 

essentially satisfied. The small differences between separation 

and loop work seen in Figure 4 are only second ary and result fr om 

deviations from the assumed quadratic . interpolation rule. 

Insufficient experimental data is available to justify development 

of a more accurate correlation at the pre sent time. 
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2.5 Temperature-Enthalpy Characteristic Curves 

A complete set of H(x,T) values covering all mixtures and 

all temperatures within the range of interest are generated by 

application of the separation work criterion, as shown in 

Figure 5. Corresponding thermodynamic information for Gibbs' free 

energies may be generated by use of the Gibbs'-Helmholtz relation 

G(x,T) ;;;;: 

( T 

~(x,To) + T J H(x,T)d[~) 
0 T 

0 

{ 1 7) 

where 'fa is chosen sufficiently small that the liquid and gas 

phases are separated completely into ammonia and hydrogen-nitrogen 

respectively. In that case 

G(x,T
0

) a:; (1 - o)G(O,To) + oG(1,To) ( 1 8) 

where G(1,T0 ) for the 3:1 hydrogen-nitrogen mixture includes the 

appropriate Gibbs' free energy of mixing. The equilibrium lines 

shown in Figure 5 are defined by the equilibrium mole fractions xe 

which may be evaluated for each T and P by applying the 

equilibrium condition 

oG(x,T) 
oo 

Xe 

;;;;: 0 ( 1 9) 

Complete tabulated thermodynamic data developed by the methods 

described in this paper are detailed elsewhere (Williams (8]). 

The temperature-enthalpy characteristic curves comprise two 

distinct zones as seen in Figure 5. The dew line for each 

pressure has been positioned to within a fitting accuracy of 
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± 0.5 K, corresponding to a fitting accuracy of typically 

± 50 cal/mole NH 3 for the H(x,T)values within the region near the 

phase boundary. 

The only thermodynamic data we have located within the 

literature available for testing the validity of thermodynamic 

data generated by the present method has been recorded by 

Michels et al [9] for a single mixture of ammonia/ 3:1 hydrogen­

nitrogen within the single phase region immediately above the dew 

line. This data is compared in Figure 6 to the predictions of the 

' present analysis with good agreement being obtained, even to the 

extent that the correct variation of enthalpy with pressure is 

predicted. Lower values of specific heat are predicted by the 

present analysis but this discrepancy is not unexpected in view of 

the lack of information available for defining the interpolation 

rule required in the analysis. It is shown in the following 

section by comparison between experimental measurements of heat 

exchanger outlet temperatures and predictions from the present 

analysis that the assumed quadratic interpolation rule is quite 

adequate for the desired purpose of calculating energy storage 

efficiencies. 

3, ENERGY STORAGE EFFICIENCIES 

Energy storage efficiencies calculated from ( 2) for 

conditions of pure ammonia feed to the endothe rmic r eactor and for 

TS chosen as 300°K are shown in Figure 7 as a function of 

endothermic reaction extent, The maximum value 6H of enthalpy max 
difference defining the denominator of (2) generally corresponds 
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to the dew temperature for the given mixture, as is evident from 

Figure 5. Energy storage efficiencies equal to unity are obtained 

for zero reaction extent and for values of o greater than og (T
5

) 

since in each case no heat is available to waste to the 

environment. Energy storage efficiencies are less than unity for 

intermediate reaction extents and beyond the initia l fall in value 

at low o increase steadily towards unity as the reaction extent 

increases. A practical endothermic reactor would clearly ne ed to 

be operated at high reaction extent, n8T being greater than 0.90 

for ammonia/hydrogen nitrogen when o exceeds 0.60 and increasing 

towards unity with increasing o. This result shows that energy 

storage efficiency is unlikely to represent a limiting factor in 

the development of thermochemical energy transfer systems for use 

in distributed solar power plants. 

The energy storage efficiency calculations presented in this 

study may be tested by comparison with measurements originating 

from thermochemical energy transfer experiments performed in this 

laboratory. These experiments were designed to study the 

fundamental principles underlying the operation of a 

thermochemical so lar absorber based on the ammonia dissociation 

reaction. The results are reported in detail elsewhere (Williams 

and Carden (10]). In the experiments, a stream of ammonia was 

passed through one side of a counterflow heat exchanger to an 

electrically heated reactor where it dissociated partially to form 

an ammonia / hydrogen-nitrogen mixture. The mixture was returned 

towards ambient temperatures by passage through the second channel 

of the heat exchanger. The exchanger was insulated against 

thermal losses and operated in standard manner with large 
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temperature differentials developed between the counterflow 

channels as a result of the differences between the specific heats 

of the two fluids. Heat is rejected from this system in the form 

of finite sensible heat carried by the fluid mixture passing from 

the outlet. The heat is wasted to the s urr oundings as the output 

fluid is piped fr om the heat exchanger. The corresponding value 

of energy storage efficiency is obtained as 

nST 
- H(x,Ts) - H(O,Ts) 

- H(x,To) - H(O,Ts) (2 0) 

where the numerator represents the chemical energy passed to 

storage and the denominator is the summation of the stored and 

lost energies. The heat exchanger inlet and outlet temperatures 

are defined by T8 and T
0 

respectively. 

Given values of n5T such as in Figure 7 togethe r with the 

thermodynamic data of Figure 5, it is possible to use 

equation (20) for predicting T
0 

at chosen values of mixture 

composition, pressure and inlet temperature. The results of such 

predictions are shown in Figure 8 together with measured values of 

the heat exchanger outlet temperature. Temperature measurements 

are accurate to within± 2°C and composition measurements to within 

typically ± 2%. Although the extent of the data is somewhat 

limited (the experiment not be ing d e signed primarily for the 

present purpose), it is clear that the predictions reproduce the 

observed trends and lead us to the conclusion that the method 

adopted in this paper for generating thermodynamic data is 

satisfactory for .the purpose of predicting energy storage 

efficiencies. In particular, we conclude that the calculation of 
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energy storage efficiencie s is not limited by the lack of 

information for defining the exact form of tha interpolation rule 

used in application of the separation work criterion. Further 

experiments covering a wider range of mixtures than that evident 

in Figure 8 and also based on more accurate temperature 

measure ments would b2 required for a more rigorous comparison to 

test the sensitivity of the method to the form of the 

interpolation rule. 

5. CONCLUSIONS 

In this paper we have calculated energy storage efficiencies 

for a solar thermochemical energy transfer system by a method 

which requires generation of therr:lodynamic data not readily 

available in the literature. The method of generation is base d on 

the use of phase equilibrium data for two-phase mixtures together 

with application of the thermodynamic criterion that the correct 

value of s e paration work for any given mixture s hould be generated 

internally within the system. We are not a.-,are that this 

criterion has been applied previously . It is s~own that ene rgy 

storage efficiencies in excess of 90 % may be obtained readily for 

a solar thermochemical energy transfer system based on ammonia 

dissocia tion/ synthesis provided t hat the extent of the 

dissociation reaction exceeds 60%. 

practical di f ficulti e s will be 

requirement. 

It is no t anticipated that any 

enc ountered in achieving this 
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NOMENCLATURE 

A 

B 

G(x,T) 

H(x,T) 

l'.H(T) 

llH 
max 

E l'.H (x,T) 

E l'.H (x,T) 

H (x1 ), H (xg) 

m 

R 

p 

t.S (x) 
m 

T 

TS 

T 
0 

Tf 

WL(x), WL(x) 

WS (x) , w5 (x) 

X 

X e 
-
X 

Reactant species. 

Product species. 
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System Gibbs' free energy at x, T and P, 

including reactant and product mixing terms. 

System enthalpy at x, T and P. 

Enthalpy difference between the heat exchange r 

feed and return fluids. 

Maximum value of l'.H(T) throughout temperature 

range. 

Excess heat of mixing defined by (7). 

Excess heat of mixing defined by (9). 

Liquid and gas enthalpies defining the dew line. 

Moles of B produced p e ~ mole of A consumed. 

Gas constant. 

System pressure. 

Entropy of mixing at x. 

Absolute temperature. 

Heat exchange r inle~ temperature. 

Heat exchanger outlet temperature. 

Reference temperature wthin the ideal solution 

region. 

Loop work defined by (6) and (11). 

Separatio n work de~ine<l by (5) and (12 ) . 

Mole fraction. 

Equilibrium mole fraction. 

Reduced mole fraction d e fined b y (13). 



x
1 

{T) , xg (T) 

X xls, g s 

0 

61, 0 g 

61s' 

6 , 6d 

nsT 

0 gs 

Liquid and gas mole fracti o ns defining the 

d e w line at T. 

Liq uid and gas mole fractions d e fin ing the 

d e w line at T
5

• 

Weight frac tion . 

Page 2 0 

Liquid and gas weight fractio ns defini ng the 

d e w line at T. 

Liquid and gas weight fractions defining the 

dew line at T8 • 

Reduced we ight frac tions define 1 by (1 0 ) and (15). 

Energy storage efficiency. 
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Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 
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Phase composition measurements for a mmonia / 

3:1 hydrogen-nitrogen from Michels et al [7]. 

Tenperature-enthalpy characteristics for 

ammonia/3:1 hydrogen-nitrogen at 300 atmospheres 

illustrating the dew line position and the cyclic 

path from which the loop work at xis developed. 

The dashed line represents the molar proportions 

path of the virtual mixture and the dotted section 

of the true mixture path represents the quadratic 

interpolation referred to in the text. 

Flow diagram outlining the iterative proc edure for 

defining the position of the dew line at x on the 

temperature-enthalpy diagra m. 

Comparison between separation work calc ulated 

from the ideal solution formula ( 12) (full 

curves) and loop work calculate d. from (11). 

o T
5 

= 250 K 

• TS = 300 K 

Temperature-enthalpy characteristics for ammonia/ 

3:1 hydrogen-nitrogen within the range 100-300 

atmosp here s. 



Figure 6 

Figure 7 

Figure 8 

I 
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Comparison between the predictions of t he prese nt 

analysis and the expe rimental measurements of 

Michels e t al [9] for a n amrr.c nia / 3:1 hydroge n­

nitrogen mixture at a = 0 .64. 

• 100 atm. 

+ 200 atm. 

o 300 atm. 

Ene rgy storage e ffi c ienc i e s for a:n.monia/ 

3:1 hydroge n-nitrogen (Ts= 300 Kand pure 

ammonia feed . ) 

Comparison betwe e n observed a nd calcula ted 

heat exchanger outlet temperatures for ammonia/ 

3:1 hydroge n-ni t r ogen. 

• 100 a tm 

+ 150 a tm 

o 200 atm 
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FIGURE 1: Phase composition measure me nts for 
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Michels et al [7]. 
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FIGURE 2: Temperature-enthalpy characteristics for 
ammonia/3:1 hydrogen-nitrogen at 300 
atmospheres illustrating the dew line 
position and the cyclic path from which 
the loop work at xis developed. The 
dashed line represents the molar proportions 
path of the virtual mixture and the dotted 
section of the true mixture path represents 
the quadratic interpolation r e ferred to in 
the text. 
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Comparision between the predictions of 
the present analysis and the experimental 
rneasure mentrs of Michels et al [9] for an 
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