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A B S T R A C T   

Using the Large Temperature Jump (LTJ) experimental technique, alongside a review of the literature, sodium 
bromide (NaBr) and manganese chloride (MnCl2) have been identified as a suitable working pair with ammonia 
refrigerant for a proof-of-concept resorption heat pump system. LTJ tests using a tube-side and shell-side unit cell 
reactor (sorption heat exchanger), show that the experimentally obtained equilibrium lines for adsorption and 
desorption of sodium bromide are: ΔHADS = 30,102.5 J/mol; ΔSADS = 207.7 J/(mol⋅K); ΔHDES = 30,216.4 J/mol; 
and ΔSDES = 206.8 J/(mol⋅K). Using a semi-empirical model, the NaBr composite salt (salt impregnated in 
expanded natural graphite (ENG)) has been characterised for use as a low temperature salt in a resorption heat 
pump, with manganese chloride as the high-temperature salt. The model constants, A and n, for adsorption are 1 
and 3, and for desorption are 5 and 4 respectively for NaBr. Manganese chloride data has been previously re-
ported (Hinmers et al., 2022). With an appreciation of the reaction dynamics and behaviour of the NaBr and 
MnCl2 composite salts, a proof-of-concept resorption system has been designed and manufactured. The reactor 
design, alongside the overall experimental rig design (including data acquisition system) is reported. Initial 
filling and flushing tests show the success of the data acquisition and control system, and thus the overall 
suitability of the proof of-concept system for investigations into the coupled nature of ammonia salt reactions for 
a resorption heat pump application.   

Introduction 

The UK government is trialling the use of hydrogen for heating 
homes through a local neighbourhood hydrogen heating trial (to 
commence in 2023), and there are broader plans for low-carbon fuels 
(biogas and hydrogen) to replace fossil fuels in both industry and do-
mestic settings (Government and Trevelyan, 2021; UK Government 
2020). Important in achieving emissions targets will not only be the use 
of cleaner fuels, but also the development of more efficient heating and 
heat recovery systems which can reduce operational costs. Resorption 
systems using ammonia-metal halide salt (ammonia-salt) reactions have 
long been of interest and could offer carbon dioxide (CO2) emissions 
reductions. As detailed by Alefeld (1975a; 1975b) metal halide salts are 
low-cost substances, and the reactions of ammonia-salts can be found 
over a wide temperature range, therefore allowing reactions to be 
tailored to different cycles and operating conditions. Hence, reversible 
ammonia-salt reactions present a comparatively inexpensive alternative 
to existing absorption systems, particularly in a resorption configuration 

which removes the need for an evaporator and condenser. Pursuing 
research into developing ammonia-salt systems, such as a resorption 
heat pump where Gas Utilisation Efficiencies (GUEs, calculated from Eq. 
(2) in (Metcalf et al., 2021)) = 1.06 to 1.38 (for COPs in the range 1.2 to 
1.6) can theoretically be achieved, compared to existing boiler tech-
nologies with GUEs = 0.85 to 0.9, could provide a low-cost, cleaner 
energy solution for domestic heating systems. 

The methods and design of an ammonia-salt resorption heat pump 
are presented in this work. The same approach can be used for ammonia- 
salt refrigeration and heat transformation systems. For context, this 
paper builds on the work presented at the Heat Powered Cycles (HPC) 
conference (Hinmers et al., 2022), as well as a series of previous papers 
(Hinmers et al., 2022; Hinmers and Critoph, 2019; Atkinson et al., 2021; 
Hinmers et al., 2022) by the Sustainable Thermal Energy Technologies 
(STET) research group at the University of Warwick (Warwick). In 
recent years (Hinmers and Critoph, 2019; Atkinson et al., 2021; van der 
Pal and Critoph, 2017), the reversible chemical sorption reactions of 
ammonia refrigerant with halide salt adsorbents have been researched, 
because heats of reaction can be nearly double that of the latent heat of 
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vaporisation (Ziegler, 2009) and because of the potential for high 
ammonia uptakes into the halide salts — up to 1 kg ammonia per kg salt 
(Wang et al., 2014). 

The work presented in this paper summarises the background and 
context of ammonia-salt reactions for resorption applications, the 
theoretical and experimental methods used in the identification of a 
suitable salt pairing for resorption and concludes with the preliminary 
results and discussion of a working proof-of-concept laboratory-scale 
resorption heat pump. 

Resorption working principle 

Resorption systems consist of two reactor vessels (reactors), each 
with a different salt (adsorbent) that reacts with ammonia refrigerant 
(adsorbate). The two reactors are connected to one another, allowing 
refrigerant flow between them, and are therefore at the same pressure. A 
resorption system works on the principle of different equilibrium tem-
peratures at the same pressure, and a resorption heat pump operates 
between two pressures driven by three temperature levels. 

The reactions of ammonia with salts in chemical sorption (chemi-
sorption) are characterised as mono-variant in nature, where the reac-
tion is driven by the pressure or temperature difference from the 

equilibrium conditions (referred to commonly as the pressure or tem-
perature equilibrium drop (Bao et al., 2018)), and can be represented by 
the Clapeyron equation, Eq. (1), 

ln
(
pEQ

)
= −

ΔH
R⋅TS

+
ΔS
R
. (1) 

Fig. 1 illustrates the working principle of a single-effect resorption 
heat pump with a block diagram and Clapeyron diagram to explain the 
working cycle. For reference, the salt with the higher equilibrium tem-
perature (at the same pressure) is termed the High-Temperature Salt 
(HTS), and the salt with the lower equilibrium temperature the Low- 
Temperature Salt (LTS). Goetz et al. (1993) provide useful de-
scriptions for resorption heat pumps and other similar cycles. 

Referring to Fig. 1:  

1 During the high-pressure phase (pH), high temperature heat (at TH) is 
delivered to the HTS reactor, the salt desorbs (endothermic reaction) 
the adsorbed refrigerant causing the pressure to rise in the system. 
Simultaneously, as the pressure rises, the refrigerant, which can 
freely flow between the two linked reactors, starts to be adsorbed 
(exothermic reaction) in the LTS reactor, which starts initially in a 
fully desorbed state, i.e., there is no adsorbed ammonia. Once the 

Nomenclature 

A Arrhenius term (constant) 
ΔH reaction enthalpy change (J/kg) 
k thermal conductivity (W/(m⋅K)) 
m mass (kg) 
n pseudo-order of reaction (constant) 
p pressure (Pa, bar) 
R universal gas constant (J/(kg⋅K)) 
ΔS reaction entropy change (J/(kg⋅K)) 
T temperature (K) 
t time (s) 
V volume (m3) 
X advancement (from 0 to 1) 

Subscripts 
A related to type A adsorbate with .A moles of ammonia 

AB reaction from type A to type B (salt A to B, or vice versa) 
ADS adsorption 
B related to type B adsorbate with .B moles of ammonia 
BC reaction from type B to type C (salt B to C, or vice versa) 
C related to type C adsorbate with .C moles of ammonia 
DES desorption 
ENG expanded natural graphite 
EQ equilibrium 
H high 
L low 
M medium 
NH3 ammonia 
R reaction (reaction heat) 
S sample 
SALT salt 
TM thermal mass  

Fig. 1. (a) Block diagram of a resorption heat pump cycle during the high-pressure and low-pressure phases (pH and pL). (b) A Clapeyron diagram with the High- 
Temperature and Low-Temperature Salt (HTS and LTS) equilibrium lines plotted with the three defined temperature levels operating between two pressure 
levels depicted. 
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high-pressure phase conditions are reached, heat is delivered use-
fully (at TM) to the home for domestic space heating or hot water 
purposes from the LTS adsorption reaction.  

2 In the low-pressure phase (pL), refrigerant flow is in the opposite 
direction to the pH phase. Desorption takes place in the LTS, which 
starts off fully adsorbed, using heat from ambient (at TL) to drive the 
reaction and raise the pressure in the system. At the same time, 
adsorption takes place in the HTS, rejecting useful heat to the home 
(at TM). As such, pseudo-continuous heating can be achieved by 
extracting the adsorption heat during both phases. However, for 
continuous heating two reactor pairs should be operated out of phase 
with one another. 

As described previously in Atkinson et al. (2021), the temperature 
levels for a UK focused resorption heat pump system are well defined. 
The high temperature heat input, TH, is the temperature of heat deliv-
ered by a gas burner (170-200 ◦C). The medium temperature heat 
output, TM, needs to be sufficient to distribute hot water at 50 ◦C or 
above. Finally, the low temperature heat input, TL, is provided by the 
environment, which for Coventry, UK can be considered in the range - 10 
to + 10 ◦C. 

As detailed by Yang et al. (2020), the pressure during the LTS 
desorption reaction in the low-pressure phase at the highlighted tem-
perature range is critical to performance. Section 2.1 discusses salt 
choice for both the low-temperature and high-temperature salts, in 
addition to highlighting critical aspects to consider in selection. 

Refrigerant 

A discussion on salt selection is detailed in Section 2.1, but a note is 
made here as to refrigerant selection. Key desirable characteristics of a 
refrigerant are to have, amongst others, thermal stability, environmental 
harmlessness and it would ideally be non-toxic. Ammonia, methanol and 
water are frequently considered. Critoph (1989) considered ammonia 
and methanol to be the most suitable for refrigeration and heat pumping 
purposes, but with the instability of methanol above 120 ◦C, ammonia 
was determined to have the best potential for a heat pump system. 
Although toxic, ammonia systems compared to both water and meth-
anol, tend to operate at, or above, atmospheric pressure which is a 
benefit for mass transfer (Yang et al., 2020). 

Literature review 

The literature review details the origins of ammonia sorption before 
summarising examples of experimental works using ammonia-salt 
reactions. 

The chemical adsorption of ammonia with a halide salt was first 
noted by Faraday in 1823 when conducting an experiment with 
ammonia and silver chloride (Faraday, 1823). Although heat was pro-
duced during the reaction, with the abundance of fuel and reliable 
electrically driven vapour compression cycles (Critoph, 2012) through 
the 20th century, the development of solid sorption heat systems 
(storage, refrigeration, transformation and heat pumping) did not 
advance until the 1970/80 s in response to energy crises. 

Goetz et al. (1997) was one of the first researchers to use the term 
“resorption” in the context of solid sorption. In their paper a BaCl2/NiCl2 
resorption refrigerator (and air conditioner) was experimentally tested 
and simulated. The resorption system tested was subject to pressures of 
less than 1 bar, and the salts were hosted in a graphite matrix of 5–8 
W/(m⋅K). The paper provides a useful summary of selection criteria 
(elaborated on in this work in Section 2.1), as well as detailing the 
coupling of the heat transfer and reaction kinetics for a sorption system. 
Of importance in the paper is the concluding remarks of pressure equi-
librium drops at low pressures becoming the limiting process in the 
experimental work – a comment reiterated by subsequent researchers. 

The mass of salt involved in Goetz’s experiment was in the order of 

tens of grams in comparison to that of the experimental work by Lep-
inasse et al. (2001), who assembled a system containing 0.4 kg of PbCl2 
(LTS), coupled with 0.2 kg of MnCl2 (HTS) for cooling applications – 
more comparable in mass to the work conducted in this paper. Lepinasse 
used a resorption cycle solely for cooling, but by using PbCl2 as the LTS, 
although cooling production could be achieved at below 0 ◦C, a low 
cooling capacity was achieved because of the heavy molecular weight of 
PbCl2. 

Vasiliev et al. (2004) develop a resorption ‘heat pump’ based on 
BaCl2/NiCl2, in a four reactor configuration, for specific delivery of high 
temperature heat (steam at T = 120 – 130 ◦C) and chilled water (T = 3-5 
◦C). The salt in the experiment was embedded in a carbon fibre matrix to 
ensure fast heat and mass transfer to the reactive salt, as well as ensuring 
distribution of the salt throughout the matrix structure. Vasiliev sum-
marises that the low thermal conductivity of the salt and high expansion 
factor of the reaction with the gas are two important aspects that can 
reduce heat pump performance. Worsøe-Schmidt (1983), in an earlier 
paper, detailed the procedure for embedding CaCl2 in Portland cement, 
amongst other alternative solutions, to avoid significant swelling and 
contraction of the salt during the adsorption and desorption reactions. 
Gordeeva and Aristov (2012) summarise the importance of targeted 
design of composite salts inside porous matrices, addressing synthesis 
method, salt content and pore size. Additionally, the paper discusses the 
advantage of embedding BaCl2 in expanded natural graphite to prevent 
agglomeration and improve heat transfer to the reactive salt. 

Embedding or impregnating salt in a matrix was the technique used 
by van der Pal et al., where a metal foam was used as the matrix in a 
LiCl2 (LTS) and MgCl2 (HTS) resorption thermal transformer system 
(van der Pal et al., 2009). The system tested was cycled over 100 times 
and showed good cycle stability, however, with cycling times of nearly 
one hour being insufficient to complete the reaction and a lower than 
expected (estimated) thermal conductivity of the metal foam with salt 
matrix, van der Pal and Critoph (2017) investigated a salt impregnated 
in Expanded Natural Graphite (ENG). CaCl2 was used as the salt in a 
single reactor setup with a condenser and evaporator, for which the 
main conclusion was that the salt in ENG exhibited little to no hysteresis 
for the 4–8 reaction in both adsorption and desorption. Hinmers and 
Critoph (2019) and Atkinson et al. (2021), also used ENG in their testing 
of a number of different salts for resorption heat pump and heat trans-
formation applications, concluding the ENG is a highly porous and 
conductive structure that reduces agglomeration and shows promise for 
resorption systems with short cycle times. 

Oliveira et al. (2009) used a NaBr/MnCl2 salt pairing for an air 
conditioning system driven by low-grade heat. The salts were impreg-
nated in a graphite matrix (powder) and then consolidated into blocks. 
The salt pairing presented matches the work in this paper but focused on 
air conditioning and simultaneous heat and cold production. One of the 
main conclusions drawn from the work was that the ratio of metal 
(thermal mass) to the composite powder was too high and had a detri-
mental effect on the COP and cooling power of the system – for any solid 
sorption reactor this is a vital metric to monitor to attain a suitable 
power output. 

Li et al. (2010) continue work investigating BaCl2 and MnCl2 from Li 
et al. (2009), but this work focuses on the application in refrigeration, 
with comparisons drawn between adsorption and resorption cycles. 157 
g of MnCl2 and 130 g of BaCl2 are employed in the same reactor 
configuration as detailed in prior work by the same authors and using 
the same consolidated compound technique from Oliveira et al. (2009). 
For the same temperatures tested, the resorption refrigeration cycle is 
reported to have achieved shorter cycles times, which is attributed to the 
beneficial equilibrium drop conditions to drive the reactions. Limited 
dynamic data is used to report the COPs and only broad comparisons are 
drawn over the variation in COP resulting from the change in conversion 
of the reactions. 

In a later work, Li et al. (2011, 2013) investigate theoretically the 
principle of a two-stage desorption in the high-pressure phase of an 
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adsorption cycle, to lower the regeneration temperature. The work 
progresses and proposes a four-stage desorption cascading cycle, which 
seems at odds with the prior work on a simple adsorption cycle. If the 
prior work cannot prove the suitable utilisation of ammonia-salt re-
actions, then there is little point in pursuing a more complex cycle where 
thermal masses and sensible heats also scale with the increase in 
complexity. Li et al. (2013) also highlight that, for resorption systems, 
the heat output temperature fluctuates due to the oscillation of working 
pressure caused by the mismatch of the desorption and adsorption re-
action rates. Thus, it is difficult to keep a good match between demand 
and supply. An interesting characteristic of note when designing a 
system. 

Finally, Yang et al. (2020) provide a useful summary paper on 
sorption systems for “cold-climate heating”. In the paper, issues such as 
agglomeration, hysteresis, LTS desorption vapour pressure and matrix 
material are summarised, as well as a table detailing the experimental 
resorption systems of interest. Vasiliev and Oliveira are referenced 
(above) alongside work presented by Xu et al. (2011), for a 
NH4Cl/MnCl2 pairing. Although the reported COPs by Xu are reason-
able, the specific powers achieved are low, because one half cycle 
(high-pressure phase or low-pressure phase) was 6 h – i.e., 12 h for a 
complete cycle. 

Summary 

To summarise, ammonia-salt reactions in a resorption configuration 
offer a less complicated system compared to a traditional sorption sys-
tem (evaporator and condenser are replaced with a second adsorbent 
reactor) (Vasiliev et al., 2004). However, crucial to the successful real-
isation of these systems is the suitable design of a reactor (solid-gas heat 
exchanger) that overcomes heat and mass transfer limitations; therefore 
providing a good COP and specific power output (Goetz et al., 1993; 
Groll, 1993). 

The work presented here has taken an empirically informed 
approach to the design and manufacture of a proof-of-concept resorption 
heat pump. The LTS selected for the test aims to improve performance of 
the low vapour pressure desorption reaction, and both the LTS and HTS 
are impregnated into a highly conductive ENG matrix to ensure good 

heat transfer into the dispersed salt crystals. 
Although interest in sorption systems has grown significantly in 

recent years, there are a comparatively limited number of systems that 
have been taken to proof-of-concept completion and formally tested, 
and those that have often see issues with the designed reactor thermal 
mass and system cycle times. The research presented therefore aims to 
prove a sorption reactor (heat exchanger) design for ammonia-salt re-
actions that can achieve quick adsorbent cycling with a good COP and 
specific power output. 

Materials and methods 

Salt selection 

To determine a suitable salt working pair for the proposed ammonia- 
salt resorption system, the following factors need to be taken into 
consideration:  

• Defined temperatures based on application  
• Pressure levels  
• Salt ammonia uptake, density and overall suitability for use (e.g., 

toxicity, hazards) 

Using the temperature levels defined in Section 1.1, and the 
ammonia-salt equilibrium data for halide salts from (G.L. An et al., 2019; 
Neveu and Castaing, 1993; Lepinasse and Spinner, 1994; Li et al., 2014), 
a figure can be generated to inform salt pairing selection based on 
end-use application, Fig. 2. The basis of this temperature constraint 
methodology can be found in Neveu and Castaing (Neveu and Castaing, 
1993), but the additional analysis in considering uptake, density and 
solubility is vital for understanding in the design of a resorption system 
using a composite salt adsorbent. 

A note at this point on the advantage of resorption systems 
employing paired salts, rather than a salt paired with a condenser and 
evaporator. Not only does resorption remove the need for the expensive 
condenser/evaporator components, but resorption is theoretically sim-
ple with only two connected reactors; as can be seen in Fig. 2, there are 
also many salts which can be selected based on application. Finally, 

Fig. 2. Plot of ln(pressure) vs. − 1000/Temperature, with the temperature bands, TL (blue, left), TM (orange, centre) and TH (red, right) highlighted from Section 1.1. 
See Appendix A, Table 5. The legend works from left to right in the plot. 
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compared to pairing a HTS with a condenser/evaporator, a resorption 
system will operate at lower pressures. Take for example a medium 
temperature heat output at 60 ◦C, to condense ammonia the pressure is 
over 26 bar, whereas employing a salt such as sodium bromide (NaBr), 
the working pressure at the same temperature is around 12.5 bar, 
providing an inherent safety aspect. 

As detailed in Yang et al. (2020) one of the major limiting factors 
when considering a salt pairing for resorption heat pump applications is 
the ability of the LTS to desorb at low vapour pressures. 

Using Table 1 and Fig. 2, when considering the: reaction tempera-
tures; the uptake of the ammonia refrigerant onto the salt; hazards; and 
the need to design a compact reactor, the salts ammonium chloride 
(NH4Cl), lead chloride (PbCl2), sodium bromide (NaBr) and barium 
chloride (BaCl2) can be considered as suitable LTS candidates. Lead 
chloride is not considered further because of the hazards of using the 
salt, as well as poor solubility in water, which is important for the 
composite salt production method, Section 2.2. 

Comparing NH4Cl, NaBr and BaCl2, Hinmers and Critoph (2019) 
review the ammoniation of barium chloride and conclude that the salt is 
suitable for resorption heat transformation applications. However, in a 
resorption heat pump application during the low-pressure phase using 
an ambient heat input (TL), the desorption reaction of BaCl2 as a LTS 
would be at sub-atmospheric pressure, which would impact mass 
transfer during the reaction. Working at below atmospheric pressure not 
only causes mass transfer issues, but there is also the necessity to 
maintain a leak-free negative pressure system as any inward leak of air 
into the closed ammonia system could impact performance. NaBr and 
NH4Cl on the other hand offer desorption temperatures of 0 ◦C at, or 
above, atmospheric pressure. Atkinson et al. (2021) discuss the perfor-
mance of ammonium chloride, but highlight issues associated with up-
take into the composite matrix. When comparing tests conducted with 
NaBr using the same methods as described by Atkinson et al., because of 
the increased solubility in water, greater uptakes into the composite 
sample could be achieved, without seeing the impact of mass transfer on 
the results. In other words, the pressure changes are linear during the 
isothermal phase change indicating a heat transfer limited process, 
Section 3, whilst still maintain a high salt-to-ENG ratio. 

Based on the analysis above, as well as the discussion outlined in 
Yang et al. (2020), MnCl2 was selected as the high-temperature salt. 

Composite material preparation 

The MnCl2 and NaBr halide salts are impregnated in an Expanded 
Natural Graphite (ENG) matrix to address both conductivity issues with 
the salt adsorbent, as well as to reduce swelling or agglomeration of the 
salt (van der Pal and Critoph, 2017; Hirata and Fujioka, 2003). 

The ENG sheet, from which hexagonal or round disks are manufac-
tured, is a 10 mm thick SIGRATHERM graphite lightweight board of 150 
kg/m3 density. For tube-side LTJ tests, round disks which fit the internal 
diameter of a ½’’ tube are manufactured. The round disks, Fig. 3, have a 
1 mm central hole drilled for gas transport through the reactor (Hinmers 

and Critoph, 2019; Atkinson et al., 2021). For shell-side LTJ tests, hex-
agonal samples of 32 mm across flats (16 mm apothem) with a central 
hole to fit over a ½’’ tube are manufactured (Hinmers et al., 2022). 

After manufacture of the ENG disks (round or hexagonal), the 
method depicted in Fig. 3 is followed to produce the composite salt 
samples for either NaBr or MnCl2. 

The ENG disks are dried in an oven for a minimum of 30 min at 200 
◦C, Fig. 3(a), and then weighed immediately to avoid moisture uptake 
and to determine the ‘pure’ ENG mass, Fig. 3(b). The dried disks are then 
submerged in a salt solution, the strength of which predominantly de-
termines the salt uptake. The disks in salt solution are placed under 
vacuum conditions in a chamber for 24 h, Fig. 3(c), removed and finally 
dried in an oven to evaporate the water resulting in the final composite 
salt samples (composite samples or samples), Fig. 3(d). The sample mass 
is measured and compared with the ‘pure’ ENG mass to assess the salt 
uptake into the ENG matrix. An example of the hexagonal composite 
samples produced using the same method are shown in Appendix B, 
Fig. 25. 

After the second weighing to determine the salt uptake into the pure 
ENG, the samples (either tube-side round, or shell-side hexagonal) are 
placed in the appropriate reactor, Section 2.3.1, ready for Large Tem-
perature Jump (LTJ) analysis. 

Experimental and analysis method 

Large temperature jump 
The Large Temperature Jump (LTJ) technique has been used to 

assess composite salt characteristics in previous work at Warwick 
(Hinmers et al., 2022; Hinmers and Critoph, 2019; Atkinson et al., 2021; 
van der Pal and Critoph, 2017) and was originally developed by Aristov 
et al. (2008). LTJ experiments place composite salt samples inside a 
reactor (adsorbent solid-gas heat exchanger), of representative ‘unit cell’ 
size, connected to a large expansion vessel ammonia reservoir. As pre-
viously mentioned, the composite samples can be placed in either a shell 
or tube-side configuration, where the ‘shell’ or the ‘tube’ refers to the 
location of the composite samples in the reactor. Silicone oil or water 
can be used as the heat transfer fluid, providing representative tem-
perature heat inputs and flow conditions depending on the test condi-
tions. The heat transfer fluid is supplied to the reactor at a set 
temperature from a pair of Huber Ministat 240/240 w 
temperature-controlled circulator baths, and the temperature ‘jump’ is 
imposed on the composite sample by setting the baths to different 
temperatures and controlling the flow to the reactor. The flow to the 
reactor is controlled with a pneumatically operated valve manifold. In 
the tube-side reactor, the heat transfer fluid flows through the annulus of 
a double-pipe heat exchanger around a central tube that houses the 
round disk composite samples, Fig. 4; in the shell-side reactor, the heat 
transfer fluid flows through a central tube, around which the hexagonal 
disk samples are pushed onto the tube, Fig. 5. 

For the LTJ tests, once the composite samples are positioned in the 
reactor following the completion of the salt impregnation process, the 

Table 1 
Selected Low-Temperature Salt (LTS) information to inform selection in a resorption heat pump cycle with the three defined temperature levels.  

Salt 
(Mole change) 

M.W. 
(g/mol) 

Reaction Heat 
(ΔH)/(J/mol) 

NH3 Uptake 
(kgNH3/kgSALT) 

Salt per kgNH3 

(kgSALT) 
Density 
(kg/m3) 

VSALT per kgNH3 

(L) 
VRATIO (BaCl2 basis) 

(-) 
Water Solubility at 20 ◦C 

(/100 mL) 

KI (4–0) 166.00 32,015 0.410 2.437 3120 0.78 1.97 140.00 
LiBr (5–4) 86.85 33,689 0.196 5.099 3464 1.47 3.71 166.70 
NH4Cl (3–0) 53.49 29,433 0.955 1.047 1519 0.69 1.74 37.20 
PbCl2 (8–3.25) 278.10 34,317 0.291 3.438 5850 0.59 1.48 0.99 
CaI2 (8–6) 293.89 35,991 0.116 8.628 3960 2.18 5.50 66.00 
NaBr (5.25–0) 102.89 35,363 0.869 1.151 3210 0.36 0.90 90.80 
BaCl2 (8–0) 208.23 38,250 0.654 1.528 3856 0.40 1.00 35.80 
PbBr2 (5.5–3) 367.01 39,758 0.116 8.620 6660 1.29 3.27 0.97 
LiCl (4–3) 42.39 36,828 0.402 2.489 2070 1.20 3.03 78.50  
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Fig. 3. (a) Dried ENG disk samples (central hole drilled for thermocouple access and gas transport) (b) the mass of the disks is measured (c) ENG disks submerged in 
salt solution under vacuum conditions and (d) the final composite samples. 

Fig. 4. A cross-section CAD image of the dou-
ble pipe tube-side ‘unit cell’ reactor to house 
the round composite samples with a 1 mm 
central hole, Fig. 3(d). The composite salt is 
placed in the central tube as shown, with the 
heat transfer fluid (water or silicone oil) flow-
ing through the annulus formed between the 
outer ¾’’ shell and the central ½’’ tube. The 
thermocouples (TC) are shown for complete-
ness and the PTFE sections are used to reduce 
any ‘dead’ volume in the reactor to avoid 
pressure cycling (Atkinson et al., 2021).   
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ammonia-side is connected to the expansion vessels through a ½’’ 
Swagelok VCO face seal fitting, and then the vessels and reactors are 
evacuated and heated to remove any air or moisture. The reactor is then 
isolated, and the expansion vessels filled with ammonia. The expansion 
vessel temperature (and by extension the insulated cabinet) is controlled 
with a separate temperature-controlled circulator bath that pumps water 
through hose wrapping surrounding the expansion vessels, Fig. 6. Once 
the expansion vessel pressure is stable and the reactor has reached the 
suitable temperature setpoint based on the salt being tested, the reactor 
and the composite samples are exposed to ammonia. From this point, a 
series of LTJ tests are conducted using published equilibrium data as a 
reference, and through the analysis method, Section 2.3.2, and mathe-
matical model, Section 2.3.3, the sorption characteristics of the com-
posite salt can be found. 

The temperature and pressure sensors are connected to a National 
Instruments CompactDAQ for data acquisition, using LabView to display 
and save real-time data. 

The LTJ experimental setup subjects the composite samples to real-
istic pressure and temperature changes inside a ‘unit cell’ reactor that 

are representative of a larger reactor design. The tests provide an indi-
cation of the performance of the composite salt by enabling the identi-
fication of model constants and an understanding of the dynamic 
performance by showing the onset temperature of the adsorption and 
desorption reactions at different pressures. The LTJ test can also be 
modified to estimate the ‘true’ heat of reaction by disconnecting the 
expansion vessels from the reactor. Unlike in a LTJ test, the temperature 
change must be slow, allowing the reaction to track along the equilib-
rium isostere. The slow nature of the test allows the reaction taking place 
to track up and down the equilibrium line and a single value for the 
enthalpy (or heat) of reaction can be found. A cycle (desorption and 
adsorption) using this method can take several hours compared to an 
LTJ test which can see the composite salt cycling in minutes (typically 5- 
20 min depending on the sample). 

Analysis 
For the LTJ recorded data, the temperature and pressure are used to 

find the adsorption and desorption equilibrium line which show the 
reaction onset as described by the Clapeyron equation, Eq. (1). 

Fig. 5. A cross-section CAD image of the shell- 
side reactor with hexagonal composite samples 
placed around the central ½’’ tube. (left) The 
front view of the reactor illustrating the posi-
tion of the thermocouples (TC) which measure 
the tube wall temperature between the sets of 
composite samples, as well as showing the fluid 
inlet and outlet elbows. (right) A 90 ◦ rotated 
view to show the ENG TCs which are positioned 
in the flanges of the design, as well as the outlet 
on the shell-side to the ammonia expansion 
vessels.   

Fig. 6. Image of the Large Temperature Jump (LTJ) experimental setup in the tube-reactor configuration. An example of the shell-side setup can be seen in 
Appendix B, Fig. 26. 
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An example of a complete LTJ cycle output is shown in Fig. 7 for a 
tube-side sodium bromide sample. The temperature of the tube-side wall 
(driving temperature), the centre composite sample temperature and the 
pressure for the system are plotted. A superheat region prior to the 
isothermal phase change can be seen in Fig. 7, mirroring the behaviour 
seen by Hinmers and Critoph (2019). 

Fig. 8 shows an example of the same LTJ experiment for a shell-side 
test but note that the composite sample temperature is obtained from the 
two ENG thermocouples, touching the external surface of the samples, 
compared to a single thermocouple positioned in the centre of the 
samples for the tube-side reactor. The difference in setup can be seen in 
the cross-sectional images of the reactor in Section 2.3.1. 

As detailed in Atkinson et al. (2021), to determine the reaction onset 
equilibrium lines, for each adsorption and desorption reaction at the 
pressure setpoints tested, multiple adsorption and desorption datasets 

are analysed in MATLAB. Each dataset generates two linked graphs that 
provide the reaction onset conditions at a particular temperature and 
pressure, i.e., this generates one data point for an equilibrium line. By 
taking multiple points at each pressure across the tested range, the 
equilibrium points of the reaction can be plotted together on a single 
graph to be able to identify the equilibrium lines. An example of the 
linked data plots for an 8 bar adsorption reaction for a tube-side NaBr 
reaction is shown in Fig. 9. The results of the full analysis can be seen in 
Section 3. 

From the derivation of the Clapeyron equation, the assumption is 
that the adsorption and desorption processes are reversible. However, if 
(irreversible) hysteresis is found for the sorption reactions, the reaction 
enthalpy change for the ammonia-salt reaction cannot be calculated 
from the gradient of the reaction (non-) equilibrium lines obtained from 
the analysis detailed here. 

Fig. 7. An example of a tube-side reactor Large Temperature Jump (LTJ) output for sodium bromide. The tube-side wall, composite sample and Heat Transfer Fluid 
(HTF) temperatures are read from the left-hand y-axis and the system pressure from the right-hand y-axis. Plotted is a desorption reaction followed by an adsorption 
reaction, with the isothermal phase change regions clear on the green reactor centre temperature, during which there is a linear change in the pressure of the system. 

Fig. 8. An example of a shell-side Large Temperature Jump (LTJ) output for sodium bromide. The ENG top and bottom (composite sample), reactor wall and the Heat 
Transfer Fluid (HTF) temperatures are read from the left-hand y-axis and the pressure in the system on the right-hand y-axis. A desorption and adsorption reaction 
are plotted. 
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Mathematical model 
The LTJ results, once acquired, are the input into an empirically 

informed heat transfer and reaction kinetics model developed by 
Hinmers et al. (2022), that enable the dynamic response of the com-
posite salt samples to be understood. The reaction kinetics model is 
based on the linear form advancement equation summarised by Mazet, 
Amouroux and Spinner (Mazet et al., 1991), Eq. (2), 

dX
dt

= (1 − X)nA
(
pEQ − p

)

p
. (2)  

Where: X is the advancement of the reaction (0 to 1); p is the pressure; 
pEQ is the equilibrium pressure (calculated from the Clapeyron equation, 
Eq. (1)); and A and n are constants. Critoph et al. developed the 
advancement model into a physical adsorbent mass-based model, 
considering the mass of adsorbate in each state during the reaction. The 
main kinetic reaction equation for a single phase change (NaBr 5.25–0 
and MnCl2 6–2) in the mass-based model is as follows for desorption, 

dmSALTAtoB

dt
=(mSALTA+mSALTB)

(
mSALTA

mSALTA+mSALTB

)nAB

AAB

(
pEQAB − p

p

)

(3)  

and for adsorption, 

dmSALTBtoA

dt
=(mSALTA+mSALTB)

(
mSALTB

mSALTA+mSALTB

)nBA

ABA

(
pEQBA − p

p

)

(4)  

where A and B refer to masses of adsorbent associated with ⋅A mols and 
⋅B mols of adsorbed ammonia respectively. For sodium bromide, which 
reacts as ⋅5.25 NH3 - ⋅0 NH3, A = 5.25 and B = 0; for manganese chlo-
ride, which reacts as ⋅6 NH3 - ⋅2 NH3 for the reaction of interest in 
resorption heat pumps, A = 6 and B = 2. 

Note that an assumption of the derivation of the Clapeyron equation 
is that the processes are reversible. This implies that if (irreversible) 
hysteresis is present the reaction enthalpy cannot be calculated accu-
rately from the slope of the non-equilibrium reaction onset lines. 
Therefore, if results from the LTJ do not show a clear reversible process, 
then experiments need to be conducted with a minimal expansion vol-
ume to ascertain the ‘true’ heat of reaction (ΔH) for use in the Clapeyron 
equation and mathematical model, as described in Section 2.3.1. 

Hinmers et al. (2022) detail the derivation of the adsorption and 
desorption heat transfer equations using an unsteady application of the 
first law for each composite sample control volume. The heat transfer 
model considers the change in internal energy of the composite sample 
(ENG and salt), ammonia adsorbate and gas within the volume, as well 
as the enthalpy flows of gas entering or leaving the reactor volume to the 
expansion vessel. Refer to the above reference for a summary of the 
equations which are not repeated for brevity. 

In the mathematical model for each timestep, the temperature 
change in each control volume is calculated and a corresponding 
quantity of sensible heating and adsorption or desorption of ammonia is 
determined. 

The model requires the identification of five modelling parameters to 
match the model output to the experimentally obtained LTJ data. The 
five parameters are:  

1 Thermal conductivity of the ENG, kENG = 26 W/m⋅K, from the 
datasheet (SGL Carbon).  

2 Wall heat transfer coefficient, characterised by an ammonia gas gap 
between the tube-side, or shell-side wall and the composite sample  

3 Fraction of the salt accessible to the reaction, referred to as the active 
fraction  

4 Arrhenius (A) constant term from Eqs. (2)-(4)  
5 Pseudo-order of reaction constant term (n) from Eqs. (2)-(4). 

Note that for 4 & 5, the constants are different for adsorption and 
desorption, but once identified the values remain constant across the 
pressure range tested. 

Large temperature jump results 

Low-Temperature salt – sodium bromide (NaBr) 

Equilibrium line 
Using the analysis methodology outlined in Section 2.3.2, by taking 

multiple adsorption and desorption reactions at different pressures, the 
reaction equilibrium onset can be identified by plotting the data points 
and drawing a line of best fit through the data. The result of this analysis 
can be seen in Fig. 10, where the adsorption and desorption reaction 

Fig. 9. An example of the two MATLAB plot outputs with a linked datatip readout for a NaBr tube-side adsorption reaction at approximately 8 bar with a temperature 
jump of 60 ◦C to 35 ◦C. (a) Plot of the composite sample temperature (K) against time (s) with the start of the isothermal phase change highlighted—in this case at 
48.501 s and 319.89 K. (b) Plot of ln(p) (Pa) versus − 1000/T (1000/K) with the onset of adsorption clear with a sharp change in ln(p) value indicating the onset of 
the adsorption reaction. 
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onset can be clearly seen, with a small hysteresis band between the two. 
The region between adsorption and desorption has been well docu-
mented in previous research (Mazet et al., 1991; Furrer, 1980; Goetz and 
Marty, 1992; An et al., 2019), being referred to as a pseudo-equilibrium 
or hysteresis region. For sodium bromide this hysteresis has not previ-
ously been reported and is useful in understanding the reaction tem-
peratures of the LTS in a resorption heat pump design. 

For the heat of reaction, because of the parallel nature of the lines, 
when taking an average of the reaction enthalpies and entropies, a close 
match to the data obtained in Bao and Wang (2010) is found, providing 
confidence in the heat of reaction result. A graph showing the single heat 
of reaction ‘true’ equilibrium line is in Appendix C, Fig. 27. 

The final values for the enthalpy and entropy of reaction onset and 
the overall heat of reaction for sodium bromide are: 

Adsorption onset : ΔHADS = 30102.5 J/mol; ΔSADS = 207.7 mol⋅K.

Desorption onset : ΔHDES = 30, 216.4 J/mol; ΔSDES = 206.8 mol⋅K.

ΔHREACTION = 30, 159.5 J/mol
.

Model outputs and equation constants 
Table 2 shows the identified model parameters, Section 2.3.3, which 

match across the tube- and shell-side LTJ tests, with the graphical out-
puts from the program shown in the following tube-side and shell-side 
sections. 

Tube-side. For the tube-side tests, the prepared round composite sam-
ples, Fig. 3(d), contained 0.656 g of ENG and 1.140 g of sodium bromide, 
with tests ranging from 0.8 to 8 bar. 

With the identified model constants, Table 2, a selection of the 
MATLAB® model outputs for an 8 bar and 4.5 bar test in both adsorption 
and desorption are shown in Fig. 11. 

In both adsorption and desorption, there is a good match regarding 
the reaction temperature, with the simulated isothermal phase change 
temperature matching closely to that of the experimentally obtained 
data. The difference in the gas ‘gap’ between adsorption and desorption, 
which characterises the heat transfer coefficient, is attributed to the 
swelling and contraction of the salt composite during adsorption and 
desorption inside the central tube. 

Across the adsorption tests, the temperature and pressure profiles 
match well, whereas in desorption there are slight variations. In 
desorption, the match across the pressure change is good and the 
simulated pressure profile is representative of the experimentally 
observed data. At the beginning of the temperature profile, there is a 
difference in the simulated and experimental rise towards the isothermal 
phase change and, on arriving at the isothermal phase change, there is a 
superheat region in a similar way to that reported by Hinmers and 
Critoph (2019). Although present, the superheat region does not affect 
the ability of the model to predict the reaction temperature onset. 

Following the phase change region in desorption, the simulated 
trend matches well to that of the experimental data. The experimental 
temperature profile does appear to indicate a second isothermal phase 
change region, however, there is not a corresponding change in the 
pressure rise as reported by Hinmers et al. (2022) for CaCl2. Therefore, 
the reaction can be considered to be advancing as anticipated from 5.25 
to 0 mol as reported in literature. 

Shell-side. For the shell-side tests, the prepared hexagonal composite 
samples contained 4.643 g ENG and 7.952 g of sodium bromide. The 
tests were conducted with a CALGAVIN hiTRAN® tube insert to improve 
fluid to wall heat transfer and the pressure range tested was 3 to 8 bar. 

The model constants remain the same from the tube-side to the shell-   

Fig. 10. Scatter graph for the adsorption (orange and round markers) and desorption (blue and square markers) across the sodium bromide tube-side sample set 
tested. A linear regression line (dotted line) is plotted through the data set; the fits of 0.999 and 0.997 respectively for adsorption (left) and desorption (right) indicate 
a strong positive correlation. The resulting line of best fit equation is also displayed, from which the ΔH and ΔS values are found. 

Table 2 
Model constants used in the analysis of the sodium bromide LTJ tests. A and n 
remain the same for the tests, with the ‘gap’ changing because of the difference 
in the tests being conducted.  

LTJ Test Gas gap (influences the 
heat transfer coefficient) 

AADS nADS ADES nDES Active 
Fraction 

Tube-side 
Adsorption: 0.150 mm 

1 3 5 4 0.95 
Desorption: 0.125 mm 

Shell-side Adsorption: 0.005 mm 
Desorption:  
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Fig. 11. Model outputs for a tube-side LTJ test at: 8.0 bar in (a) desorption and (b) adsorption; and 4.5 bar in (c) desorption and (d) adsorption.  

Fig. 12. Model outputs for a shell-side LTJ test at: 7.0 bar in (a) desorption and (b) adsorption; and 4.3 bar in (c) desorption and (d) adsorption.  
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side, providing confidence in the results. Pressure tests in the 5 to 7 bar 
and 3 to 4 bar range are shown for both adsorption and desorption in 
Fig. 12. 

As with the tube-side tests, the reaction isothermal phase change 
temperature is predicted well with a match on the pressure rise, or fall, 
in desorption and adsorption respectively. 

High-Temperature salt – manganese chloride (MnCl2) 

The equilibrium analysis for manganese chloride in the shell-side 
reaction has previously been published. Refer to the graphs plotted in 
(Hinmers et al. (2022), alongside the data published in Table 2 and 
Table 3 of the same work, some of which is repeated in Table 3 in this 
work for ease of reference. The enthalpy of reaction, model constants 
and details of the dynamic response of manganese chloride composite 
samples are reported. 

Composite salt stability 

From the tests across barium chloride (Hinmers and Critoph, 2019), 
ammonium chloride (Atkinson et al., 2021), calcium chloride (Hinmers 
et al., 2022), manganese chloride (Hinmers et al., 2022) and sodium 
bromide (this work), although swelling of the samples has been 
observed, across hundreds of LTJ cycles in adsorption and desorption 
there has been no evidence of agglomeration or composite salt perfor-
mance degradation. 

Additionally, from tests conducted by van der Pal and Critoph (van 
der Pal and Critoph, 2017) for a CaCl2–NH3 adsorption heat 

transformer, for which the salt composite was manufactured with the 
same salt impregnation technique and ENG host matrix, there was no 
evidence of performance degradation from the salt composite. This 
provides confidence in adsorbent stability for future resorption tests, 
although future work, Section 6.1, should be conscious of any potential 
long-term performance changes during resorption testing. 

Heat transfer enhancements 

First, the ‘fit’ and contact of the hexagonal composite samples has 
been improved by creating a tighter fit of the samples over the ½’’ tube. 
A tighter fit was achieved by manufacturing samples with a smaller 
central hole such that when pushing the samples onto the tube, the in-
ternal diameter of the sample was partially compressed. The progress 
towards a final central hole diameter was conducted methodically and is 
described in (Hinmers et al., 2022). In addition to improving the fit, to 
aid both the manufacturing process and the heat transfer from the tube 
to the composite samples, a graphite coating was applied to the outside 
of the tube wall. The application of the graphite spray provides a 
manufacturing improvement for the resorption reactor design, by 
providing a lubricating layer that reduces the failure rate of samples 
when being pushed onto the tube, Fig. 13(a). The graphite spray also 
provides a highly conductive coating onto the tube wall itself, as illus-
trated by Fig. 13(b), enhancing the heat transfer. 

Second, the heat transfer from the fluid to the tube was also 
enhanced through introducing CALGAVIN hiTRAN® Thermal System 
tube inserts (CALGAVIN 2022) to the inside of the tube. For the 
single-phase fluid flow, the wire turbulators introduce turbulence into 
the flow regime to encourage greater mixing and therefore higher rate of 
heat transfer. 

Theoretical performance 

To assess the expected performance of the proposed resorption heat 
pump system, a number of calculations can be considered, first for the 
overall coefficient of performance (COP) for heating without consid-
ering the thermal mass of the system, and then also considering the 
composition of a unit cell, Fig. 14, of the proposed heat exchanger 

Table 3 
Model constants used in the analysis of the manganese chloride LTJ tests. A and 
n remain the same for the tests, with the ‘gap’ changing because of suspected 
swelling of the manganese chloride salt in the matrix.  

LTJ Test Gas gap (influences the 
heat transfer coefficient) 

AADS nADS ADES nDES Active 
Fraction 

Shell-side 
Adsorption: 0.032 mm 

2 3 3 3 0.8 Desorption: 0.020 mm  

Fig. 13. (a) An image and (b) a thermal camera capture of the shell-side reactor setup without the central body section, Fig. 5 and Fig. 26. The flanges are secured 
with two lengths of threaded bar with water flow through the central tube in the same manner as normal LTJ shell-side tests. 
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design, Section 4. 
The equation for the basic COP calculation for a single effect 

resorption system is (Vasiliev et al., 2004), 

COP =
Heat Ouput
Heat Input

=
ΔHHTS + ΔHLTS

ΔHHTS
= 1 +

ΔHLTS

ΔHHTS
. (5) 

A unit cell of the reactor design is shown in Fig. 14, and a modified 
COP which considers the thermal mass of the stainless steel, water as 
well as gas heating, or cooling, provides a more complete analysis of the 
predicted performance at the defined temperature levels, Eq. (6). Q#R 
refers to the reaction heat, Q##s refers to the sensible heat required to 
raise the reactor thermal masses to the required temperature for reaction 
and Qgas, hot or cold is the heat required to raise or lower the temperature 
of the ammonia gas from one reactor temperature to the other. The 
numbers (#) are referring to the four numerically labelled points in 
Fig. 15 and an example of the calculated pressure and temperature 
conditions is shown in Fig. 16. 

COPTM =
Heat OutputTM+R

Heat InputTM+R
=

Q2R + Q4R + Qgas, hot + Q34s

Q3R + Q12s + Q43s + Qgas, cold
(6) 

The ratio of salt to ENG, SS and water is based on the average 

manufactured hexagonal sample placed in the reactor for the manu-
factured proof-of-concept resorption heat pump. 

Raldow and Wentworth (1979) concludes that chemical heat pump 
systems are an easily regulated system (simple valve control in the gas 
line) and that since system energy is stored in chemical form the only 
thermal losses are that of sensible heat, which for small temperature 
differences are moderate. With this in mind, taking into account the 
thermal masses here in Fig. 16 and in the theoretical ideal ‘second-law’ 
COP calculation from Eq. (5), the ‘second-law’ efficiency obtainable 
from the system without heat recovery is 82% (=1.35/1.64), for these 
conditions. 

Although 82% ‘second-law’ efficiency is promising as a technology, 
there will be further additional losses in the system. For example, the 
influence of the shell is not considered in the thermal mass analysis, so 
an anticipated drop in the performance of the resorption system is ex-
pected. To minimise the impact of the shell cycling, an internal folded 
sheet, Fig. 17, was incorporated into the sorption heat exchanger design, 
with the aim to reduce the heat loss from any gas flowing inside the 
triangular channels created by the hexagonally packed design inside the 
shell, Fig. 18. To monitor the shell cycling and therefore the influence on 
performance, surface thermocouples are adhered to the external surface 
of the shell with the change in temperature at lengths along the shell 
monitored to ascertain the extent to which the thermal mass of the shell 
changes in temperature. 

Further details of the design and manufacture of a proof-of-concept 
resorption heat pump system, as well as the sorption heat exchanger 
design are discussed in the following section. 

Design and manufacture 

The reactor and overall rig design detailed in this section builds on 
the work summarised in Hinmers et al. (2022). In the paper by Hinmers 
et al., the identification of a 16 mm apothem (32 mm across flats) 
hexagon size around a ½’’ (12.7 mm) tube was identified to attain the 
best COP values for a suitable specific mean power. A target of 1 kW/L 
was designed for, and the reactor cross-section is as depicted in Fig. 18. 

Heat transfer enhancements for the sorption heat exchanger have 
already been discussed in Section 3.4, but the remaining details of the 
design are now discussed. 

Reactors 

The reactor design frontal cross section, which has the heat transfer 

Fig. 14. ENG-salt and stainless steel ‘unit cell’ used in the COP calculations. 
The 16 mm apothem (32 mm across flats) composite sample fits over a ½’’ 
(12.7 mm) stainless steel tube of 1.2 mm thickness, through which flows the 
heat transfer fluid (HTF), which in the case of the proof-of-concept resorption 
design is pressurised water. 

Fig. 15. Simple Clapeyron graph showing the ammonia-salt equilibrium lines for the low and high temperature salts with the four highlighted reaction points during 
the two pressure phases. The blue and red arrows at points 1 and points 3 show the low and high temperature heat inputs, and the amber arrows at points 2 and 4 
show the medium temperature heat outputs. 
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fluid flowing through the tube-side and the composite samples on the 
shell-side (ammonia-side), can be seen in Fig. 18 and the longitudinal 
cross section in Fig. 19. 

The overall design consists of seven identical hexagonal composite 
sample stainless steel tube sections packed into a stainless-steel shell. 
The tubes are ½’’ in diameter with a 1.24 mm wall thickness. The 
composite samples are hexagonally cut to ensure a compact 

arrangement in the shell, with a 2 mm gas gap between each neigh-
bouring hexagonal section – the design is as such to avoid mass transfer 
issues seen in similar reactor designs (Metcalf et al., 2021). Seven tubes 
are arranged inside a 4.5′’ stainless steel shell. An endplate is welded to 
the tubes protruding at each end of the reactor to which a heat transfer 
fluid manifold plate is welded. The manifold has three aspects, the flat 
plate welded to the end of the seven tubes, an orifice plate to control the 
flow to the central tube and a channel plate that seals onto the flat plate 
with O-rings and distributes the pressurised water to all seven tubes. An 
endplate is welded to the inside diameter of the shell to create a com-

Fig. 16. Example output from resorption COP calculator using single heat of reaction lines for both salts on a Clapeyron diagram. COPIDEAL from Eq. (5) = 1.64, and 
considering thermal massed from Eq. (6), COPTM = 1.35. 

Fig. 17. Front view to the inside of the MnCl2 HTS reactor prior to assembly. 
The folded sheet is visible and held in place by two rings at either end of the 
folded sheet section. The folded sheet aims to minimise heat loss by creating a 
stagnant ammonia gas layer at the inside face of the shell. 

Fig. 18. Frontal cross section through the reactor showing the arrangement of 
the seven tubes, ENG and shell with key dimensions detailed. 
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plete pressure vessel, Fig. 19 and Fig. 20. The pressure vessel thickness 
(shell and endplates) has been designed for the pressures expected 
during resorption. 

From the LTJ tests conducted, the reactions are completing in mi-
nutes (rather than hours seen in other research) and therefore when 
considering potentially high flow velocities of ammonia at low pressures 
and temperatures, when the density of the gas is at its lowest, an addi-
tional void space was added to improve the gas flow through the system. 
The void space also allows for any potential expansion of the composite 
samples during adsorption and desorption, as previously reported 
(Hinmers et al., 2022; Hirata and Fujioka, 2003). The 2 mm spacing 
between hexagonal sections also aids with any potentially high flow 
velocities of the ammonia during the reaction. 

Manufacture 

Manufacture of the reactors has involved two machining stages for 
the stainless-steel elements of the reactor to match the designed di-
mensions, as well as three welding stages. 

The composite samples have been manufactured using the same 
method described in Section 2.2, with production scaled up to produce 
180 samples at a time. The key reactor masses of interest are summar-
ised in Table 4. 

An example of a completed set of seven tubes with the composite 
samples in position around the central tube is shown in Fig. 20(a), with 
the arrangement inside the shell in Fig. 20(b). Each composite sample 
was pushed onto the tube individually, aided by the graphite spray layer 
on each tube for ease of manufacture. 

Resorption rig 

To incorporate the reactors in a resorption proof-of-concept system, a 
compact test rig has been designed to house the reactors and to analyse 
the performance. Fig. 21 shows the arrangement for the ammonia-side 
of the designed system, showing the arrangement of two salt reactors, 
an ammonia flow metre, pressure transducers and valves to shut off and 
fill the system. 

On the fluid side, the system makes use of the ThermExS thermal test 
facilities at Warwick (Sustainable Thermal Energy Technologies (STET) 
2019) to provide the desired temperatures and drive the resorption re-
actions. The fluid loops flow through a set of flow meters and the inlet 
and outlet temperatures to each of the reactors is also measured. The 
recording of the mass flow and temperatures on the inlet and outlet 
ensures an accurate heat balance can be calculated on the reactors. 

The pressure transducers installed on the system have been dead-
weight pressure tested and the outputs from the Class A PT100s, used on 
the inlet and outlet of the fluid flow to the reactors, have also been 
checked at temperatures anticipated to be seen in resorption testing. 

A LabView sensing and control program has also been developed to 
provide live monitoring and data logging of the temperatures, pressures 
and flow rates. 

Overall, the system design provides a compact proof-of-concept test 
bench to be able to test modular reactor designs for both resorption heat 
pump and heat transformer applications. (Fig. 22). 

Data acquisition and initial ammonia fill 

Sodium bromide reactor (LTS) 

The first test of the proof-of-concept resorption test rig was in the 

Fig. 19. An overall cross section through the reactor design showing the 3D view and the number of packed composite samples, the two ammonia outlets and the 
tubes in the endplates at the end of the shell. 

G.H. Atkinson et al.                                                                                                                                                                                                                            



Cleaner Energy Systems 6 (2023) 100082

16

Fig. 20. (a) Image showing seven ENG-salt (composite sample) tubes for the NaBr low temperature salt reactor. For reference a single hexagonal composite sample is 
32 mm across flats and approximately 9.5–10 mm thick and (b) the complete assembly arrangement prior to the first welding stage – for dimensions of the reactor 
refer to Fig. 18. 

Table 4 
Summary table detailing the key characteristics of the sodium bromide (LTS) and manganese chloride (HTS) reactors as manufactured.  

Reactor Detail NaBr Reactor (LTS)  MnCl2 Reactor (HTS) 

Overall length / (m) 0.51  0.68 
Shell mass / (kg) 3.28  4.88 
Tube mass (7 tubes) / (kg) 1.23  1.65 
Manifold mass (qty. 2) / (kg)  1.32  
Endplate mass (qty. 2) / (kg)  0.39  
Misc. masses / (kg) 0.47  0.61 
ENG mass / (kg) 0.41  0.54 
Salt mass / (kg) 0.63  0.86  
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filling of the first manufactured reactor – the NaBr LTS reactor. The 
filling test gave an opportunity to control the temperature of the flow 
through the HTF-side of the reactor, whilst data logging the temperature 
and mass flow of the pressurised water through the system. Additionally, 
and more importantly, the ammonia mass flow readings were recorded 
to check that the fill mass measured on the scales from the ammonia 
bottle matched the integrated mass flow signal from the flow metre 
(within acceptable experimental expectations). 

Fig. 23 shows the ammonia mass flow metre output during the flush, 
vacuum and filling procedures for the NaBr reactor. 

Based on the mass change of the ammonia bottle on the weighing 
scales before and after filling, the mass of ammonia filled in the LTS 
reactor was 440 gNH3. Based on the integration of the signal in Fig. 23, 
the filled mass was 439.2 gNH3, less than a 1% difference. This result is 
very satisfactory, demonstrating the accurate measurement of the mass 
flow from the metre – which will be vital in the performance analysis of 
the overall resorption system. 

An overall heat balance was also conducted on the fill region based 
on the thermal masses of the system and the NaBr salt reacting with the 
ammonia, which was compared to the integrated heat balance for the 
reactor. The results gave a satisfactory result, with values that were with 
1% of one another. 

Manganese chloride reactor (HTS) 

A similar test of the ammonia mass flow metre was conducted with 
the manganese chloride reactor, however, with the nature of resorption 

Fig. 21. CAD layout of the ammonia-side connecting the two reactors to one 
another. The MnCl2 reactor is situated beneath the NaBr reactor and the con-
necting pipework between them has a Coriolis flow metre, pressure transducers 
and a thermocouple to measure ammonia flow, pressure and gas temperature. 
The frame and heat transfer fluid (HTF) side have been omitted for clarity. 

Fig. 22. Image of the proof-of-concept resorption experimental rig in front of the ThermExS thermal test facilities at Warwick, prior to manufacture of the ENG-salt 
sections and subsequent welding of the reactors. 
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having one reactor ammoniated and the opposite reactor fully de- 
ammoniated, the MnCl2 reactor was flushed with ammonia, rather 
than filled, and then evacuated. During the flush, again the ammonia 
bottle mass was monitored with the mass difference compared against 
the integrated signal from the Coriolis mass flow metre, Fig. 24. The 
mass difference of the bottle was 50 gNH3, which was matched by the 
integrated signal of 50.1 gNH3. 

Conclusions 

A proof-of-concept resorption system has been designed, manufac-
tured and commissioned, with the first tests of the system being to assess 
the ammonia mass flow metre during filling and flushing of the LTS 
(sodium bromide) and HTS (manganese chloride) reactors. The validity 
of the ammonia mass flow data acquisition was checked against the 
physical measurement of the ammonia bottle mass when filling and 

Fig. 23. Plot showing the ammonia mass flow rate versus time for the flushing, vacuum down and filling procedure for the sodium bromide LTS reactor. When 
integrating the ‘fill region’ signal, the filling mass matches that of the difference in mass of the ammonia bottle used to fill the rig. 

Fig. 24. Plot showing the ammonia mass flow rate versus time for the flushing of the manganese chloride HTS reactor. When integrating the ‘fill region’ signal, the 
filling mass matches that of the difference in mass of the ammonia bottle used to flush the reactor. 
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flushing the LTS and HTS reactors respectively. 
The reactor (sorption heat exchanger) design has been informed by 

experimental analysis of Large Temperature Jump (LTJ) tests of the 
ENG-salt composite in a representative ‘unit cell’ reactor – subjecting the 
composite samples to conditions expected to be experienced in the full- 
scale resorption tests. The HTS (MnCl2) results have been reproduced 
from (Hinmers et al., 2022) for completeness, with the LTS (NaBr) re-
sults reported in this work. The sodium bromide results show a marginal 
hysteresis band not seen in prior studies and the final reported adsorp-
tion and desorption enthalpy and entropy values for the ‘equilibrium’ 
line are as follows: ΔHADS = 30,102.5 J/mol; ΔSADS = 207.7 J/(mol⋅K); 
ΔHDES = 30,216.4 J/mol; and ΔSDES = 206.8 J/(mol⋅K). Modelling 
constants are also reported. 

Future work 

Future work on the resorption heat pump system will be to operate at 
a series of temperature conditions for the three defined working tem-
perature levels described in this work. The results will enable the per-
formance (COP and power) of the system to be analysed under steady 
state conditions. Analysis of the COP and power will inform the overall 
system performance against initial calculations and enable refinement of 
system cycle times to reach an optimum operating condition. 

Analysing the results will also provide insight into the impact of the 
thermal masses in the reactor design on the COP, which may offer the 
biggest limitation on the successful performance of the resorption heat 
pump system. Additionally, with the welded reactor design, although 
the approach ensures that endplates and manifold thermal masses can be 
comparatively small compared to that of a flanged reactor design, the 
state of the composite salt adsorbent cannot easily be inspected. 
Therefore, insight into the state of the composite salt as future resorption 
tests progress may be missed and remarks on composite salt cycle sta-
bility may not be able to be drawn conclusively. 
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Appendix A 

Halide Salt ΔH and ΔS Values 

Table 5 
Data collated from (G.L. An et al., 2019; Neveu and Castaing, 1993; Lepinasse and Spinner, January 1994; Li et al., 2014) to generate Fig. 2.  

Salt M.W./(g/mol) Reaction Heat (ΔH)/(J/mol) Reaction Entropy (ΔS)/(J/(mol⋅K)) 

NH3 L/V 17.03 22,863 191.6 
KI (4–0) 166.00 32,015 219.8 
LiBr (5–4) 86.85 33,689 225.9 
NH4Cl (3–0) 53.49 29,433 207.9 
PbCl2 (8–3.25) 278.11 34,317 223.6 
CaI2 (8–6) 293.89 35,991 229.3 
NaBr (5.25–0) 102.89 35,363 225.2 
BaCl2 (8–0) 208.23 38,250 232.4 
PbBr2 (5.5–3) 367.01 37,665 229.4 
LiCl (4–3) 42.39 36,828 224.6 
BaI2 (6–4) 391.14 46,454 231.6 
BaI2 (4–2) 391.14 47,291 230.3 
MnCl2 (6–2) 125.84 47,416 228.1 
CaBr2 (6–2) 199.89 48,965 230.4 
FeCl2 (6–2) 126.75 51,266 228.0  
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Appendix B 

Shell-side Reactor Reference Images 

Fig. 25. Example of the hexagonal composite salt samples produced using the method described in Section 2.2.  

Fig. 26. The Large Temperature Jump (LTJ) shell-side experimental setup.  
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Appendix C 

Sodium Bromide Heat of Reaction 
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