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D1. Report on equilibrium and dynamic data for salts (and salt mixtures) for heat pumping,
refrigeration and storage applications.

D1.1. Introduction and Theory

The purpose of this report is to summarise salt dynamic and equilibrium data for candidate salts (and
salt mixtures), that use ammonia as refrigerant, for heat pump, refrigeration and storage applications.

Using ammonia with salt sorption reactions (adsorption and desorption) for heat pumping has the
potential for increased Coefficient Of Performance (COP, akin to efficiency) systems, with scope for
between 40 % and 60 % reductions in gas usage compared with existing (UK) condensing boilers.

The reported data references the enthalpy of transformation, AH [J/(mol)], and the entropy of
transformation, AS [J/(mol-K)], for the ammonia salt reactions — values that relate to the
Clausius-Clapeyron relationship for the phase transition of ammonia with the salt, (1).

In(p)=———+— (1)

The reaction coefficients reported refer to the number of moles of ammonia adsorbed onto the salt
during a reaction, for reference the chemical reaction equation for a calcium chloride reaction with
ammonia is shown in (2).

CaCl, - 4NH; + 4NH; 2 CaCl,-8NH; + Q,_g (2)

Qqsrefers to the endothermic desorption heat or the exothermic adsorption heat, depending on the
direction of the reaction. In this reaction, the reaction coefficients would be 4 and 8 (8 —4 /4 —38).

D1.2. Testing Methods

To determine the data for the candidate salts, a number of different testing methods have been
employed:

1. Large Temperature Jump (LTJ) method [1], applies conditions similar to that expected in a real
machine, through imposing quick changes of temperature that initiate the sorption reactions.
Pressure changes in the system are measured which allow analysis of the cycle to be
conducted.

2. Isosteric Temperature Change (ITC) method, is similar in design to the LTJ method, measuring
temperature and pressure, but there is no expansion volume and the heating/cooling takes
place over several hours, rather than rapid heating over minutes in the LTJ. The purpose of
the test is to track the equilibrium line to obtain accurate equilibrium data.
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D1.3. Results

Table 1 summarises the equilibrium and dynamic data for a series of salts tested for heat pump and
thermal transformation applications. With the exception of the SL salts (see note after table), the
reported information is dynamic data of the salts as the reactions tested exhibit hysteresis between
the adsorption and desorption reaction (different reaction temperature at the same pressure).

Table 1. Salt dynamic data from LTJ testing

Salt Formula | Reaction® Coefficients AH [/ [J)/(mol)] | AS/[)/(mol-K)]
Ammonium Chloride NH4Cl SL 3-0/0-3 29 835 207
Sodium Bromide NaBr SL 5.25-0/0-5.25 30159 207
. . A 0-8 37 360 229
Barium Chloride BaClz b 320 48925 64
A 4-8 32 845 208
. . D 8-4 36 366 217
Calcium Chloride CaCl, A 42 31700 202
D 4-2 41 202 224
. A 2-6 36611 203
Manganese Chloride MnCl b 6_2 58 196 254

2 SL = Single Line, A = Adsorption reaction data and D = Desorption reaction data

ITC testing was used to investigate the salts that exhibit hysteresis and that show differences in the
enthalpy of transformation (heat of reaction) between the adsorption and desorption reaction. ITC
testing was proved to be successful as reactions lines formed within the previously measured LTJ lines,

Figure 1, with the single heat of reaction data summarised in Table 2.

14

13.8

13.6

13.4

13.2

13

12.8

In(p) / [Pa]

12.6

12.4

-0.00258 -0.00256 -0.00254

Desorption ITC

-0.00252

-0.00250 -0.00248 -0.00246 -0.00244

-1/Temperature / [K]

Adsorption ITC

LTJ Adsorption Line

LTJ Desorption Line

-0.00242

-0.00240

Figure 1. In(p) vs. -1/T graph, illustrating the nature of an ITC output, with the ITC reaction lines falling within the previously
obtained dynamic lines from LT)J testing (MnCl, test). An average of the ITC lines is used to obtain a single heat of reaction.

Table 2. Salt equilibrium data from ITC testing to obtain a single heat of reaction.

Salt Formula Coefficients AH [/ [J/(mol)]
Barium Chloride BaClz 8-0/0-8 40 745

. . 8-4/4-8 42 080
Calcium Chloride CaCl, 4-2/2-4 39949
Manganese Chloride MnClz 6-2/2-6 43 429
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