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Abstract 

 

Thermochemical Sorption Systems can provide multiple functions, including storage of low-

grade thermal energy, heat upgrade, cold production and provision of power when coupled with 

adequate turbomachines. As such, they have the potential to play a significant role in the 

decarbonization of industrial processes whose energy demand is dominated by thermal needs. 

Thermochemical Resorption Systems exploit two reversible solid-gas chemisorption reactions 

to store thermal energy in the form of chemical potential during the charge phase, while 

producing cold and/or heat during the discharge phase. This work investigates the performance 

of a thermochemical resorption system for recovery and storage of low-grade heat and 

cogeneration of cold and power through a scroll expander (TRSC). The work focuses on the 

study of dynamic performance and addresses the relationship between components behavior 

and system performance. 

A series of metal chlorides – NH3 reactions to be employed in the TRSC under investigation 

have been evaluated. The performance analysis of different TRSC configurations suitable to 

meet the requirements of cold and work production of 120 kWh and 12 kWh respectively, with 

a hot source temperature in the range of 100-200 ℃ has been carried out. Firstly, the efficiency 

of the ideal thermodynamic cycle was investigated. Subsequently, the system performance 

including the effective thermal masses of the sized reactors was analyzed in the steady state 

case. A dynamic model accounting for the effects of chemical reaction kinetics within such a 

system was implemented for the first time. The dynamic model was used to explore the transient 

behavior of relevant quantities, as well as the impact of operating parameters on the cycle time. 

The thermodynamic efficiency of the ideal cycle revealed to be higher for TRSC configurations 

adopting lower hot source temperature and higher expander pressure ratio. The system energy 

efficiency ranges between 0.19 and 0.57, with a maximum energy density of 91.7 kWh/m3. The 

intrinsic property of the solid/gas reaction that mostly affects the efficiency loss between ideal 

and sized system due to thermal masses was found to be the specific adsorption capacity. The 

dynamic analysis showed that selecting an expander pressure close to the maximum admissible 

value causes the reaction charge time to increase drastically. Moreover, imposing a larger 

pressure difference between the two reactors prior to adsorption/desorption allows to reduce 

the reaction discharge time.  

  



 

VI 

Motivations for the present work 

1) Study the influence of cycle parameters and intrinsic properties of solid/gas reactions 

on the steady state performance of the TRSC. 

2) Build a dynamic model for TRSC to investigate the transient evolution of relevant 

physical quantities. 

3) Address the relationship between dynamic system performance and components 

behavior of TRSC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



 

 VII  

Table of Contents 

ACKNOWLEDGEMENTS .................................................................................................... III 

ABSTRACT ............................................................................................................................. V 

LIST OF FIGURES ................................................................................................................ X 

LIST OF TABLES .............................................................................................................. XIII 

NOMENCLATURE ............................................................................................................ XIV 

1. INTRODUCTION ............................................................................................................. 1 

1.1 LOW-GRADE HEAT RECOVERY: AN OPPORTUNITY FOR DECARBONIZATION .................. 1 

1.2 BARRIERS TO LOW-GRADE HEAT EXPLOITATION ............................................................ 2 

1.3 OVERVIEW ON LOW-GRADE HEAT APPLICATIONS ........................................................... 4 

1.3.1 ORC ................................................................................................................................ 5 

1.3.2 KALINA CYCLE ................................................................................................................ 5 

1.3.3 THERMAL ENERGY STORAGE (TES) ................................................................................ 6 

1.3.4 VAPOR COMPRESSION CYCLE ........................................................................................... 7 

1.3.5 SORPTION TECHNOLOGY .................................................................................................. 8 

1.4 SOLID/GAS ADSORPTION TECHNOLOGY............................................................................ 9 

1.4.1 THERMOCHEMICAL SORPTION CYCLES .......................................................................... 10 

1.4.2 THERMOCHEMICAL RESORPTION CYCLES....................................................................... 14 

1.4.3 COMMENTS ON SOLID/GAS ADSORPTION CYCLES ........................................................... 15 

1.4.4 SORPTION TECHNOLOGY FOR COMBINED POWER AND COLD: LITERATURE REVIEW ........ 16 

1.5 MOTIVATIONS FOR THE PRESENT WORK ........................................................................ 17 

2. SYSTEM DESCRIPTION .............................................................................................. 19 

2.1 TRSC............................................................................................................................... 19 

2.2 CHEMISORPTION NON-EQUILIBRIUM REACTIONS .......................................................... 21 

2.2.1 OPERATING PRINCIPLES OF TRSC WITH NON-EQUILIBRIUM REACTIONS ........................ 22 

2.3 SYSTEM COMPONENTS .................................................................................................... 24 

2.3.1 ADSORPTION BED .......................................................................................................... 24 

2.3.2 SCROLL EXPANDER ........................................................................................................ 26 

2.4 POTENTIAL APPLICATIONS ............................................................................................. 26 

2.4.1 WASTE HEAT RECOVERY ............................................................................................... 27 

2.4.2 SOLAR THERMAL APPLICATION ...................................................................................... 28 



Table of Contents 

VIII 

3. METHODOLOGY .......................................................................................................... 31 

3.1 THERMODYNAMIC CYCLE ............................................................................................... 31 

3.1.1 SOLID/AMMONIA CHEMISORPTION REACTIONS .............................................................. 31 

3.1.2 THE NEVEU METHOD ..................................................................................................... 33 

3.1.3 CYCLE IMPLEMENTATION .............................................................................................. 34 

3.1.4 ENERGY EQUATIONS ...................................................................................................... 37 

3.2 SYSTEM STEADY STATE (SIZING) .................................................................................... 39 

3.2.1 THERMAL MASSES ......................................................................................................... 40 

3.2.2 SYSTEM TOTAL SIZE ....................................................................................................... 42 

3.2.3 VALIDATION OF THE STEADY STATE MODEL .................................................................. 43 

3.3 DYNAMIC MODEL ............................................................................................................ 45 

3.3.1 PREHEAT AND PRECOOL INTERMEDIATE STEPS .............................................................. 46 

3.3.2 REACTION CHARGE PHASE ............................................................................................. 48 

3.3.3 THE EFFECT OF THE SCROLL EXPANDER IN THE REACTION CHARGE PHASE .................... 50 

3.3.4 REACTION DISCHARGE PHASE ........................................................................................ 51 

3.3.5 ENERGY CALCULATION.................................................................................................. 52 

3.3.6 VALIDATION OF THE DYNAMIC MODEL .......................................................................... 53 

4. APPLICATION SIDE ..................................................................................................... 55 

4.1 MODEL CONFIGURATION ............................................................................................... 55 

4.2 SALT – AMMONIA REACTIONS SELECTION ..................................................................... 56 

4.2.1 LTR REACTIVE MIXTURE ............................................................................................... 58 

4.2.2 HTR REACTIVE MIXTURES ............................................................................................. 59 

4.3 PERFORMANCE EVALUATION ......................................................................................... 62 

5. RESULTS ......................................................................................................................... 65 

5.1 STEADY STATE ANALYSIS ................................................................................................ 65 

5.1.1 ENERGY DENSITY........................................................................................................... 66 

5.1.2 THE EFFECT OF THERMAL MASSES ON THE EFFICIENCY .................................................. 68 

5.1.3 SUMMARY OF RESULTS FROM STEADY STATE ANALYSIS ................................................ 71 

5.2 DYNAMIC STATE .............................................................................................................. 72 

5.2.1 PREHEAT PHASE ............................................................................................................. 73 

5.2.2 REACTION CHARGE PHASE ............................................................................................. 74 

5.2.3 REPRESENTATION ON THE CLAPEYRON DIAGRAM ......................................................... 77 

5.2.4 ENERGY STORED AND COGENERATION OF POWER AND COLD ......................................... 78 

5.3 DYNAMIC STATE PERFORMANCE EVALUATION .............................................................. 79 

5.3.1 CYCLE TIME ................................................................................................................... 80 

5.3.2 INFLUENCE OF THE PRESSURE RATIO ON THE REACTION CHARGE TIME .......................... 82 

5.3.3 PARAMETRIC ANALYSIS: REACTION CHARGE TIME ......................................................... 85 



Table of Contents   

 IX  

5.3.4 PARAMETRIC ANALYSIS: REACTION DISCHARGE TIME ................................................... 86 

5.3.5 SUMMARY OF RESULTS FROM DYNAMIC STATE ANALYSIS ............................................. 88 

6. CONCLUSIONS .............................................................................................................. 89 

6.1 SUGGESTIONS FOR FUTURE WORK .................................................................................. 90 

REFERENCES ....................................................................................................................... 91 

APPENDIX ............................................................................................................................. 95 

A.1 THERMODYNAMIC CYCLE ................................................................................................. 95 

A.2 DISCHARGE PHASE ............................................................................................................ 96 

A.2.1 PRECOOL PHASE .............................................................................................................. 96 

A.1.2 REACTION DISCHARGE PHASE .......................................................................................... 96 

A.1.3 REPRESENTATION ON CLAPEYRON DIAGRAM .................................................................. 98 

 

 

 

 

 

 

 



 

 X  

List of Figures 

Figure 1.1: Waste heat temperature distribution in the industry [4]. ....................................................................... 2 

Figure 1.2: Exergy associated to 1 kWh of thermal energy available at different temperatures T, at environmental 

temperature of 0 ℃ and 30 ℃. The exergy reduces as the heat source temperature is closer to the ambient 

temperature. ............................................................................................................................................................ 3 

Figure 1.3: Possible pathways for usage of low-grade heat. TRSC combines a resorption cycle with a 

turbomachine to produce power. The dashed lines indicate further non-conventional uses of low-grade heat. ..... 4 

Figure 1.4: Schematic diagram of ORC. ................................................................................................................. 5 

Figure 1.5: Simple Kalina cycle with a separator [7]. ............................................................................................. 6 

Figure 1.6: Vapor compression cycle. ..................................................................................................................... 7 

Figure 1.7: Clapeyron diagram representing equilibrium line of solid/gas (S/G) reaction 1.13 compared to 

liquid/gas (L/G) saturation line of ammonia. The lines are obtained through the Clausius-Clapeyron equations. 10 

Figure 1.8: Thermochemical sorption refrigeration cycle. .................................................................................... 11 

Figure 1.9: Clapeyron diagram of the sorption refrigeration cycle. L/G is the liquid/gas equilibrium line; S/G is 

the solid/gas adsorption equilibrium line. ............................................................................................................. 12 

Figure 1.10: Thermochemical sorption cycle for energy upgrade. Left: schematic diagram of the system. Right: 

ideal thermodynamic cycle on Clapeyron diagram. .............................................................................................. 13 

Figure 1.11: Thermochemical resorption refrigeration cycle. Left: schematic diagram of the cycle. Right: ideal 

thermodynamic cycle on Clapeyron diagram.  HTM and LTM are the S/G equilibrium lines of the reactive 

mixtures inside HTR and LTR. ............................................................................................................................. 14 

Figure 2.1: Thermochemical Resorption cycle for low-grade heat storage and cogeneration for power and cold 

(TRSC). ................................................................................................................................................................. 19 

Figure 2.2: Thermodynamic path of the TRSC cycle on the Clapeyron diagram (left) and T-s diagram (right). . 20 

Figure 2.3: Non-equilibrium conditions imposed on the solid/gas reactive mixture (S/G). Constraint A activates 

desorption. Constraint B activates adsorption. ...................................................................................................... 21 

Figure 2.4: Simple resorption ideal cycle (left) compared with the operating points in the real case (right). Points 

A and B indicate non-equilibrium conditions which activate respectively desorption and adsorption. ................ 23 

Figure 2.5: TRSC cycle in the real case. Note that two different constraint pressures are imposed during the 

charge phase, due to the presence of the scroll expander. ..................................................................................... 24 

Figure 2.6: Plate-fin heat exchanger unit of adsorption bed [14]. ......................................................................... 25 

Figure 2.7: Shell-tube adsorption bed [22]. ........................................................................................................... 25 

Figure 2.8: Scroll expander expansion process [40]. ............................................................................................ 26 

Figure 2.9: TRSC application for waste heat recovery in the case of cold production (a.) and heating (b.), with 

power production (left) and without power production (left). .............................................................................. 27 

Figure 2.10: TRSC application in a solar thermal circuit in the case of pure refrigeration (a.) and simultaneous 

refrigeration and hot water production (b.). Power production (left) and no power production (right). Note that 

the environment acts as thermal sink during both charge and discharge phases. .................................................. 28 



List of Figures  

 XI  

Figure 3.1: Clapeyron diagram (left) and T-s diagram (right) related to reaction MnCl2 6-2 and to the ammonia 

saturation line. On the T-s diagram the left red line represents the adsorbed state of the reactive mixture, the right 

red line is the desorbed state. ................................................................................................................................ 34 

Figure 3.2; Thermodynamic cycle of the TRSC on the Clapeyron diagram (left) and T-s diagram (right). ......... 35 

Figure 3.3: Thermodynamic cycle of TRSC on the T-s diagram, showing sensible heat and reaction heat 

contributions. ........................................................................................................................................................ 38 

Figure 3.4: Material composition of  LTR and HTR............................................................................................. 40 

Figure 3.5: Validation of the system steady state model, with data taken from  [31]. .......................................... 44 

Figure 3.6: Schematics of the lumped parameters model. Subscript l indicates the LTR; subscript h indicates the 

HTR. ..................................................................................................................................................................... 45 

Figure 3.7: Intermediate steps in the dynamic case for the simple resorption cycle. ............................................ 46 

Figure 3.8: Schematics of the lumped parameters dynamic model for the reaction charge phase. ....................... 50 

Figure 3.9: Validation of the temperature evolutions of HTR (left) and LTR (right) during reaction charge phase.

 .............................................................................................................................................................................. 53 

Figure 3.10: Validation of the constraint pressure trend during the reaction charge phase................................... 54 

Figure 3.11: Validation of constraint pressure trend during reaction charge phase, after increasing the molar 

entropy of reaction of HTM and LTM by a percentage of 0.5 %. ......................................................................... 54 

Figure 4.1: Model configuration to carry out the performance evaluation for a specific TRSC application. ....... 55 

Figure 4.2: Equilibrium lines of all the metal chloride-ammonia reactions in Table 4.2 and operating 

temperatures and pressures (left). In the right graph: example of suitable salt-ammonia reactions (cyan and 

orange lines) and not suitable reactions (grey line) for the specified operating conditions. ................................. 58 

Figure 4.3: General thermodynamic conditions imposed to the LTM-HTM pairs for the steady state case (left) 

and the dynamic case (right). ................................................................................................................................ 61 

Figure 5.1: First law and second law efficiency for ideal cycle (left); hot source temperatures and pressure ratio 

for each selected HTM (right). .............................................................................................................................. 65 

Figure 5.2: First law and second law efficiency for the system in steady state conditions. .................................. 66 

Figure 5.3: Total volume energy density EDV and specific energy EDm for each configuration in steady state. .. 67 

Figure 5.4: Total specific energy for each configuration, compared with the specific adsorption capacity (Left), 

and with specific adsorption capacity normalized to the mass of ammonia (right). ............................................. 67 

Figure 5.5: Values of λsen and cTM for different selected HTM, relative to the HTR (left) and to the LTR (right), 

and performance efficiency percentage deviation between ideal and steady state case (bottom). Note the 

correspondence between the trend of the evaluated for the HTR λsen,h and δI, δII.................................................. 71 

Figure 5.6: Operating conditions on Clapeyron diagram for the SrCl2 8-1 – MnCl2 6-2 configuration. ............... 72 

Figure 5.7: Temperature evolution of the reactive bed Tb, heat exchanger THX, and heat transfer fluid Tf  during 

the preheat phase relatively to HTR (left) and LTR (right). .................................................................................. 73 

Figure 5.8: Evolution in time of the global conversion rate (left) and of the constraint pressure (right) during 

reaction charge phase. The red line refers to HTM, while the green line refers to LTM. ..................................... 74 

Figure 5.9: Evolution in time of the ammonia mass flow rate from HTR to LTR (left) and scroll expander power 

(right). ................................................................................................................................................................... 75 

Figure 5.10: Temperature evolution of the reactive bed Tb, heat exchanger THX, and heat transfer fluid Tf  during 

the reaction charge phase, relatively to HTR (left) and LTR (right). .................................................................... 76 

file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289557
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289558
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289558
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289558
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289559
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289559
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289562
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289564
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289564
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289564


List of Figures 

XII 

Figure 5.11: Reaction charge phase on the Clapeyron diagram. ........................................................................... 77 

Figure 5.12: A case study in which LTR is oversized compared to HTR. Evolution in time of global conversion 

rates of HTR and LTR (left) and reaction charge phase on the Clapeyron diagram (right). LTR imposes its 

kinetics on HTR. ................................................................................................................................................... 78 

Figure 5.13: Evolution in time of stored energy and work produced during the charge phase (left); evolution in 

time of the cold production during the discharge phase (right). ............................................................................ 78 

Figure 5.14: First and second law efficiencies related to the dynamic state analysis (left) and percentage 

deviations with respect to the steady state case (right).......................................................................................... 79 

Figure 5.15: Sensible heat contributions in steady state (left) and dynamic state (right). ..................................... 80 

Figure 5.16: Cycle time for each SrCl2 8-1 – HTM configuration. ....................................................................... 81 

Figure 5.17: Power density for each SrCl2 8-1 – HTM configuration. NiCl2 6-2 appears to be the worst choice in 

terms of dynamic performance. ............................................................................................................................. 82 

Figure 5.18: Clapeyron diagrams in the case of selecting the configurations with NiCl2 6-2 (left), and MnCl2 6-2 

(right) as HTM. ..................................................................................................................................................... 83 

Figure 5.19: Evolution of the pressure in the two reactors in the case NiCl2 6-2 (left) and MnCl2 6-2 (right) as 

selected HTR. ........................................................................................................................................................ 83 

Figure 5.20: Expander coefficient for each SrCl2 6-2 – HTM configuration compared to the corresponding 

charge reaction time. ............................................................................................................................................. 84 

Figure 5.21: Evolution in time of HTM global conversion rate during the reaction charge phase for SrCl2 6-2-

MgCl2 6-2 configuration, with different values of β. ............................................................................................ 85 

Figure 5.22: Reaction charge time and work production for SrCl2 8-1- MgCl2 6-2 configuration and different 

values of β. ............................................................................................................................................................ 86 

Figure 5.23: Evolution in time of LTM global conversion ratio during reaction discharge time for SrCl2 6-2- 

MgCl2 6-2 configuration, with different values of Δpd. ........................................................................................ 87 

Figure 5.24: Reaction discharge time and cold exergy produced for SrCl2 8-1- MgCl2 6-2 configuration and 

different values of Δpd. .......................................................................................................................................... 87 

 

APPENDIX 

Figure A.1: Thermodynamic cycle of the SrCl2 8-1 – MnCl2 6-2 configuration on the Clapeyron diagram (left) 

and T-s diagram (Right). ....................................................................................................................................... 95 

Figure A.2: Temperature evolution of the reactive bed Tb, heat exchanger THX and heat transfer fluid Tf  during 

the precool phase relatively to HTR (left) and LTR (right). ................................................................................. 96 

Figure A.3: Evolution in time of the global conversion rate (left) and of the constraint pressure (right) during 

reaction discharge phase. ...................................................................................................................................... 97 

Figure A.4: Mass flow rate of ammonia during reaction discharge phase. ........................................................... 97 

Figure A.5: Temperature evolution of the reactive bed Tb heat exchanger THX and heat transfer fluid Tf  during 

reaction discharge phase, relatively to HTR (left) and LTR (right). ..................................................................... 97 

Figure A.6: Reaction discharge phase on the Clapeyron diagram. ....................................................................... 98 

 

file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289573
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289573
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289575
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289576
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289576
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289577
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289577
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289578
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289578
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289579
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289579
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289580
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289580
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289581
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289581
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289582
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289582
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289583
file:///C:/Users/parke/Desktop/TESI/final_files/Thesis_draft_V7.docx%23_Toc57289583


 

 XIII  

List of Tables 

Table 3.1: Thermophysical properties of the reactor materials. ............................................................................ 43 

Table 3.2: HTR reactions (HTMs) selected for the steady state validation. For each reaction, different hot source 

temperatures and volumetric expansion ratios were adopted by Godefroy. .......................................................... 43 

Table 3.3: Percentage relative error, related to each BaCl2 8-0-HTM configuration. Erel,I is the error related to ηI, 

Erel,II is the error corresponding to  ηII.  ................................................................................................................. 44 

Table 3.4: Dynamic model HTF inlet temperature, initial conditions, and global conversion ratio in the two 

intermediate steps. ................................................................................................................................................. 47 

Table 3.5: Inlet temperature of the HTF and initial conditions in the reaction charge phase. ............................... 51 

Table 3.6: Input variables and initial conditions for ODEs relative to reaction discharge phase. ......................... 52 

Table 3.7: Input parameters for the validation of the dynamic model................................................................... 53 

Table 4.1: Database of the investigated metal chlorides – NH3 reactions. ............................................................ 57 

Table 4.2: Suitable LTR salt-NH3 reactions. SrCl2 8-1 has been selected as LTR for the analysis. ..................... 59 

Table 4.3: HTR salt-ammonia reactions suitable to be coupled with SrCl2 8-1 LTR reaction. Hot source 

temperatures and pressure ratios selected for the various configurations are also shown. .................................... 60 

 

APPENDIX 

Table A.1: Thermodynamic properties of the gaseous ammonia at each point of the cycle for the SrCl2 8-1 – 

MnCl2 6-2 configuration. ...................................................................................................................................... 95 

 

 

 

 



 

 XIV  

Nomenclature 

 

Symbols  

 

𝐴 Surface [m2] 

𝐴𝑟 Arrhenius factor 

𝑐 Specific heat [J/kg/K] 

𝑐̅ Molar heat capacity [J/mol/K] 

𝐸 Exergy [J] 

𝑒 Specific exergy [J/kg] 

𝐸𝑟𝑒𝑙 Percentage relative error [%] 

𝑒𝑑𝑚, 𝑒𝑑𝑉 Solid/gas specific energy [J/kg], energy density [J/m3] 

𝐸𝐷𝑚, 𝐸𝐷𝑉 System total specific energy [J/kg], total energy density [J/m3] 

𝑓𝐸𝐺  Graphite ratio 

𝛥𝐻 Heat of reaction [J] 

𝛥ℎ̅ Molar heat of reaction [J/mol] 

ℎ Specific enthalpy [J/kg] 

𝐿 Work [J] 

𝑙 Specific work [J/kg] 

𝑚 Mass [kg] 

�̇� Mass flow rate [kg/s] 

�̅� Molar mass [kg/mol] 

𝑛 Number of moles [mol] 

𝑝 Pressure [Pa] 

𝑃𝐷𝑚, 𝑃𝐷𝑉 
Total system mass power density [W/kg], volume power density 

[W/m3] 

𝑄 Thermal energy [J] 

�̇� Heat transfer rate [W] 

𝑞 Specific thermal energy [J/kg] 

𝑅 Gas constant [J/mol/K], Thermal resistance [K/W] 

𝑅𝑣 Volumetric expansion ratio 

𝑟𝑝,𝑇 Heat of reaction at fixed pressure and temperature [J/kg] 

𝛥�̅� Molar entropy of reaction [J/mol/K] 

𝑠 Specific entropy [J/kg/K] 

𝑆𝐶  Specific adsorption capacity [kgNH3
/kgs] 

𝑇 Temperature [K] 

𝑡 Time [s] 

𝑈 Global heat transfer coefficient [W/m2/K] 



Nomenclature 

 XV  

𝛥�̅�𝑆 
Molar volume variation between solids at high and low ammonization 

state [m3/mol] 

𝑣 Specific volume [m3/kg] 

𝑉 Volume [m3] 

𝑊 Power [W] 

𝑥 Global conversion rate 

 

Greek letters 

 

𝛽 Pressure ratio 

𝛾 Heat capacity ratio 

𝛿 Deviation, relative percentage deviation [%] 

𝜂 Efficiency 

𝜆 Sensible heat coefficient [kgsK/kgNH3
] 

𝜈 Stoichiometric coefficient 

𝜉 Expander coefficient 

𝜌 Density [kg/m3] 

𝜏 Metal ratio 

 

Superscripts 

 

0 Standard reference conditions 

∗ Adsorbed state 

 

Subscripts 

 

0 Standard reference conditions; ambient sink/source 

𝐼 First law-related 

𝐼𝐼 Second law-related 

𝑎𝑑𝑠 Adsorbed; adsorption 

𝑏 Reactive bed 

𝐶 Cold source/sink; refrigeration 

𝑐 Charge phase 

𝑐𝑜𝑚𝑝 Compressor 

𝑑 Discharge phase 

𝑑𝑒𝑠 Desorbed; desorption 

𝑒 Expander outlet 

𝐸𝐺 Expanded graphite 

𝑒𝑞 Thermodynamic equilibrium  

𝑒𝑥𝑝 Expander 

𝑓 Heat transfer fluid 
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𝑗 Generic point of thermodynamic cycle related to HTM or LTM 
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𝑂𝑅𝐶 Organic Rankine cycle 
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𝑝𝑢𝑚𝑝 Pump 
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𝐿𝑇𝑀 Low temperature material 
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𝑇𝑅𝑆𝐶 
Thermochemical resorption system for heat storage and cogeneration of 

power and cold 
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1. Introduction 

Low-grade heat recovery and exploitation has great potential to drive the energy sector towards 

a more sustainable future. The first part of the following chapter aims to present the current 

industrial decarbonization context and the main available technologies and pathways for the 

recovery of low-grade thermal energy to convert it into useful products. Subsequently, the 

physical and working principles of sorption systems are described to introduce the reader to the 

specific system analyzed in this work (TRSC). Finally, after a literature review on 

thermochemical sorption systems for power and cold production is carried out, the motivations 

for the present study are illustrated. 

 

 

1.1 Low-grade heat recovery: an opportunity for decarbonization   

The reduction of greenhouse gas emissions (GHG) is an international long-term commitment 

of pivotal importance to tackle the dramatic effects of climate change. Pursuant to the Paris 

Agreement, each nation must undertake paramount measures to limit the global temperature 

rise to 1.5 ℃ by the year 2100 [1]. To meet such a goal, it is estimated that the maximum 

allowable carbon budget is 770 GtCO2, while the current GHG emission rate is about 42 

GtCO2/year [2]. Moreover, recent projections forecast an increment of global energy 

consumption of approximately 50% between 2018 and 2050, with 70 % of the increase 

occurring in non-OECD developing countries, as a result of their rapid economic growth [3]. 

In such a challenging scenario, low-grade heat recovery and utilization represents a promising 

opportunity to favor the decarbonization of the energy sector. On one hand, it can promote the 

share of renewable low-temperature thermal sources, such as solar and geothermal heat, in the 

overall energy mix. On the other, it allows to valorize waste thermal energy coming from 

industrial processes: studies reveal that in Europe 20 % to 50 % of the industrial energy 

consumption is discharged as waste heat to the environment [4]. Exploiting industrial waste 

heat through thermally efficient technologies allows to obtain crucial benefits in terms of lower 

fuel consumption, higher industrial energy efficiency, and reduced noxious emissions [5]. The 

temperatures at which waste heat is released vary in a broad range, from 30 ℃ to more than 

1000 ℃, depending on the process. Hence, based on the discharge temperature, waste heat is 

generally distinguished as high-grade (𝑇 > 650 ℃), medium-grade (200 − 300 ℃ < 𝑇 < 650 

℃) and low-grade (𝑇 < 200 − 300 ℃). As shown in Figure 1.1, the industrial waste thermal 

energy in the low-grade heat range is between 66 % and 89 % of the total industrial waste heat 

discharged to the environment. 
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Figure 1.1: Waste heat temperature distribution in the industry [4]. 

 

 

1.2 Barriers to low-grade heat exploitation 

Although the recovery and utilization of low-grade heat can provide significant advantages, it 

is far less feasible and more challenging with respect to exploiting high and medium-grade heat. 

Indeed, several technical and economic barriers prevent low-grade heat technologies to be 

widely employed in commercial applications. For instance, low-grade thermal energy has 

limited potential to be converted efficiently into mechanical work and electrical energy. Such 

a concept can be clarified by considering the definition of exergy:  

 

𝐸 = 𝑄 (1 −
𝑇0

𝑇
)   1.1 

The exergy associated to a certain amount of heat 𝑄 available at temperature 𝑇 represents the 

maximum work achievable through an ideal device exploiting completely 𝑄 and interacting 

exclusively with the environment at temperature 𝑇0 [6]. Indeed, the term in the brackets in 

equation 1.1 represents the Carnot factor, i.e. the efficiency of conversion of thermal energy 

into work through an ideal Carnot machine: as a consequence of the second law of 

thermodynamics, a part of the heat used in an ideal thermal machine cannot be converted into 

work and is unavoidably rejected to the ambient: 

 

𝑄0 = 𝑄 − 𝐸   1.2 

The amount of heat 𝑄0 that is not converted into work depends on the temperature of the heat 

source, in relation with the environmental temperature. As an example, let us consider an 

available amount of heat 𝑄 = 1 kWh , that can be provided at temperature 𝑇 . Figure 1.2 

represents the exergy related to 𝑄, with two different values of environmental temperature 𝑇0. 
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Figure 1.2: Exergy associated to 1 kWh of thermal energy available at different temperatures T, at environmental 

temperature of 0 ℃ and 30 ℃. The exergy reduces as the heat source temperature is closer to the ambient 

temperature. 

 

It can be observed that the exergy decreases as the hot source temperature gets closer to the 

ambient temperature. Therefore, recovering heat in the low-grade heat range to produce work 

is less convenient since, even by adopting an ideal Carnot device, the conversion efficiency is 

lower compared to the case in which the temperature of the source is in the medium or high-

grade range.  

Additional techno-economic limits for low-grade heat utilization are related to heat exchangers 

[7]. For instance, the heat transfer rate between two energy carriers through a surface can be 

expressed by the following general equation: 

 

�̇� = 𝑈𝐴𝛥𝑇𝑚𝑙    1.3 

Where 𝑈 is the global heat transfer coefficient, 𝐴 is the surface area and 𝛥𝑇𝑚𝑙 is the logarithmic 

mean temperature difference, which is defined based on the heat exchanger configuration. If 

𝛥𝑇𝑚𝑙  between the low-grade heat source and the energy sink stream is low, a larger heat 

exchanger may be required to achieve optimum heat transfer, resulting in higher costs. 

Furthermore, if the waste stream is flue water vapor in the low-grade heat range, water droplets 

might mix with other particles, causing the deposit of corrosive solids onto the heat exchanger 

surfaces. The consequent need for advanced materials minimizing corrosion and reducing 

maintenance can negatively impact on the cost of low-grade heat recovery applications.  

The limits mentioned so far represent only few examples among the challenges to promote 

wider commercial low-grade heat applications in the future. Research and development have 

been advancing to overcome technical constraints and increase the efficiency of established 

systems for low-grade heat utilization, as well as investigate emerging technologies, working 

fluids, and materials [5]. 
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1.3 Overview on low-grade heat applications 

The following section aims to carry out a non-exhaustive review of benchmark solutions for 

low-grade thermal energy exploitation, as well as to illustrate the technological framework in 

which the system analyzed in this work (TRSC) is placed. As shown in Figure 1.3, low-grade 

thermal energy can generally be used for heating, cooling and power production purposes. A 

further category considered is Thermal Energy Storage (TES), which allows to overcome the 

time and distance mismatch between energy demand and low-grade heat recovery. In other 

words, low-grade heat can initially be stored in TES during charge phase, to be indirectly used 

for heating/cooling and power production during discharge phase.  

 

 
 

Figure 1.3: Possible pathways for usage of low-grade heat. TRSC combines a resorption cycle with a 

turbomachine to produce power. The dashed lines indicate further non-conventional uses of low-grade heat. 

 

Conventional cycles for low-grade heat recovery and power generation are the Organic Rankine 

Cycle (ORC) and the Kalina cycle. On the other hand, low-grade is typically used in sorption 

systems to provide refrigeration, or in vapor compression cycle operating as heat pumps to 

supply heating. The dashed line in the scheme indicates further possible functions that can be 

achieved exploiting low-grade, other than the conventional ones: solid/gas adsorption 

technologies can provide not only refrigeration, but also heating, storage and power. The 

studied thermochemical system (TRSC) is classified as resorption system (red box in Figure 

1.3) and it combines solid/gas adsorption technology with the use of a scroll expander to provide 

both thermochemical storage function and cogeneration of power and cold.  

In the next paragraphs a brief description of the benchmark systems for low-grade heat 

utilization illustrated in Figure 1.3 is carried out. Subsequently, operating principles of sorption 

technology and sorption-based cycles are described more in detail. 
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1.3.1 ORC 

Organic Rankine cycles derive from the basic steam-based Rankine cycle, with the main 

difference that the working fluids are organic compounds with lower boiling points, critical 

points and viscosity than water [5]. The low boiling temperature of the organic compounds 

allows to exploit thermal energy at lower temperature to produce work, with respect to the 

standard Rankine cycle. Such compounds can be classified as organic refrigerants, 

hydrocarbons, and siloxanes. The components of the standard ORC are an evaporator, a 

condenser a pump and an expander (Figure 1.4). 

 

 

Figure 1.4: Schematic diagram of ORC. 

 

In the evaporator low-grade heat 𝑄𝑖𝑛 is exploited to obtain high pressure vapor working fluid, 

which then expands to produce mechanical work 𝐿𝑒𝑥𝑝. The fluid leaving the expander is now a 

mixture of liquid and vapor at low pressure, which is liquefied in the condenser. The saturated 

liquid is pumped back to the evaporator and the cycle repeats. The cycle efficiency of ORC is 

defined as: 

 

𝜂𝑂𝑅𝐶 =
𝐿𝑒𝑥𝑝 − 𝐿𝑝𝑢𝑚𝑝

𝑄𝑖𝑛
   1.4 

Several improvements of the ORC have been proposed for better use of low-grade thermal 

energy [8]. For instance, in ORC with recuperator the residual sensible heat of the vapor exiting 

the expander is used to preheat the working fluid before it enters the evaporator. Therefore, at 

fixed work production, less heat is needed to achieve organic fluid evaporation, resulting in an 

increment of the cycle efficiency 𝜂𝑂𝑅𝐶. 

 

1.3.2 Kalina Cycle 

The standard Kalina cycle is essentially a variation of the Rankine cycle in which the working 

fluid is a solution of two substances with different boiling points, typically ammonia/water. 

Similarly to the ORC, the lower boiling point of the mixture rich in ammonia allows to exploit 
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thermal energy available at various temperatures in the low-grade range. Moreover, compared 

to water-base cycles, ammonia rich solutions achieve higher working pressure at the expander 

inlet, resulting in higher thermodynamic efficiency. In Kalina cycles a separator is commonly 

implemented to decrease the percentage of ammonia in the solution before condensation (Figure 

1.5). Indeed, a very low temperature coolant would be required to liquify an ammonia rich 

mixture, making the process less feasible.  

 

 

Figure 1.5: Simple Kalina cycle with a separator [7]. 

 

In the configuration shown in Figure 1.5, the separator operates between the expander and the 

condenser. Therefore, the rich solution stream exiting the turbine is diluted with lean solution 

coming from the separator before undergoing condensation. The lean solution is obtained by 

separating a fraction of liquid solution exiting the condenser from NH3 vapor. The rich solution 

is regenerated at the pump outlet mixing separated NH3 vapor with the other fraction of liquid 

solution. The working principles of the separator is usually based on liquid-gas absorption 

phenomena (Section 1.3.5).  

Another advantage of Kalina cycles with respect to Rankine/ORC systems is the additional 

degree of freedom given by the composition of the ammonia-water solution. More specifically, 

adjusting the composition of the solution allows to obtain different high and low pressure levels 

of the system, i.e. higher operating flexibility [9]. 

 

1.3.3 Thermal Energy Storage (TES) 

TES systems can be classified depending on the physical principles which provide the storage 

process: 

• Sensible heat storage (SHS), in which thermal energy is stored by means of a 

temperature variation of the storage medium. Hence, the capacity of SES depends on 

the mass and specific heat capacity of the adopted material. Major drawbacks of SES 

are large space requirements and high thermal losses [10]. 
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• Latent heat storage (LHS), which exploit the phase change of a material to store thermal 

energy. Hence during charge phase heat is used to activate the phase change of the 

storage material at constant temperature. During discharge the reverse process is 

accomplished and thermal energy is obtained in the form of latent heat of the phase 

changing medium. 

• Thermochemical storage (TCS), in which thermal energy is stored in the form of heat 

of reaction in reversible chemical reactions or in sorption processes. Main advantages 

of TCS are the large energy density and low thermal losses. 

TRSC can be classified as thermochemical storage since it exploits reversible solid/gas sorption 

reactions to store heat in the form of chemical potential. Thermal energy storage in the industrial 

sector for low-grade waste heat recovery can provide several benefits, such as fossil fuel 

consumption reduction and increased process flexibility.  

 

1.3.4 Vapor compression cycle 

Vapor compression cycles (VCC) are considered as the most mature technology for heat 

pumping, refrigeration, and dehumidification purposes. Typical working fluids adopted in 

commercial applications are water, R134a and R407c refrigerants. VCC application for low-

grade heat exploitation is a heat pump providing energy upgrade: the low-temperature thermal 

input 𝑄𝑖𝑛  supplied is upgraded to high temperature heat  𝑄𝑜𝑢𝑡 , available to the user. The 

standard VCC consists in a compressor, an evaporator, a condenser, and an expansion valve 

(Figure 1.6). 

 

 

Figure 1.6: Vapor compression cycle. 

 

The working principles of the heat pump starting from the evaporator can be summarized as 

follows: the working fluid coming from the expansion valve undergoes evaporation extracting 

heat low-grade heat 𝑄𝑖𝑛  at low pressure. Saturated vapor refrigerant is then compressed at high 

pressure state and liquefied in the condenser, supplying heat at higher grade 𝑄𝑜𝑢𝑡. Saturated 

liquid refrigerant is expanded in the valve and the cycle repeats. The coefficient of performance 

(COP) of vapor compression cycle is defined as the ratio between the useful effect and the 

energetic expense, which in the case of heat pump is: 
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𝐶𝑂𝑃𝐻𝑃 =
𝑄𝑜𝑢𝑡

𝐿𝑐𝑜𝑚𝑝
=

𝑄𝑜𝑢𝑡

𝑄𝑜𝑢𝑡 − 𝑄𝑖𝑛
 1.5 

In refrigeration cycles the input heat  𝑄𝑖𝑛 represents the cooling effect, thus it is the useful 

product, while 𝑄𝑜𝑢𝑡 is rejected to an external source. Hence the COP for refrigeration cycles is: 

 

𝐶𝑂𝑃𝑅𝐹 =
𝑄𝑖𝑛

𝐿𝑐𝑜𝑚𝑝
= 𝐶𝑂𝑃𝐻𝑃 − 1 1.6 

 

1.3.5 Sorption technology 

Sorption refrigeration cycles are in general classified as thermal cooling technology, based on 

the form of the primary energy input [11]. They essentially work as conventional VCC cooling 

systems, with the main difference being that mechanical energy input is substituted with thermal 

energy. Two main categories of sorption refrigeration cycles can be defined depending on the 

type of technology: 

• Liquid/gas absorption cycles. During absorption phenomena the molecules of the 

adsorbate penetrate the surface layer of the sorbent, entering the structure of the bulk 

liquid, resulting in a single sorbent/adsorbate solution (bulk phenomenon). The process 

of separation between the two substances (desorption) requires heat to cause the 

adsorbate to evaporate out, hence it is endothermal. On the other hand, the absorption 

process is exothermal since the adsorbate releases latent heat as it is mixed with the 

liquid phase of the solution. The most common liquid/gas working fluids employed in 

absorption cycles are LiBr/water and water/NH3 [12]. Liquid/gas absorption cycles are 

feasible for low-grade heat applications, since the thermal input to drive desorption can 

be supplied at various ranges of low temperatures, depending on the boiling point of the 

binary solution adopted. An important feature of absorption refrigeration cycles is that 

they operate in a continuous state, hence they are intrinsically unfeasible for thermal 

energy storage purposes.  

• Solid/gas adsorption cycles, which exploit physical sorption or chemisorption 

principles. In adsorption processes a gaseous substance is adsorbed/desorbed onto a 

solid surface, by means of intermolecular or chemical bonds, thus it is a surface 

phenomenon. To break such bindings, thermal energy is required, meaning that 

desorption is an endothermal process. On the other contrary, once the bindings between 

adsorbate and sorbent generate, the intensity of the surface interactions decrease and the 

corresponding potential energy is converted into heat, implying the exothermicity of 

adsorption. Differently with respect to absorption cycles, solid/gas adsorption cycles 

typically consist of two operation steps shifted in time, enabling the storage function. 

Working principles of solid/gas adsorption cycles are illustrated more in detail in the 

next section. 
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1.4 Solid/gas adsorption technology 

Solid/gas adsorption technologies have been extensively investigated in literature (e.g., 

[13],[14]). Typically, two different processes can occur during adsorption: 

• Physical adsorption (physisorption), driven by weak intermolecular binding forces, e.g., 

Van der Waals forces. It generally takes place on the surface of the sorbent and it does 

not involve decomposition of the molecules. Common physical adsorption working 

pairs are NH3/activated carbon and water/silica gel. 

• Chemical adsorption (chemisorption), consisting of chemical reactions occurring 

between adsorbate and sorbent on the first surface monolayer, with the formation of 

new molecules. Thus, chemisorption phenomena are characterized by covalent or ionic 

chemical bonds, with binding forces much stronger with respect to physisorption. 

Typical working pairs for chemisorption processes are salt hydrates/water or metal 

chlorides/NH3.  

Chemical adsorption and desorption are also referred to as synthesis and decomposition, 

respectively. Solid/gas adsorption processes can be represented as a chemical reaction 

occurring between the mixture composed of sorbent 𝑆1 and gas 𝐺 in desorbed state, and the 

solid substance 𝑆2 in adsorbed state: 

 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛:       𝑆1 + 𝐺 ⇨ 𝑆2 + 𝛥𝐻𝑟       𝑒𝑥𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 
 

1.7 

 

𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛:       𝑆2 + 𝛥𝐻𝑟 ⇨ 𝑆1 + 𝐺       𝑒𝑛𝑑𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 
 

1.8 

Where 𝛥𝐻𝑟 is the heat of reaction absorbed/released during desorption/adsorption. Because of 

the strong bindings occurring in chemical adsorption processes, 𝛥𝐻𝑟  is much higher for 

chemisorption phenomena with respect to physical adsorption processes. The equilibrium state 

for physisorption and chemisorption reactions are modeled in different ways: the equilibrium 

state for physical adsorption is defined by two independent variables, i.e. pressure and 

temperature. On the other hand, chemisorption equilibrium state is represented by one 

independent variable. Hence, the pressure of a solid/gas chemisorption reaction is commonly 

defined as a monovariant function of its temperature through the Clausius-Clapeyron equation: 

 

 𝑝𝑒𝑞 = 𝑓(𝑇𝑒𝑞)   ⇨    𝑙𝑛 (
𝑝𝑒𝑞

𝑝0
) = −

𝛥ℎ̅𝑟
0 

𝑅𝑇𝑒𝑞
+

𝛥�̅�𝑟
0

𝑅
      

 

1.9 

𝛥ℎ̅𝑟
0  and 𝛥�̅�𝑟

0  are respectively the molar heat and entropy of reaction at standard reference 

conditions, and they are specific properties of the considered chemical reaction. Therefore, each 

reaction is defined by one equilibrium state. Once the equilibrium condition is reached the 

amount of adsorbed refrigerant cannot change, until the reactive complex is put outside such 

equilibrium. Liquid/gas (L/G) equilibrium is also monovariant, and it can be represented with 

an equation similar to 1.9: 

 

𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛:       𝐿 + 𝛥𝐻𝑣𝑎𝑝 ⇨ 𝐺        
 

1.10 
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𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛:       𝐺 ⇨ 𝐿 + 𝛥𝐻𝑣𝑎𝑝        

 

1.11 

 

 𝑙𝑛 (
𝑝𝑣𝑎𝑝

𝑝0
) = −

𝛥ℎ̅𝑣𝑎𝑝
0

𝑅𝑇𝑒𝑞
+

𝛥�̅�𝑣𝑎𝑝
0

𝑅
      

 

1.12 

Where 𝛥ℎ̅𝑣𝑎𝑝
0  and 𝛥�̅�𝑣𝑎𝑝

0  are respectively the molar latent heat of vaporization and molar 

entropy of vaporization at standard reference conditions. The equilibrium state of solid/gas 

reactions and liquid/gas transformations can be represented in the Clapeyron diagram. As an 

example, Figure 1.7 shows the equilibrium lines of liquid/vapor ammonia compared to the 

equilibrium of the following manganese chloride – NH3 reaction: 

 

𝑀𝑛𝐶𝑙2(𝑁𝐻3)2 + 4𝑁𝐻3 ⇄ 𝑀𝑛𝐶𝑙2(𝑁𝐻3)6 

 

 

1.13 

  

 

Figure 1.7: Clapeyron diagram representing equilibrium line of solid/gas (S/G) reaction 1.13 compared to 

liquid/gas (L/G) saturation line of ammonia. The lines are obtained through the Clausius-Clapeyron equations. 

 

The molar enthalpy and entropy of reaction associated to the solid/gas reaction are respectively 

𝛥ℎ̅𝑟
0 = 47.42 kJ/mol and 𝛥�̅�𝑟

0 = 132.24 J/mol/K, while ammonia is characterized by 

𝛥ℎ̅𝑣𝑎𝑝
0 =23.35 kJ/mol and 𝛥�̅�𝑣𝑎𝑝

0 =97.41 J/mol/K. 

The system analyzed in this work (TRSC) is based on solid/gas chemisorption working 

principles: it exploits solid/gas sorption heat of reaction to store thermal energy and release heat 

or produce cold. In the next paragraphs the main solid/gas adsorption cycles are described and 

reviewed. 

 

1.4.1 Thermochemical Sorption Cycles 

Sorption cycles can provide both refrigeration and heat upgrade [15]. Moreover, solid-gas 

sorption working principles make such systems intrinsically feasible for storage purposes. 

Hence, the cycle can be divided into two main operating phases shifted in time, defined as 
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charge and discharge phases. Low-grade heat can be stored during charge phase, while 

refrigeration effect or upgraded thermal energy can be supplied during discharge phase.  

 

Refrigeration cycle 

The basic solid/gas sorption refrigeration cycle is represented in  Figure 1.8.  

 

 

Figure 1.8: Thermochemical sorption refrigeration cycle. 

 

The only two components required are a refrigerant vessel, indicated as L/G, and a reactive bed, 

indicated as S/G. The refrigerant vessel acts as a condenser during charge phase and as 

evaporator during discharge phase. The reactive bed acts as a vapor generator in the charge 

phase, while operating as vapor absorber during discharge phase. During charging phase, the 

valve is opened and the heat input 𝑄𝐻 to be stored drives endothermal decomposition of the 

refrigerant from the solid complex in the vapor generator. The gaseous refrigerant, typically 

water or ammonia, flows towards the condenser where it is liquefied and stored at 

environmental temperature 𝑇0. When the refrigeration is required, the vessels are connected 

again, and discharge phase occurs. Thus, the cooling effect 𝑄𝐶 is provided by the evaporation 

of the refrigerant in L/G vessel. Vapor refrigerant flows towards the absorber vessel where it 

undergoes exothermal adsorption, releasing heat at intermediate temperature 𝑇𝑚 .The ideal 

thermodynamic path of the working fluid, i.e. the refrigerant, can be represented on the 

Clapeyron diagram (Figure 1.9): 

• Charge phase: Hot thermal input 𝑄𝐻 at hot source temperature 𝑇𝐻 drives endothermal 

decomposition of the reactive complex in the vapor generator (point 1). Desorbed gas 

at high pressure 𝑝𝐻  reaches thermal equilibrium with the condenser kept at 

environmental sink temperature 𝑇0 through an ideal isobaric transformation (1-2). The 

refrigerant is liquified releasing condensation heat 𝑄0  to the environment (point 2). 
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• Discharge phase: Cold thermal input 𝑄𝐶  providing refrigeration at cold source 

temperature 𝑇𝐶  drives evaporation of the refrigerant in the evaporator (point 3). The 

gaseous refrigerant at low pressure 𝑝𝐿 reaches thermal equilibrium with the reactive bed 

kept at intermediate sink temperature  𝑇𝑚 through an ideal isobaric transformation (3-

4). The refrigerant is adsorbed releasing heat 𝑄𝑚 (point 4). 

 

 

Figure 1.9: Clapeyron diagram of the sorption refrigeration cycle. L/G is the liquid/gas equilibrium line; S/G is 

the solid/gas adsorption equilibrium line. 

 

Between the charge and discharge phases, an intermediate step is required:  

• After the charge phase, the reactive bed and the refrigeration vessel are disconnected 

and brought respectively to the intermediate sink temperature 𝑇𝑚  and cold source 

temperature 𝑇𝐶. Since the refrigerant liquid/gas and solid/gas equilibria are monovariant 

the decrease in temperature results in a decrease of pressure (from 𝑝𝐻 to 𝑝𝐿) along their 

corresponding equilibrium lines. Such a phase is commonly referred to as precool phase. 

• After the discharge phase, the reversed intermediate step is achieved in a similar way: 

the reactive bed and the refrigeration vessel are disconnected and brought respectively 

to the hot source temperature 𝑇𝐻 and the environmental sink temperature 𝑇0 (preheat 

phase). 

The coefficient of performance of sorption refrigeration cycle can be defined as the ratio 

between the thermal energy stored during charge phase and cooling effect provided during 

discharge phase: 

 

𝐶𝑂𝑃𝑅𝐹 =
𝑄𝐶

𝑄𝐻
 

 

1.14 

 

Heat upgrade 

As show in Figure 1.10, the structure of the sorption system for energy upgrade is the same as 

in the refrigeration cycle.  
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Figure 1.10: Thermochemical sorption cycle for energy upgrade. Left: schematic diagram of the system. Right: 

ideal thermodynamic cycle on Clapeyron diagram. 

 

However, the heat upgrade cycle is reversed with respect to the refrigeration cycle, and the way 

the thermal fluxes are managed is different: during charge phase, the thermal input 𝑄𝑚 driving 

desorption in the vapor generator (point 1) is at an intermediate temperature 𝑇𝑚. The working 

fluid at low pressure 𝑝𝐿 is liquified in the refrigeration vessel acting as a condenser, rejecting 

heat to the cold sink at temperature 𝑇𝐶 (point 2). After the intermediate step at which the vessels 

are disconnected and brought to the required temperature levels, the discharge phase occurs. 

Therefore, heat coming from the environmental source 𝑄0  drives the evaporation in the 

refrigeration vessel (point 3) and gaseous refrigerant undergoes adsorption at high pressure 𝑝𝐻, 

releasing useful thermal energy 𝑄𝐻 at high temperature 𝑇𝐻 (point 4). Hence, the final useful 

effect is the upgrade of the available heat 𝑄𝑚 from low-grade (at 𝑇𝑚) to high-grade (at 𝑇𝐻), and 

the performance of the cycle can be defined as: 

 

𝐶𝑂𝑃𝐻𝑃 =
𝑄𝐻

𝑄𝑚 + 𝑄0
 

 

1.15 

In sorption cycles for energy upgrade, low-grade heat coming from available waste streams 

could be used not only during charge phase, but also during discharge phase to drive 

evaporation in the refrigeration vessel (𝑄0 in point 3). The temperature level of the provided 

thermal energy 𝑄𝐻 can be adjusted depending on the temperature at which the selected waste 

stream supplies heat 𝑄0 to the evaporator.  
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1.4.2 Thermochemical resorption cycles 

The basic operating principles of the thermochemical resorption refrigeration cycle is 

represented in Figure 1.11.  

 

 

Figure 1.11: Thermochemical resorption refrigeration cycle. Left: schematic diagram of the cycle. Right: ideal 

thermodynamic cycle on Clapeyron diagram.  HTM and LTM are the S/G equilibrium lines of the reactive 

mixtures inside HTR and LTR. 

 

With respect to sorption cycles, resorption systems consist of two chemical reactors filled with 

two solid/gas reactive mixtures. Hence, the refrigeration vessel in the simple sorption is 

substituted with a reactive bed. The two reactors of a resorption cycle are conventionally 

denominated High Temperature Reactor (HTR) and Low Temperature Reactor (LTR). The 

solid/gas reactive material composing the HTR is defined High Temperature Material (HTM), 

while the reactive complex adopted in the LTR is the Low Temperature Material (LTM). The 

difference between HTM and LTM is related to their thermodynamic properties at equilibrium: 

at fixed pressure, HTM has a higher equilibrium temperature than LTM. Graphically, as is 

shown on the right-hand graph of Figure 1.11, the equilibrium line of the HTM is to the right 

line of the LTM equilibrium line. The working steps are essentially the same as described in 

the previous section for the sorption refrigeration cycle, with the only difference that in this 

case the ideal cycle develops on two solid/gas equilibrium lines, i.e. corresponding to HTM and 

LTM. 

Some relevant advantages of thermochemical resorption cycles with respect to solid sorption 

cycles are summarized: 

• At fixed pressure and temperature conditions of the cycle, the resorption system 

achieves a higher refrigeration COP than the simple sorption system [16]. The reason 

for this is related to the strong cooling capacity of resorption systems given by the larger 

decomposition heat of solid/gas reactions compared to refrigerant evaporation heat. 
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• Wider range in terms of refrigeration temperature and operating pressures of the cycle 

can be achieved by means of a resorption system rather than adopting a sorption system. 

Indeed, several solid/gas reactions with different equilibrium lines can be selected as 

LTM of the resorption system, while a single liquid/gas equilibrium line is associated 

to the refrigerant in the sorption cycle. 

• Resorption refrigeration is more suitable for cold production in some special situations, 

where the presence of liquid is not desirable. 

 

1.4.3 Comments on solid/gas adsorption cycles  

In the representation of the thermodynamic cycle of sorption and resorption systems on the 

Clapeyron diagram, the decomposition/synthesis reactions are assumed to occur at equilibrium. 

In a real case, the reactive complex needs to be brought out of the equilibrium state, hence the 

thermodynamic parameter (p and/or T) of the reactive mixture must deviate from the 

corresponding equilibrium line (S/G). The operating principles of the reactive components at 

non-equilibrium conditions are illustrated in the next chapter (2.2.1), describing the kinetics of 

the reactors. 

Besides the capability of achieving storage function, relevant advantages of solid/gas 

adsorption refrigeration cycles with respect to liquid/gas absorption cycles can be summarized 

as follows: 

• A wider range of working temperatures, since different equilibrium lines are associated 

to the various solid/gas reactions available. Such a feature makes solid/gas sorption 

cycles also more suitable for low grade and ultra low-grade heat (< 100 ℃) recovery 

and utilization. 

• Higher reliability of the system since the primary process has no moving parts. 

There are several studies in literature that investigated the potential of thermochemical sorption 

cycles. Citing just a few: Wu et al [17] experimentally investigated a thermochemical sorption 

refrigeration system adopting SrCl2/NH3 reactive mixture. The system had the advantage of 

higher refrigeration performance at ultra low-grade heat input compared to physisorption 

cycles. Li et al. [15] proposed and investigated from a thermodynamic viewpoint a 

multifunctional sorption heat transformer, able to provide low-grade thermal energy storage, as 

well as combined cooling and heat supply. Not only did the sorption system prove to be suitable 

for multifunctional purposes, but It also demonstrated an energy density in the range of 2000-

2500 kJ/kg, over ten times higher than conventional sensible and latent heat energy storage 

systems. The same authors experimentally investigated a dual-mode thermochemical sorption 

cycle for heat supply and energy upgrade [18]. The work focused on studying direct heat supply 

and heat upgrade modes during the discharge phase at different ambient temperatures during 

Winter. With a COP ranging between 0.17 and 0.41 and an energy density of 300-700 kJ/kg, 

the system showed to be suitable for long-term seasonal storage of solar thermal heat, 

independently from the ambient temperature. Ma et al [19] studied a thermochemical sorption 

cycle for seasonal solar thermal energy storage, adopting ammonia as refrigerant, through a 

dynamic model. An important conclusion was that preferable solid/gas reactions should have 
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higher slope of the equilibrium line, i.e. higher 𝛥ℎ̅𝑟
0, to guarantee low hot source temperature 

during the charge phase that matches capability of the solar collectors, and relatively high 

adsorption temperature for heating during the discharge phase.  

 

1.4.4 Sorption technology for combined power and cold: literature review 

Cycle concepts that combine power and cold production have recently attracted great interest 

in the scientific community. Pioneer of power and cold cogeneration cycles, D.Y. Goswami 

proposed a combination of an ammonia-based Rankine cycle and an ammonia-water absorption 

refrigeration cycle, capable of providing first law efficiency of 0.32 [20,21]. On the other hand, 

Ziegler was one of the first researchers to explore the potential of combined power and cold 

generation in adsorption cycles, which resulted in first law efficiency similar to that of the 

Goswami cycle [22]. Among the various types of cycles, ammonia-based adsorption cycles for 

power generation are considered a highly appealing technology, for its greater potential in 

producing work with respect to water-based cycle, due to the higher working pressure 

achievable [5]. Furthermore, ammonia is a working fluid featuring relevant advantages 

compared to other environmentally friendly refrigerants, such as water and methanol. For 

instance, it is chemically stable, it has a low boiling temperature and ammonia-based 

chemisorption reactions have a large adsorption capacity: as much as 1 kg of ammonia can be 

bonded to 1 kg of solid sorbents, [23]. On the other hand, ammonia is classified as group B2 

refrigerant in ANSI/ASHRAE Standard 34, meaning that it is characterized by high toxicity 

and low flammability  [24]. Nevertheless, ammonia is safely handled in the industrial 

refrigeration field for over 100 years and it is considered as a standard refrigerant by the 

International Institute for Refrigeration [14]. The system investigated in this work adopts 

ammonia as working fluid. 

Several studies were conducted on thermochemical sorption cogeneration cycles, from the point 

of view of both steady state and dynamic state conditions. A few of them are cited below. 

 

Steady state studies 

Wang et al. [25] investigated an ammonia-based resorption cycle for cogeneration of power and 

cold, proving that theoretically an optimal total exergy efficiency of 0.9 can be obtained, while 

the highest achievable refrigeration COP is 0.77. The authors in [26] and [27] investigated two 

similar resorption cogeneration system concepts, designed to operate continuously. Both works 

are focused on studying the influence of operating parameters, such as heat source temperature 

and metal to pure solid ratio, on the system performance from the viewpoint of first and second 

law efficiencies. Lu et al. [28] investigated a dual-source chemisorption power generation cycle 

obtained by integrating four thermochemical reactors with two expanders. The purpose of such 

a system configuration is to overcome the intermittency imposed by solid/gas sorption 

reactions, providing power and refrigeration continuously. Bao et al. proposed an integrated 

resorption system which combines the chemical reactors with a compressor and an expander. 

Such a system has the capability to store electricity and low-grade heat during charge, while 

providing refrigeration, heating and power during discharge [29,30]. Godefroy et al. [31] 
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carried out an exhaustive performance analysis on a hybrid sorption cycle for low-grade heat 

storage and cogeneration of power and cold operating in three different modes. The work is 

focused on first and second law analysis and achieves a parametric study, varying cycles 

operating conditions and design variables such as metal ratio and expander isentropic 

efficiency.  

 

Dynamic state studies 

Jiang et al. [22] conducted a one-dimensional dynamic study on a resorption cogeneration cycle 

operating continuously. The work is focused on the performance analysis in terms of COP and 

specific cooling capacity. The same authors investigated a resorption power generation cycle 

integrated with PCM storage tanks providing heat and cold storage, through a mathematical 

model supported by an experimental setup [32]. Bao et al. [33] studied the dynamic 

performance of a cogeneration cycle for continuous and simultaneous power and cold 

production, combining a simple chemisorption cycle (Thermochemical Sorption Cycles 1.4.1) 

with a scroll expander. They concluded that the mismatch between ammonia vapor expansion 

and adsorption and the non-optimal design of the scroll expander might lead to a dramatic loss 

in efficiency (about 70 %). Lu et al. [34] carried out the investigation of the dual sources 

chemisorption power generation cycle [28], conducting a dynamic performance study through 

an analytical kinetic model. 

 

 

1.5 Motivations for the present work  

Thermochemical resorption cogeneration cycle represents a promising technology, that can 

provide multiple functions in several applications. However, since it is non-established 

technology, analytical and experimental investigations at different scales are still required. In 

this work an ammonia-based thermochemical resorption cycle for low-grade heat storage and 

cogeneration of power and cold is investigated at system level, in both steady state and dynamic 

state conditions. The study is conducted on a specific low-grade heat application, adopting 

Metal Chlorides-NH3 reactive mixtures in the reactors. The purpose of the work is to increase 

the knowledge about combined sorption refrigeration and power cycles and to address eventual 

gaps in the current literature. Therefore, the following objectives have been stated for this thesis: 

 

1) Study the influence of cycle parameters and intrinsic properties of solid/gas reactions 

on the steady state performance of the system. 

The relationship between thermochemical sorption cogeneration steady state performance and 

cycle operating conditions have been addressed many times in literature. However, limited 

research analyzes the influence of the intrinsic properties of solid/gas reactions on the system 

performance. Such an investigation could serve to identify which kind of solid/gas reactions is 

more suitable for a specific application and system size. Therefore, the following tasks are 

carried out in the thesis: 
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• Building a steady state model for TRSC which encompasses the size of the reactors 

through the definition of thermal masses (Section 3.2). 

• Conducting a steady state analysis focused on the correlation between system efficiency 

and reactive materials properties (Section 5.1). 

 

2) Formulate a Dynamic model for TRSC and transient behavior of relevant physical 

quantities. 

Although several steady/dynamic models have been proposed for thermochemical 

sorption/resorption cycles for continuous cogeneration of power and cold, there is narrow 

evidence about dynamic models used to investigate thermochemical resorption cogeneration 

cycles with storage function. Such models are essential to investigate the system’s transient 

behavior and estimate the performance in terms of power and/or cycle time. Dynamic models 

for resorption cogeneration cycles should encompass the coupling of the thermochemical 

reactors operating in non-equilibrium conditions, and the presence of a turbomachine providing 

work. Therefore, the following specific tasks are conducted in the thesis: 

• Building a lumped parameters dynamic model for TRSC including practical 

assumptions related to the kinetics of the reactions during simultaneous 

adsorption/desorption of the reactors: the reactive mixtures need to be brought to 

thermodynamic conditions out of their equilibrium (Section 3.3).  

• Discussing the evolution in time of relevant quantities, e.g., temperatures and pressures 

of the reactors, with the aim to carry out a physical interpretation for such transient 

trends (Section 5.2). 

 

3) Address relationship between dynamic state system performance and components 

behavior. 

Since limited e.vidence is to be found in literature on dynamic modeling of resorption 

cogeneration storage cycles, research addressing the correlation between dynamic performance 

and components behavior is scant. Such kind of study is relevant since it could allow to 

investigate how system parameters and operating conditions affect the dynamic performance in 

terms of cycle time and other fundamental efficiency indicators for storage systems. For 

instance, TRSC has the potential to be applied as a retrofit solution for intermittent industrial 

waste low-grade heat recovery. In such an application, a lower duration of the whole storage 

cycle could enable the recovery and exploitation of larger amounts of waste thermal energy. 

Therefore, the following tasks are carried out in the thesis:  

• Discussing the influence of the system’s operating features, e.g., thermal masses and 

expander pressure ratio, on the dynamic performance in terms of cycle time (Section 

5.3). 

• Conducting a parametric study on the adsorption/desorption reaction times during 

charge and discharge phases (paragraphs 5.3.3 and 5.3.4).
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2. System description 

The physical and working fundamentals of sorption processes have been illustrated in the 

previous chapter, together with the main thermochemical sorption systems. In the following 

chapter a detailed description of the operation principles of the TRSC is carried out. Firstly, the 

working steps of the ideal cycle are defined and visualized on the Clapeyron diagram and on 

the T-s diagram. Subsequently, the real cycle is addressed by considering the non-equilibrium 

conditions required for chemisorption reactions to occur. In the last two sections, a brief 

description of the system components is accomplished and some potential applications for 

TRSC are pointed out. 

 

 

2.1  TRSC 

The ammonia-based thermochemical cogeneration resorption system analyzed in this work is 

visualized in Figure 2.1.  

 

 

Figure 2.1: Thermochemical Resorption cycle for low-grade heat storage and cogeneration for power and cold 

(TRSC). 

 

TRSC consists of a resorption cycle combined with a scroll expander, which harnesses the high 

pressure of the desorbed ammonia exiting the HTR during charge phase to produce mechanical 

work. The working steps are illustrated in detail taking as reference the ideal thermodynamic 

cycle of TRSC on the Clapeyron diagram (Figure 2.2). Moreover, the cycle path is represented 
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on a T-s diagram to differentiate between operating points with the same pressure and 

temperature, but different values of specific entropy of the working fluid. In particular, the 

equilibrium curves of HTM and LTM are represented in the adsorbed state (right curve) and 

desorbed state (left curve). The operating points of the cycle at which the working fluid is in 

the adsorbed state are indicated with an asterisk superscript on the T-s diagram.  The 

equilibrium curves of the two solid/gas reactive mixtures have been obtained with a method 

proposed by Neveu [35], illustrated in Chapter 3. 

 

 

Figure 2.2: Thermodynamic path of the TRSC cycle on the Clapeyron diagram (left) and T-s diagram (right). 

 

Besides the two main working phases of charge and discharge, the intermediate precooling and 

preheating steps are represented in Figure 2.2. Hence, the working steps are: 

• Charge phase: valve 𝑉1  is opened and valve 𝑉2  is closed. The HTM at hot source 

temperature 𝑇𝐻 is subjected to endothermal desorption (1*-1), by means of the heat input 

𝑄𝐻. The superheated ammonia leaves the reactor and generates work 𝐿 flowing through 

the scroll expander (1-2). Expanded ammonia reaches thermal equilibrium with the 

LTR, kept at environmental sink temperature 𝑇0 through an isobaric transformation (2-

3). The ammonia is adsorbed in LTM rejecting heat  𝑄0 (3-3*). 

• Precool phase: both valves are closed. The LTM in the adsorbed state is brought to cold 

source temperature 𝑇𝐶  along its equilibrium line (3*-4* on T-s diagram, 3-4 on 

Clapeyron diagram). Note that simultaneously the HTM in the desorbed state is cooled 

and brought to intermediate sink temperature 𝑇𝑚. Such a transformation is not shown in 

the thermodynamic cycle because it does not involve the working fluid ammonia. The 

precool step is also referred to as sensible discharge phase. 

• Discharge phase: valve 𝑉1 is closed and valve 𝑉2 is opened. The LTM at cold source 

temperature 𝑇𝐶 undergoes endothermal decomposition providing refrigeration 𝑄𝐶 (4*-

4). The generated ammonia bypasses the expander and flows directly towards the HTM, 

where it reaches thermal equilibrium (4-5). Exothermal adsorption of the refrigerant 

occurs and heat 𝑄𝑚 is rejected at intermediate sink temperature 𝑇𝑚 (5-5*). 
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• Preheat phase: both valves are closed. The HTM in the adsorbed state is brought to hot 

source temperature 𝑇𝐻  along its equilibrium line (5*-1* on T-s diagram, 5-1 on 

Clapeyron diagram). Again, also LTM in the desorbed state is heated and brought to 

environmental sink temperature 𝑇0 . The preheat step is also referred to as sensible 

charge phase. 

Note that a simple resorption cycle is accomplished when the expander is bypassed during 

the reaction charge phase, thus valve 𝑉1 is closed and valve 𝑉2 is opened. 

 

 

2.2 Chemisorption non-equilibrium reactions  

In the description of the working principles of chemical solid/gas sorption phenomena made so 

far, no aspect related to the reaction kinetics were considered. Thus, the reactions of 

decomposition and synthesis are supposed to occur even if the thermodynamic properties of the 

reactive mixtures are not outside the corresponding equilibrium conditions (equilibrium lines 

of HTM and LTM). Nevertheless, as already mentioned in section 1.4, for a practical 

thermochemical solid/gas transformation it is important that the of the temperature and pressure 

of the reactive mixture deviate from the corresponding equilibrium line. Let us consider Figure 

2.3, which shows the non-equilibrium condition to be imposed on a solid/gas reaction to activate 

desorption/adsorption.  

 

 

Figure 2.3: Non-equilibrium conditions imposed on the solid/gas reactive mixture (S/G). Constraint A activates 

desorption. Constraint B activates adsorption. 

 

The chemical decomposition reaction is triggered if the solid/gas mixture is brought to a 

thermodynamic state to the right of the reaction equilibrium line (S/G), i.e. state A. Such a 

condition can be essentially obtained in two ways: 
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1. The reactive mixture is kept at pressure 𝑝𝐴  and the temperature is increased from 

𝑇𝑒𝑞(𝑝𝐴) to 𝑇𝐴. Hence a thermal positive equilibrium deviation (or equilibrium drop) 

𝛿𝑇𝑒𝑞 = 𝑇𝐴 − 𝑇𝑒𝑞(𝑝𝐴) is imposed. 

2. The reactive mixture is kept at temperature 𝑇𝐴  and the pressure is decreased from 

𝑝𝑒𝑞(𝑇𝐴)  to 𝑝𝐴 , imposing a negative pressure equilibrium deviation 𝛿𝑝𝑒𝑞 = 𝑝𝐴 −

𝑝𝑒𝑞(𝑇𝐴). 

In other words, the desorption reaction is favored by high temperature and low pressure 

conditions with respect to the equilibrium state. On the contrary, the chemical synthesis reaction 

occurs when the solid/gas mixture is brought to a thermodynamic state to the left with respect 

to the equilibrium line (state B). Hence, adsorption is triggered when the reactive mixture is 

constrained by a negative thermal equilibrium deviation (𝛿𝑇𝑒𝑞 = 𝑇𝑏 − 𝑇𝑒𝑞(𝑝𝐵)) or a positive 

pressure equilibrium drop (𝛿𝑝𝑒𝑞 = 𝑝𝑏 − 𝑝𝑒𝑞(𝑇𝑏)) . With respect to the equilibrium state, 

adsorption is favored by low temperature and high pressure conditions. 

The kinetics of desorption/adsorption reactions are typically affected by two types of 

limitations, depending on the type of equilibrium deviation constraint [36,37]: 

• When the thermal equilibrium drop is imposed, the reaction kinetics is affected mainly 

by heat transfer limitations. Heat transfer enhancement can be achieved by incrementing 

the equivalent conductivity of the reactive block. 

• Imposing a pressure equilibrium deviation, the reaction kinetics is affected primarily by 

mass transfer limitations. Mass transfer can be improved through an increase in 

permeability of the reactive block.  

 

2.2.1 Operating principles of TRSC with non-equilibrium reactions 

Since proper non-equilibrium thermodynamic conditions need to be imposed to trigger 

decomposition/synthesis reactions, the operating principles of a simple resorption cycle in the 

real case are different with respect to the ideal case. An additional feature to consider in the real 

case is that to activate charge/discharge phase the reactive mixtures inside HTR and LTR must 

be brought out of the corresponding equilibrium lines simultaneously, in such a way that one 

reactor undergoes desorption, while the other undergoes adsorption. The operation of the real 

resorption system compared to the ideal cycle can be visualized in Figure 2.4. In the real case, 

during the intermediate steps as the reactors are disconnected, i.e. preheat phase and precool 

phase, the solid/gas mixtures are brought at equilibrium temperatures corresponding to different 

pressures. For instance, considering preheat phase, HTM is heated to temperature 𝑇𝐻 (point 1), 

while LTM is brought to temperature 𝑇0 (point 2), with 𝒑𝟏 > 𝒑𝟐. As the valve is opened to 

connect the LTR and HTR, the non-equilibrium pressure 𝑝𝑐 is imposed on both reactors, which 

activates the simultaneous desorption and adsorption of HTM and LTM, respectively [38].  
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Figure 2.4: Simple resorption ideal cycle (left) compared with the operating points in the real case (right). Points 

A and B indicate non-equilibrium conditions which activate respectively desorption and adsorption. 

 

Indeed, the constrain pressure 𝑝𝑐  is lower than the equilibrium pressure of HTM at the 

corresponding temperature (𝑇𝐻 at the beginning of the reaction). In other words, a negative 

pressure equilibrium drop is imposed, favoring decomposition (point A). Moreover, 𝑝𝑐  is 

higher than the equilibrium pressure of LTM corresponding to its temperature (initially 𝑇0), 

thus adsorption is activated by means of a positive pressure equilibrium deviation (point B). 

Similarly, during the precool phase as the valve is closed, the reactors need to be cooled at 

equilibrium temperatures which allow a proper pressure difference before the discharge phase. 

In particular, HTM and LTM are brought to 𝑇𝑚 (point 4) and 𝑇𝐶 (point 3) respectively, with 

𝒑𝟑 > 𝒑𝟒. Therefore, after connecting the two reactors, the constraint pressure 𝑝𝑑 is set, and the 

driving force for the decomposition of LTM and synthesis of HTM is activated. In conclusion, 

it can be asserted that in the real case the following additional aspects need to be considered:  

• The solid/gas reactive mixtures must be brought to different equilibrium pressure levels 

during the preheat and precool intermediate stages. 

• The pressure difference between the two reactors should guarantee the imposition of a 

proper non-equilibrium pressure on both reactors as they are connected. Therefore, such 

a constraint pressure should simultaneously ensure a negative equilibrium drop on the 

desorbing material and a positive equilibrium drop on the adsorbing material. 

In this work, the real case of the TRSC cycle is addressed in the dynamic model, in which the 

kinetics of non-equilibrium decomposition/synthesis reactions is considered. Clearly, besides 

the practical considerations made in this paragraph regarding the simple resorption system, the 

effect of the scroll expander needs to be included. Hence, the TRSC cycle in the real case could 

be represented as in Figure 2.5. Note that the presence of the scroll expander imposing the 

expansion of ammonia will result in two different non-equilibrium pressure constraints 𝑝𝑐,ℎ and 

𝑝𝑐,𝑙 , triggering HTM desorption and LTR adsorption, respectively. The dynamic model is 

explained in detail in the methodology chapter. 
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Figure 2.5: TRSC cycle in the real case. Note that two different constraint pressures are imposed during the 

charge phase, due to the presence of the scroll expander. 

 

 

2.3 System components 

The TRSC has been widely described from the point of view of the sorption phenomena and 

processes involved. In this section, a brief description of the single units composing the system 

is carried out. Therefore, typical adsorption bed technologies are presented and the working 

principles and features of the scroll expander are illustrated. 

 

2.3.1 Adsorption bed 

In solid/gas chemical sorption processes two main limitations affect the reaction kinetics, thus 

the overall cycle time: mass transfer limitations and heat transfer limitations. Adsorption beds 

are usually designed to maximize the overall heat transfer between the thermal energy carrier, 

i.e., heat transfer fluid (HTF), and reactive material. Heat transfer limitations are mainly caused 

by: 

a) Low thermal conductivity of the adsorbent material.  

b) Limited heat transfer coefficient between the adsorbent and the heat exchanger. 

c) Low heat transfer coefficient of the heat transfer fluid.  

To enhance the heat transfer between adsorbent and heat exchanger (b), a possible approach is 

to increase the heat exchange area. Two types of adsorption beds commonly fulfill the 

requirement of high heat exchange area, i.e., plate-fin and shell-tube types. 

 

• Plate-fin type (Figure 2.6). 

It is composed by several plate-fin heat exchanger units. Fins can be installed on both 

the fluid side and on the adsorbent side to maximize the heat transfer area. On the 

adsorbent side, channels ensure the diffusion of the decomposed adsorbate which flows 

in the depth direction, perpendicular to the thermal fluid flow direction. Fins have pores 
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which enhance the mass transfer on the adsorbent side. On the thermal fluid side, the 

pores in the fins favor turbulence, which enhances the heat transfer (reducing limitation 

c). 

 

 

Figure 2.6: Plate-fin heat exchanger unit of adsorption bed [14]. 

 

• Shell-tube type (Figure 2.7). 

Shell-and-tube is a more suitable type of reactor for high pressure applications, e.g., 

using ammonia as a refrigerant. Indeed, thanks to its high resistance to structural and 

thermal stresses, shell-tube reactors are less subjected to leakage phenomena. The heat 

transfer medium is on the shell side, while the solid adsorbent is in metal tubes. Fins 

can be installed on the sorbent side in the tubes to enhance heat transfer. During 

synthesis/decomposition, the gaseous refrigerant flows through proper microchannels 

in the adsorbent tubes. 

 

 

 

Figure 2.7: Shell-tube adsorption bed [22]. 

 

To reduce the heat transfer limitation due to the low thermal conductivity of the adsorbent 

(limitation a), one typical strategy is to formulate a composite adsorbent. In such materials, the 

pure adsorbent is combined with a so-called host matrix, usually characterized by high thermal 

conductivity, which contributes to the decrease of total thermal resistance on the reactive 

medium side [14]. Expanded natural graphite (ENG) is acknowledged to be one of the best 

materials to be used as a host matrix. In fact, not only the ENG/adsorbent complex reveals 

enhanced heat transfer, compared to the pure adsorbend, but it also results in improved mass 

transfer performance [39]. 



  2. System description 

26 

2.3.2 Scroll expander 

In power generation cycles, two categories of expansion machines are commonly used: velocity 

type turbines and volumetric devices. Scroll expanders belong to the latter category; they are 

composed of two displaced spiral scrolls (Figure 2.8). One scroll is fixed while the other is free 

to move with rigid orbiting progressions around the center of the spiral. The gaseous working 

fluid flowing at high pressure at the center of the device inlet (admission) causes the mobile 

scroll to orbit with an anticlockwise movement. Such movement allows the gas to flow in the 

larger volume vanes of the expander, resulting in a progressive pressure decrease until the outlet 

is reached (discharge). A clockwise orbiting movement of the mobile scroll would produce the 

reverse effect with the device operating as a compressor.  

 

 

Figure 2.8: Scroll expander expansion process [40]. 

 

Compared to velocity turbines, volumetric expanders are characterized by lower flow rates, 

lower rotational speed, higher pressure ratio and are usually more feasible for small-sized power 

generation systems (< 50 kW) [41]. A beneficial feature of volumetric expanders is the major 

tolerance to liquid droplets, hence potentially working fluids can be expanded until they are 

slightly wet at the outlet. Compared to other volumetric devices, scroll expanders have several 

advantages such as high efficiency and high pressure ratio, low vibrations, low manufacturing 

cost, and high reliability [42]. 

 

 

2.4 Potential Applications 

In the following section, two potential low-grade heat applications for TRSC are presented. A 

first scenario is the industrial sector, in which TRSC could be integrated as a retrofit solution 

in a specific process for waste heat recovery and other multiple functions, such as cooling and 

heating. Another potential application presented for TRSC is in the building space/heating 

sector, where it is integrated as a storage system in a solar thermal circuit, enabling a higher 

share of renewables in the yearly energy consumption.  
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2.4.1 Waste heat recovery 

Let us consider an industrial plant which rejects several streams of waste thermal energy at 

different temperatures in the low-grade range with high refrigeration and heating needs during 

specific periods. The TRSC could be retrofitted to the already existing process storing 

intermittently waste heat 𝑄𝐻  during charge phase and producing diverse useful effects 

depending on the specific requirements during discharge phase (Figure 2.9): 

 

 

Figure 2.9: TRSC application for waste heat recovery in the case of cold production (a.) and heating (b.), with 

power production (left) and without power production (left). 

 

a. When cold production is needed, the heat transfer fluid to be cooled flows in the LTR 

undergoing refrigeration effect  𝑄𝐶 , while the thermal energy 𝑄𝑚  related to HTM 

adsorption is released to the environment or to another stream in the process. It is 

important to notice that before the discharge phase, the LTR must be precooled to the 

desired refrigeration temperature. Hence, a pre-existent cold stream or back-up 

refrigeration cycle to achieve the precool stage should be addressed during the design 

of retrofit TRSC. 

b. If heating is needed and the temperature of the available waste streams is too low, the 

waste heat 𝑄𝑤 of such streams can be used to trigger desorption in LTR. The gaseous 

ammonia is adsorbed in HTR and the thermal energy 𝑄ℎ𝑒𝑎𝑡 provides useful heating. The 

quality of the heat depends on the temperature of the waste heat related to the available 

streams. 

Note that in both cases, the expander produces mechanical power during the charge phase, 

which can feed a generator producing electricity to be used or sold to the grid. However, when 

power is not required, the expander can be bypassed to obtain the simple resorption 

configuration (Figure 2.9 right graph). Finally, TRSC can operate also with the function of 

energy upgrade, storing low-grade heat during the charge phase, producing high-grade thermal 

energy during discharge. In such a configuration, production of power is feasible only if during 

the charge phase the properties of solid/ammonia reaction combined with the temperature 

thermal input result in the production of gaseous ammonia at a sufficiently high pressure.  
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2.4.2 Solar thermal application 

The TRSC could provide relevant advantages if integrated into a solar thermal loop for hot 

water production and space heating/cooling. For instance, in periods of low hot water demand, 

e.g. in summer, the excess solar thermal energy 𝑄𝐻 could be stored during the charge phase, 

causing ammonia desorption at the HTR, while the LTR kept at thermal equilibrium with the 

environment would undergo adsorption. During the discharge phase relevant useful effects can 

be obtained, e.g., as represented in Figure 2.10: 

 

 

Figure 2.10: TRSC application in a solar thermal circuit in the case of pure refrigeration (a.) and simultaneous 

refrigeration and hot water production (b.). Power production (left) and no power production (right). Note that 

the environment acts as thermal sink during both charge and discharge phases. 

 

a. Pure refrigeration. The HTR is brought to thermal equilibrium with the environment 

during the precool step, while LTR is cooled to refrigeration temperature 𝑇𝐶. When the 

refrigeration effect is required 𝑄𝐶, the reactors are connected, and reaction discharge is 

achieved. The adsorption heat coming from HTM is rejected at environmental 

temperature 𝑇0. Hence, the environment is used as a thermal sink for adsorption heat 

both during charge and discharge phases. 

b. Refrigeration and hot water production. The HTR is brought to the desired hot water 

temperature, during the precool step, while LTR is cooled to refrigeration temperature. 

As the discharge phase is activated simultaneous refrigeration 𝑄𝐶′  and hot water 

production 𝑄𝑤𝑎𝑡𝑒𝑟  are achieved, due to LTR endothermal desorption and HTR 

exothermal adsorption, respectively. Note that the refrigeration effect is at higher 

temperature, thus lower quality, with respect to the pure refrigeration case. 

In both configurations, power production is achieved during the charge phase, and the generated 

electricity can be directly used or sold to the grid. As in the previous scenario, if power is not 

needed, the expander can be easily bypassed by properly controlling the valve connections 

between the reactors, thus obtaining a simple resorption configuration. 

TRSC solar thermal application would allow obtaining higher solar yield in the overall energy 

consumption related to refrigeration and sanitary water production in hot periods. Based on the 
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operating and required temperatures, it is important to select proper solid/gas reactions (LTM 

and HTM) in order to assure the exploitation of the environmental sink at temperature 𝑇0 both 

in charge and discharge phases (case a.), and to allow the simultaneous production of cold and 

heat when needed (case b.). 

Thanks to high energy density and low thermal losses of thermochemical storage systems, 

TRSC could be applied in solar thermal applications for space heating in buildings, also with 

seasonal storage function. The working cycle would be structured as follows: during summer, 

the solar thermal energy is stored in the system and the expander produces power or is bypassed, 

depending on the needs during the whole charging period. When TRSC is completely charged 

the reactors are disconnected and the precool phase begins: during winter, LTR reaches thermal 

equilibrium with the cold external environment, while HTR is kept at building temperature. As 

space heating is required, the two reactors are connected, and discharge phase is triggered. 

Hence, the cold thermal energy provided by the environmental source drives LTM desorption, 

while the heat supplied by the adsorbing HTM provides the heating effect. Since large amounts 

of energy to be charged and discharged are expected for a seasonal application of TRSC, the 

system size would be larger with respect to the previous case illustrated in the solar thermal 

field, which is instead supposed to operate intermittently. 

 

The above presented applications of TRSC for low-grade heat exploitation, recovered from 

industrial waste heat or in solar thermal systems, represent only some examples among a broad 

range of possibilities. Indeed, it can be inferred that such a technology based on thermochemical 

resorption is highly flexible, allowing to design smart systems, capable of varying operating 

configurations, depending on the specific needs. However, regardless of the type of application, 

a proper thermo-economic analysis should be carried out to determine if this kind of technology 

is relevant in terms of overall savings. In other words, the total cost needed to implement and 

maintain the system should not overcome the benefits in terms of revenues related to 

refrigeration, heating, and work production in the long term. 
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3. Methodology 

The following chapter aims to illustrate the methods adopted to build the general models for 

the TRSC. In the first part, the assumptions and equations for the development of the 

thermodynamic cycle are presented. Subsequently, the model for the sized system in the steady 

state case is obtained by including the effective materials and thermal masses of the reactors. 

Finally, a detailed description of the dynamic lumped parameters model used to investigate the 

sized system is carried out. For both steady state and dynamic state models, a validation based 

on data found in the literature is proposed. 

 

 

3.1 Thermodynamic cycle 

The thermodynamic cycle of TRSC represents the basis on which the steady state model for the 

sized system is built. Since the implementation of the thermodynamic cycle of TRSC is based 

on solid/gas adsorption theory, briefly introduced in section 1.4, such working principles are 

recalled and described more in detail in the following section. Afterward, the Neveu method 

adopted to represent the cycle on the T-s diagram is illustrated.  

 

3.1.1 Solid/ammonia chemisorption reactions 

As introduced in paragraph 1.4, reversible solid/gas adsorption phenomena can be defined with 

the general reaction notation: 

 

𝑆1 + 𝐺 ⇄ 𝑆2 + 𝛥𝐻𝑟    
 

 

3.1 

The reaction evolving towards the right is exothermal adsorption (or sorption), while the 

reaction towards the left is endothermal desorption. The TRSC exploits the reaction enthalpy 

𝛥𝐻𝑟  of solid/gas chemisorption reactions, in which the working fluid is ammonia. Thus 

equation 3.1 can be generalized for ammonia sorption as follows: 

 

𝑆(𝑁𝐻3)𝜈1
+ (𝜈2 − 𝜈1)𝑁𝐻3 ⇄ 𝑆(𝑁𝐻3)𝜈2

+ (𝜈2 − 𝜈1)𝛥ℎ̅𝑟 

 

 

3.2 

Where the first term in the left-hand side of the reaction is the solid 𝑆1, composed of a substance 

𝑆 at the low ammoniation state defined by coefficient 𝜈1. When the substance 𝑆1 adsorbs the 

quantity of ammonia (𝜈2 − 𝜈1)𝑁𝐻3, the complex 𝑆2 consisting of the substance 𝑆 at the high 

ammoniation state 𝜈2 is obtained and the reaction heat represented by the second term on the 

right-hand side of the reaction is released. The general solid/ammonia reaction in equation 3.2 

is identified from now on with the notation 𝑆 (𝜈2 − 𝜈1) . uuantities referring to solid 

ammoniated at higher and lower states ( 𝑆2  and 𝑆1   will have the subscripts 𝑆2  and 𝑆1 

respectively, while subscript 𝑠 indicates a variable related to the pure solid 𝑆. The equilibrium 
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of a solid/gas reaction is described by the Clapeyron equation (equation 3.3 , based on the 

following hypothesis: 

• The heat and entropy of reaction are constant with respect to the temperature and equal 

to 𝛥ℎ̅𝑟
0 and 𝛥�̅�𝑟

0, evaluated at standard reference conditions. 

• The molar volume of the solid phase is negligible compared to the volume occupied by 

the gaseous phase. 

• The gas is modeled as an ideal gas. 

The Clapeyron equation can be written in two equivalent forms: 

 

 𝑙𝑛 (
𝑝𝑒𝑞

𝑝0
) = −

𝛥ℎ̅𝑟
0

𝑅𝑇𝑒𝑞
+

𝛥�̅�𝑟
0

𝑅
   𝑜𝑟   𝑙𝑛(𝑝𝑒𝑞) = −

𝛥ℎ̅𝑟

𝑅𝑇𝑒𝑞
+

𝛥�̅�𝑟

𝑅
    

 

3.3 

where 𝛥ℎ̅𝑟  and 𝛥�̅�𝑟  are molar enthalpy and entropy of reaction of the considered solid/gas 

reaction related to the reference pressure of 1 Pa. It can be inferred that: 

 

𝛥ℎ̅𝑟= 𝛥ℎ̅𝑟
0;   𝛥�̅�𝑟= 𝛥�̅�𝑟

0 + 𝑅𝑙𝑛(𝑝0) 

 

 

3.4 

As an example, let us consider the reaction manganese chloride – NH3 already introduced in 

section 1.4 : 

 

𝑀𝑛𝐶𝑙2(𝑁𝐻3)2 + 4𝑁𝐻3 ⇄ 𝑀𝑛𝐶𝑙2(𝑁𝐻3)6 + 4 𝛥ℎ̅𝑟,𝑀𝑛𝐶𝑙2(6−2) 

 

 

3.5 

Such a reaction is indicated as MnCl2 6-2. From equation 3.4, the molar enthalpy and entropy 

of reaction with respect to reference pressure of 1 Pa associated to MnCl2 6-2 result respectively 

𝛥ℎ̅𝑟 =47.42 kJ/mol and 𝛥�̅�𝑟 =228.07 J/mol/K.  

To evaluate the extent of a sorption reaction the global conversion rate 𝑥 is defined as follows: 

 

 𝑥 =
𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑎𝑚𝑚𝑜𝑛𝑖𝑎 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑

𝑡𝑜𝑡𝑎𝑙 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑎𝑚𝑚𝑜𝑛𝑖𝑎 𝑡ℎ𝑎𝑡 𝑐𝑎𝑛 𝑏𝑒 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑
 

 

3.6 

 

𝑥 =
𝑚𝑁𝐻3

𝑚𝑁𝐻3,𝑡𝑜𝑡
=

𝑛𝑁𝐻3

𝑛𝑁𝐻3,𝑡𝑜𝑡
 

 

3.7 

Where 𝑛𝑁𝐻3,𝑡𝑜𝑡 is the stoichiometric number of moles of ammonia associated to the considered 

reaction: 

 

𝑛𝑁𝐻3,𝑡𝑜𝑡 = (𝜈2 − 𝜈1)𝑛𝑆2
= (𝜈2 − 𝜈1)𝑛𝑆1

 

 

 

3.8 

Therefore, the parameter x ranges between 0 and 1. and such extreme values correspond to the 

completed desorbed and adsorbed states, respectively. 
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3.1.2 The Neveu method 

Based on the monovariant characteristic of the equilibrium of chemisorption processes and the 

dualism with the liquid-vapor phase equilibrium, Neveu et al. [35] proposed a method to 

calculate the specific enthalpy and entropy of the ammonia in the adsorbed phase. According 

to such an approach, the specific enthalpy and entropy of ammonia at adsorbed state are defined 

as follows: 

 

ℎ∗ = ℎ(𝑇, 𝑝𝑒𝑞) − 𝑟𝑝,𝑇(𝑇) 

 

 

3.9 

 

 𝑠∗ = 𝑠(𝑇, 𝑝𝑒𝑞) −
𝑟𝑝,𝑇(𝑇)

𝑇
 

 

3.10 

Where ℎ(𝑇, 𝑝𝑒𝑞)  and 𝑠(𝑇, 𝑝𝑒𝑞) are respectively the enthalpy and entropy of gaseous ammonia 

at temperature 𝑇 and equilibrium pressure 𝑝𝑒𝑞. The term 𝑟𝑝,𝑇(𝑇) is the heat of reaction at fixed 

pressure and temperature, which is a function of the considered temperature 𝑇. It is obtained 

starting from the Clapeyron equation for a solid/gas reaction in its general form: 

 

(
𝑑𝑝

𝑑𝑇
)

𝑒𝑞
=

𝑟𝑝,𝑇

𝑇(𝑣 + 𝑣𝑆1
− 𝑣𝑆2

)
 

 

3.11 

Where 𝑣 is the gas specific volume at temperature 𝑇 and equilibrium pressure 𝑝𝑒𝑞. Defining 

𝛥𝑣𝑠 as the specific volume variation between the high-ammoniated solid and low-ammoniated 

solid, we can write: 

 

𝑟𝑝,𝑇(𝑇) = (
𝑑𝑝

𝑑𝑇
)

𝑒𝑞
𝑇(𝑣 − 𝛥𝑣𝑆) 

 

3.12 

The first term on the right-hand side of the above equation can be obtained by rewriting the 

Clapeyron equation (3.3) in exponential form and deriving the obtained expression with respect 

to temperature: 

 

(
𝑑𝑝

𝑑𝑇
)

𝑒𝑞
=

𝛥ℎ̅𝑟
0

𝑅𝑇2
𝑝0 𝑒𝑥𝑝 (−

𝛥ℎ̅𝑟
0

𝑅𝑇
+

𝛥�̅�𝑟
0

𝑅
) 

 

 3.13 

Substituting in equation 3.12: 

 

𝑟𝑝,𝑇(𝑇) =
𝛥ℎ̅𝑟

0

𝑅𝑇2
𝑝0 𝑒𝑥𝑝 (−

𝛥ℎ̅𝑟
0

𝑅𝑇
+

𝛥�̅�𝑟
0

𝑅
) (𝑣 − 𝛥𝑣𝑆) 

 

 3.14 

The value of  𝛥𝑣𝑆 should be experimentally measured for each solid/gas reaction considered. 

However, as experimental values are not available, the value of molar volume variation between 
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solids at high and low ammoniation states 𝛥�̅�𝑆  can be assumed constant and equal to 

20 cm3/mol, as suggested by Neveu. Thus, for each solid/gas reaction evaluated in this work: 

 

𝛥𝑣𝑆 =
20

�̅�𝑁𝐻3

≃ 11.76 ⋅ 10−4  
𝑚3

𝑘𝑔
 

 

 3.15 

In Figure 3.1 the equilibrium lines of MnCl2 6-2 reaction are represented on a Clapeyron 

diagram and on T-s diagram, together with the liquid/gas ammonia saturation curve.  

 

 

Figure 3.1: Clapeyron diagram (left) and T-s diagram (right) related to reaction MnCl2 6-2 and to the ammonia 

saturation line. On the T-s diagram the left red line represents the adsorbed state of the reactive mixture, the right 

red line is the desorbed state. 

 

One of the advantages of the Neveu method is the possibility of representing the adsorption and 

desorption processes as thermodynamic transformations on T-s or Mollier diagrams, widely 

used in the power and refrigeration field. Moreover, such an approach overcomes the hypothesis 

of constant variation of enthalpy and entropy with respect to temperature during 

adsorption/desorption, related to the Clapeyron equation. 

 

3.1.3 Cycle implementation 

The thermodynamic cycle was implemented on EES (Engineering Equation Solver), a software 

capable of solving any set of implicit equations. Moreover, it contains a database of 

thermodynamic properties for several working fluids, meaning that relevant quantities, such as 

specific enthalpy or temperature, can be obtained by simply calling functions in the code. Let 

us recall the thermodynamic cycle of TRSC, represented in Figure 3.2 on the Clapeyron 

diagram and on the T-s diagram. 
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Figure 3.2; Thermodynamic cycle of the TRSC on the Clapeyron diagram (left) and T-s diagram (right). 

 

Firstly, the Clapeyron equilibrium equations are set to fix the relation between temperature and 

pressure of the considered solid/ammonia reactions: 

 

𝑝𝑗 = 𝑒𝑥𝑝 (−
𝛥ℎ̅𝑟,ℎ

𝑅𝑇𝑗
+

𝛥�̅�𝑟,ℎ

𝑅
) ;      𝑗 = 1, 5 

 

 3.16 

 

𝑝𝑗 = 𝑒𝑥𝑝 (−
𝛥ℎ̅𝑟,𝑙

𝑅𝑇𝑗
+

𝛥�̅�𝑟,𝑙

𝑅
) ;      𝑗 =  3, 4 

 

3.17 

The index j refers to a generic point of the thermodynamic cycle in the Clapeyron diagram, 

which is on the equilibrium lines of HTM or LTM, indicated respectively by the subscripts h 

and l. The expansion is modeled with the following set of equations: 

 

𝜂𝑖𝑠 =
ℎ1 − ℎ2

ℎ1 − ℎ2,𝑖𝑠
     

 

 3.18 

 
𝑇1

𝑇2,𝑖𝑠
= 𝛽

𝛾−1
𝛾  

 

 3.19 

 

𝛽 =
𝑝1

𝑝2
  

 

 3.20 

 

ℎ2,𝑖𝑠 = 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦(𝑇2,𝑖𝑠, 𝑠2)     
 

 

3.21 

 

𝑠2 = 𝑠1 

 

 

3.22 
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Where 𝜂𝑖𝑠  is the isentropic efficiency of the expander while ℎ  is the specific enthalpy of 

ammonia. The assumption of ideal gas is made for the adiabatic expansion (equation 3.19), with 

a constant specific heat ratio 𝛾 = 1.31. The right-hand side of Equation 3.21 represents the 

function called on EES to obtain the specific enthalpy corresponding to temperature  𝑇2,𝑖𝑠 and 

entropy 𝑠2 . In general, thermodynamic quantities can be obtained on EES by writing the 

functions related to them, corresponding to two independent variables. For instance, the 

remaining equations to close the thermodynamic cycle are: 

 

ℎ2 = 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦(𝑇2, 𝑝2) 

 

3.23 

 

𝑣2 = 𝑣𝑜𝑙𝑢𝑚𝑒(𝑇2, 𝑝2) 

 

 

3.24 

 

ℎ𝑗 = 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦(𝑇𝑗 , 𝑝𝑗) 

 

 

3.25 

 

𝑠𝑗 = 𝑒𝑛𝑡𝑟𝑜𝑝𝑦(𝑇𝑗 , 𝑝𝑗) 

 

 

3.26 

 

𝑣𝑗 = 𝑣𝑜𝑙𝑢𝑚𝑒(𝑇𝑗, 𝑝𝑗) 

 

 

3.27 

The equations written so far are sufficient to obtain the thermodynamic cycle on the Clapeyron 

diagram. Since 𝛥ℎ̅𝑟  and 𝛥�̅�𝑟  of the considered HTM and LTM are known, the number of 

equations is 23 with 27 unknowns. Proper equations can be added in different ways to have a 

solvable system with the number of unknown variables equal to the number of equations. For 

instance, one possible way is to add four equations defining the values of  𝜂𝑖𝑠, 𝛽, 𝑇1 and 𝑇4. To 

distinguish between cycle points in adsorbed and desorbed state, specific enthalpy and entropy 

are computed through the Neveu equations (3.9 and 3.10): 

 

𝑓𝑜𝑟 𝑗 = 1, 5 

 

ℎ𝑗
∗ = ℎ𝑗 −

𝛥ℎ̅𝑟,ℎ

𝑅𝑇𝑗
𝑒𝑥𝑝 (−

𝛥ℎ̅𝑟,ℎ

𝑅𝑇𝑗
+

𝛥�̅�𝑟,ℎ

𝑅
) (𝑣𝑗 − 𝛥𝑣𝑆); 

 

3.28 

 

𝑠𝑗
∗ = 𝑠𝑗 −

𝛥ℎ̅𝑟,ℎ

𝑅𝑇𝑗
2 𝑒𝑥𝑝 (−

𝛥ℎ̅𝑟,ℎ

𝑅𝑇𝑗
+

𝛥�̅�𝑟,ℎ

𝑅
) (𝑣𝑗 − 𝛥𝑣𝑆) 

 

3.29 

 

𝑓𝑜𝑟 𝑗 = 3, 4 

 

ℎ𝑗
∗ = ℎ𝑗 −

𝛥ℎ̅𝑟,𝑙

𝑅𝑇𝑗
exp (−

𝛥ℎ̅𝑟,𝑙

𝑅𝑇𝑗
+

𝛥�̅�𝑟,𝑙

𝑅
) (𝑣𝑗 − 𝛥𝑣𝑆) 

 

 3.30 
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𝑠𝑗
∗ = 𝑠𝑗 −

𝛥ℎ̅𝑟,𝑙

𝑅𝑇𝑗
2 exp (−

𝛥ℎ̅𝑟,𝑙

𝑅𝑇𝑗
+

𝛥�̅�𝑟,𝑙

𝑅
) (𝑣𝑗 − 𝛥𝑣𝑆) 

 

3.31 

 

3.1.4 Energy equations 

Once the points of thermodynamic cycle are determined, it is possible to evaluate the energy 

transferred by the working fluid in terms of specific enthalpy variations, by applying the first 

law balance. To do so, let us define the following specific energy variables in J/kg: 

• 𝑞𝐻: overall specific thermal energy to be stored. 

• 𝑞0: overall specific thermal energy released to the ambient sink. 

• 𝑞𝐶: overall specific cold production. 

• 𝑞𝑚: overall specific thermal energy released to the intermediate temperature sink. 

• 𝑙: specific work output. 

Each of the specific thermal energy terms is the sum of a sensible heat term and a reaction heat 

term: 

 

𝑞𝐻 = 𝑞𝐻,𝑠𝑒𝑛 + 𝑞𝐻,𝑟  ⇨  𝑞𝐻,𝑠𝑒𝑛 = ℎ1
∗ − ℎ5

∗ ;    𝑞𝐻,𝑟 = ℎ1 − ℎ1
∗ 

 

3.32 

 

𝑞0 = 𝑞0,𝑠𝑒𝑛 + 𝑞0,𝑟  ⇨  𝑞0,𝑠𝑒𝑛 = ℎ3 − ℎ2;    𝑞0,𝑟 = ℎ3
∗ − ℎ3 

 

 

3.33 

 

𝑞𝐶 = 𝑞𝐶,𝑠𝑒𝑛 + 𝑞𝐶,𝑟  ⇨  𝑞𝐶,𝑠𝑒𝑛 = ℎ4
∗ − ℎ3

∗ ;    𝑞𝐶,𝑟 = ℎ4 − ℎ4
∗

 

 

 

3.34 

 

𝑞𝑚 = 𝑞𝑚,𝑠𝑒𝑛 + 𝑞𝑚,𝑟  ⇨  𝑞𝑚,𝑠𝑒𝑛 = ℎ5 − ℎ4;    𝑞𝑚,𝑟 = ℎ5
∗ − ℎ5 

 

 

3.35 

From the above equations, it can be inferred that not all the energy to be stored is converted 

into heat of reaction 𝑞𝐻,𝑟. Instead, part of it is used as sensible heat to bring the HTM in thermal 

equilibrium with the hot source at temperature 𝑇𝐻. On the other hand, the net cold production 

is lower than the total heat of reaction 𝑞𝐶,𝑟, related to the LTM: since the adsorbed working 

fluid needs to be cooled to the cold source temperature, this results in a negative contribution 

to the overall refrigeration effect. In other words, a part of the gross cooling potential 𝑞𝐶,𝑟 is 

used to bring the adsorbed ammonia in thermal equilibrium with the cold source at temperature 

𝑇𝐶. To close the cycle, the equation for the specific work is set: 

 

𝑙 = ℎ1 − ℎ2 

 

 

3.36 

Based on the thermodynamic cycle and on the specific energy transferred, the working steps of 

TRSC can be summarized as follows (Figure 3.3): 
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Figure 3.3: Thermodynamic cycle of TRSC on the T-s diagram, showing sensible heat and reaction heat 

contributions. 

 

• Preheat phase (sensible charge step): the working fluid ammonia adsorbed in HTM is 

preheated to the hot source temperature 𝑇𝐻 through the sensible heat input 𝑞𝐻,𝑠𝑒𝑛. 

• Reaction charge phase: reaction heat 𝑞𝐻,𝑟 is absorbed by HTM and the working fluid 

undergoes desorption flowing through the scroll expander and producing specific work 

𝑙. The ammonia reaches thermal equilibrium with LTM through the sensible heat 𝑞0,𝑠𝑒𝑛 

and is then adsorbed releasing 𝑞0,𝑟 at environmental sink temperature 𝑇0. 

• Precool phase (sensible discharge step): the ammonia adsorbed in LTM is precooled to 

the cold source temperature 𝑇𝐶, releasing sensible heat input 𝑞𝐶,𝑠𝑒𝑛. 

• Reaction discharge phase: reaction heat 𝑞𝐶,𝑟  is supplied to LTM and working fluid 

undergoes desorption flowing towards the HTM. The working fluid reaches thermal 

equilibrium with HTM through the sensible heat 𝑞𝑚,𝑠𝑒𝑛 and is then adsorbed releasing 

𝑞𝑚,𝑟 at intermediate sink temperature 𝑇𝑚. 

Relevant performance parameters can be computed, as a function of the application purpose of 

the system. In the case of cold and power production, the ideal first and second law efficiencies 

are defined as follows: 

 

𝜂𝐼,𝑖𝑑 =
𝑙 + 𝑞𝐶

𝑞𝐻
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𝜂𝐼𝐼,𝑖𝑑 =
𝑙 + 𝑒𝐶

𝑒𝐻
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Where 𝑒𝐻 and 𝑒𝐶  are the specific exergy flows associated to the stored heat and to the cold 

production respectively: 
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𝑒𝐻 = 𝑞𝐻 (1 −
𝑇0

𝑇𝐻
) 

 

 3.39 

 

 𝑒𝐶 = 𝑞𝐶 (
𝑇0

𝑇𝐶
− 1) 

 

 3.40 

 

 

3.2 System steady state (sizing) 

After the thermodynamic cycle has been implemented, proper equations have been added to 

include the effects related to the amounts of the various materials composing the reactors. 

Indeed, the pure thermodynamic cycle only allows to carry out an intensive evaluation of the 

TRSC, useful to estimate its intrinsic performance. Nevertheless, more realistic estimation can 

be achieved by considering the effective size and thermal masses of the system. Therefore, 

proper variables and equations have been defined to encompass the following materials: 

• The total quantity of ammonia that can be exchanged between the reactors. In the steady 

state case, it is assumed that the HTR and the LTR are always in the complete adsorbed 

or desorbed states. 

• The solid reactive material ammoniated at a lower or higher state in both reactors. 

• The expanded natural graphite (ENG), which is assumed to be mixed with solid reactive 

material in the reactors to increase the thermal conductivity of the reactive block 

(paragraph 2.3.1). 

• The metal which composes the heat exchanger in both reactors. 

The equation for the total amount of ammonia that can be exchanged by a single reactor is: 

 

𝑚𝑁𝐻3,𝑡𝑜𝑡 = �̅�𝑁𝐻3
(𝜈2 − 𝜈1)𝑛𝑆2

= �̅�𝑁𝐻3
(𝜈2 − 𝜈1)𝑛𝑆1

 

 

 

3.41 

Where �̅�𝑁𝐻3
 is the molar mass of ammonia, equal to 0.017 kg/mol. The following equations 

are set to link the quantities of pure solid and sorbent ammoniated at high and lower states: 

 

𝑛𝑠 = 𝑛𝑆1
= 𝑛𝑆2

 

 

 

3.42 

 

𝑚𝑠 = �̅�𝑠𝑛𝑠 

 

 

3.43 

 

𝑚𝑆2
= �̅�𝑆2

𝑛𝑆2
= (�̅�𝑠 + 𝜈2�̅�𝑁𝐻3

)𝑛𝑆2
 

 

 

3.44 

 

𝑚𝑆1
= �̅�𝑆1

𝑛𝑆1
= (�̅�𝑠 + 𝜈1�̅�𝑁𝐻3

)𝑛𝑆1
 

 

3.45 
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Where �̅�𝑠 is the molar mass of the considered pure solid. For instance, in the case of reaction 

MnCl2 6-2, �̅�𝑠 is the molar mass of MnCl2 while �̅�𝑆2
 is the molar mass of MnCl2(NH3)6. The 

amounts of graphite and metal are added by introducing two parameters, i.e. the graphite ratio 

𝑓𝐸𝐺  and metal ratio 𝜏, defined as follows: 

 

𝑓𝐸𝐺 =
𝑚𝐸𝐺

𝑚𝑠 + 𝑚𝐸𝐺
 

 

 3.46 

 

𝜏 =
𝑚𝐻𝑋

𝑚𝑠
 

 

 3.47 

Figure 3.4 summarizes the variables defining the different materials inside the two reactors, 

HTR and LTR.  

 

 

Figure 3.4: Material composition of  LTR and HTR. 

 

It is important to notice that the equations from 3.41 to 3.47 are set for both reactors. An 

additional equation is implemented to achieve properly sized reactors: 

 

𝑚𝑁𝐻3,𝑡𝑜𝑡,𝑙 = 𝑚𝑁𝐻3,𝑡𝑜𝑡,ℎ = 𝑚𝑁𝐻3,𝑡𝑜𝑡 

 

 

3.48 

With such a constrain, the reactors are dimensioned to exchange the same amount of 

stoichiometric working fluid. As a result, equation 3.48 prevents the system from being 

oversized or undersized. 

 

3.2.1 Thermal masses 

The thermal masses of the reactors are defined based on whether they are in adsorbed (𝑥 = 1) 

or desorbed (𝑥 = 0) state: 

 

𝑥 = 1 ⇨    𝑇𝑀𝑆2
= (𝑚𝑆2

𝑐𝑆2
+ 𝑚𝐻𝑋𝑐𝐻𝑋 + 𝑚𝐸𝐺𝑐𝐸𝐺) 

 

 

3.49 
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𝑥 = 0 ⇨    𝑇𝑀𝑆1
= (𝑚𝑆1

𝑐𝑆1
+ 𝑚𝐻𝑋𝑐𝐻𝑋 + 𝑚𝐸𝐺𝑐𝐸𝐺) 

 

3.50 

Where 𝑐 is the specific heat of the considered material. For the reactive solid at high and low 

ammoniation states the specific heat is defined as follows: 

 

𝑐𝑆2
=

𝑐�̅�2

�̅�𝑆2

=
𝑐�̅� + 𝜈2𝑐�̅�𝐻3

�̅�𝑆2
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𝑐𝑆1
=

𝑐�̅�1

�̅�𝑆1

=
𝑐�̅� + 𝜈1𝑐�̅�𝐻3

�̅�𝑆1

 

 

 3.52 

Once the amounts of materials adopted in the reactors and the related thermal masses are 

defined, the energy quantities exchanged within the cycle are computed: 

 

𝑄𝐻 = 𝑄𝐻,𝑠𝑒𝑛 + 𝑄𝐻,𝑟 = 𝑇𝑀𝑆2,ℎ(𝑇1 − 𝑇5) + 𝑚𝑁𝐻3,𝑡𝑜𝑡(ℎ1 − ℎ1
∗) 

 

3.53 

 

𝑄0 = 𝑄0,𝑠𝑒𝑛 + 𝑄0,𝑟 =  𝑚𝑁𝐻3,𝑡𝑜𝑡(ℎ3 − ℎ2) + 𝑚𝑁𝐻3,𝑡𝑜𝑡(ℎ3
∗ − ℎ3) 

 

 

3.54 

 

𝑄𝐶 = 𝑄𝐶,𝑠𝑒𝑛 + 𝑄𝐶,𝑟 = 𝑇𝑀𝑆2,𝑙(𝑇4 − 𝑇3) + 𝑚𝑁𝐻3,𝑡𝑜𝑡(ℎ4 − ℎ4
∗ ) 

 

 

3.55 

 

𝑄𝑚 = 𝑄𝑚,𝑠𝑒𝑛 + 𝑄𝑚,𝑟 =  𝑚𝑁𝐻3,𝑡𝑜𝑡(ℎ5 − ℎ4) + 𝑚𝑁𝐻3,𝑡𝑜𝑡(ℎ5
∗ − ℎ5) 

 

 

3.56 

 

𝐿 = 𝑚𝑁𝐻3,𝑡𝑜𝑡(ℎ1 − ℎ2) 

 

 

3.57 

It is noteworthy that the thermal masses of the reactors affect only the sensible heat 

contributions relative to the stored heat 𝑄𝐻,𝑠𝑒𝑛  and the cold production 𝑄𝐶,𝑠𝑒𝑛 . Indeed, the 

sensible terms 𝑄0,𝑠𝑒𝑛  and 𝑄𝑚,𝑠𝑒𝑛  are related to pure ammonia flows, which are brought to 

thermal equilibrium with environmental sink and intermediate sink, respectively. The exergy 

quantities corresponding to the refrigeration effect and the stored heat are also defined: 

 

𝐸𝐶 = 𝑄𝐶 (
𝑇0

𝑇𝐶
− 1) 

 

 3.58 

 

𝐸𝐻 = 𝑄𝐻 (1 −
𝑇0

𝑇𝐻
) 

 

 3.59 
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3.2.2 System total size 

The total size of the system is defined in terms of the mass and volume of the two reactors, 

while the dimensions of the scroll expander and auxiliary equipment are neglected. Concerning 

the system mass, the following equations are set: 

 

𝑚𝑡𝑜𝑡 = 𝑚𝑡𝑜𝑡,ℎ + 𝑚𝑡𝑜𝑡,𝑙 

 

3.60 

 

𝑚𝑡𝑜𝑡,ℎ = 𝑚𝑆2,ℎ + 𝑚𝐸𝐺,ℎ + 𝑚𝐻𝑋,ℎ  

 

 

3.61 

 

𝑚𝑡𝑜𝑡,𝑙 = 𝑚𝑆1,𝑙 + 𝑚𝐸𝐺,𝑙 + 𝑚𝐻𝑋,𝑙  

 

 

3.62 

The masses of the two reactors are summed considering the HTR as in the complete adsorbed 

state, while the LTR in the complete desorbed state. An equivalent result could be obtained by 

combining the masses of the two reactors in the desorbed state with the total amount of 

ammonia exchanged between them. Regarding the system volume, the equations are: 

 

𝑉𝑡𝑜𝑡 = 𝑉𝑡𝑜𝑡,𝑙 + 𝑉𝑡𝑜𝑡,𝑙 

 

3.63 

 

𝑉𝑡𝑜𝑡,ℎ = 𝑉𝑆2,ℎ + 𝑉𝐸𝐺,ℎ + 𝑉𝐻𝑋,ℎ 

 

 

3.64 

 

𝑉𝑡𝑜𝑡,𝑙 = 𝑉𝑆2,𝑙 + 𝑉𝐸𝐺,𝑙 + 𝑉𝐻𝑋,𝑙  

 

 

3.65 

In this case both reactors are considered in the adsorbed state, in which the volume occupied 

by the materials is maximum. For each reactor, the volumes of graphite and metal are computed 

as follows: 

 

𝑉𝐸𝐺 =
𝑚𝐸𝐺

𝜌𝐸𝐺
;    𝑉𝐻𝑋 =

𝑚𝐻𝑋

𝜌𝐻𝑋
 

 

 3.66 

The volume of the reactive solid at higher ammoniation state is defined as: 

 

𝑉𝑆2
= 𝑛𝑠 (

�̅�𝑠

𝜌𝑠
+

𝜈2�̅�𝑁𝐻3

𝜌𝑁𝐻3

) 

 

 

3.67 

 

Where 𝜌𝑁𝐻3
 is the density of ammonia. The assumption made here is that the volume of an 

ammoniated sorbent is equal to the sum between the pure solid volume and the volume of the 

adsorbed ammonia. Hence, the density of the solid at the high ammoniation level can be defined 

as follows: 
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𝜌𝑆2
=

𝑚𝑆2

𝑉𝑆2

=
�̅�𝑠 + 𝜈2�̅�𝑁𝐻3

(
�̅�𝑠

𝜌𝑠
+

𝜈2�̅�𝑁𝐻3

𝜌𝑁𝐻3

)

 
 

3.68 

 

 

The properties of the materials which compose the reactors are summarized in Table 3.1. 

 

Table 3.1: Thermophysical properties of the reactor materials. 

�̅�𝑵𝑯𝟑
  �̅�𝑵𝑯𝟑  𝝆𝑵𝑯𝟑

 𝒄𝑯𝑿 𝝆𝑯𝑿 𝒄𝑬𝑮 𝝆𝑬𝑮 

[kg/mol] [J/mol/K] [kg/m3] [J/kg/K] [kg/m3] [J/kg/K] [kg/m3] 

0.017 80.27 600 921 2710 720 2000 

 

3.2.3 Validation of the steady state model 

The steady state system model has been validated using data resulting from the model proposed 

by Godefroy et al. [31]. In his work, the author investigated the performance of TRSC, adopting 

the single reaction BaCl2 8-0 as LTM, while using a broad set of solid/ammonia reactions as 

HTM. Table 3.2 represents the HTR reactions selected to validate the model, together with the 

corresponding operating hot source temperatures and volumetric expansion ratios. This last 

parameter is defined as: 

 

𝑅𝑣 =
𝑣2

𝑣1
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Where 𝑣2  and 𝑣1  are the specific volumes of ammonia at the expander outlet and inlet, 

respectively. 

 

Table 3.2: HTR reactions (HTMs) selected for the steady state validation. For each reaction, different hot source 

temperatures and volumetric expansion ratios were adopted by Godefroy. 

HTR reactions 𝜟�̅�𝒓  𝜟�̅�𝒓 𝑻𝑯 𝑹𝒗 

    [S ν2-ν1] [J/mol] [J/mol/K] [K] [-] 

ZnCl2 4-2 49467 230.24 465.89 4.56 

CuCl2 5-3.3 50241 230.75 470.37 4.56 

FeCl2 6-2 51266 227.99 492.77 4.60 

CuCl2 3.3-2 56497 237.22 497.25 4.44 

CoCl2 6-2 53986 228.1 497.25 2.92 

MgCl2 6-2 55660 230.63 497.25 2.64 
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Other relevant parameters have been set based on information found in Godefroy’s work: 

• Cold source temperature set to 𝑇𝐶 = 0 ℃. 

• Scroll expander isentropic efficiency equal to 𝜂𝑖𝑠 = 1. 

• Parameters related to the amounts of metal and ENG are set to 𝜏 = 0 and 𝑓𝐸𝐺 = 0. 

• Work produced by the expander is set to 𝐿 = 1 kWh. 

Simulations have been run for each BaCl2 8-0-HTM configuration and first and second law 

efficiencies have been computed: 

 

𝜂𝐼 =
𝐿 + 𝑄𝐶

𝑄𝐻
 

 

 3.70 

 

  𝜂𝐼𝐼 =
𝐿 + 𝐸𝐶

𝐸𝐻
 

 

 3.71 

Figure 3.5 shows the values of such parameters obtained from the system steady state model 

for each HTM selected, compared with the available data. 

 

 

Figure 3.5: Validation of the system steady state model, with data taken from  [31].  

 

Table 3.3: Percentage relative error, related to each BaCl2 8-0-HTM configuration. Erel,I is the error related to ηI, 

Erel,II is the error corresponding to  ηII.  

HTR reactions 𝑬𝒓𝒆𝒍,𝑰  𝑬𝒓𝒆𝒍,𝑰𝑰  

    [S ν2-ν1] [%] [%] 

ZnCl2 4-2 1.99 3.48 

CuCl2 5-3.3 2.77 10.31 

FeCl2 6-2 2.01 7.59 

CuCl2 3.3-2 2.65 13.47 

CoCl2 6-2 3.46 1.23 

MgCl2 6-2 3.86 0.45 
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The percentage relative errors related to each simulation are reported in Table 3.3. Results show 

an overall good validation, with higher discrepancy in the evaluation of the second law 

efficiency. 

 

 

3.3 Dynamic model 

In the steady state case, an important feature of the thermochemical reactors is neglected within 

the cycle, that is the kinetics of the chemical reaction. In fact, chemisorption reactions have 

been modeled as ideally instantaneous processes, occurring purely at an equilibrium state (along 

the equilibrium lines). Nevertheless, practical solid/gas thermochemical reactions can only be 

carried out when temperature and pressure deviate from the equilibrium line to achieve 

reasonable heat and mass transfer rates and reaction kinetics (section 2.2). In the following 

section the lumped parameters model of TRSC implemented to capture the dynamics related to 

heat transfer and reaction kinetics phenomena in the whole cycle is presented. The main purpose 

of such a model is to investigate and physically interpret the transient behavior of relevant 

quantities, as well as to highlight the relation between system performance and components 

behavior in the dynamic state.  

 

 

Figure 3.6: Schematics of the lumped parameters model. Subscript l indicates the LTR; subscript h indicates the 

HTR. 

 

Figure 3.6 represents the schematics of the model. Each reactor is modeled through three 

lumped parameters: 

• The heat transfer fluid (HTF), with mean temperature 𝑇𝑓: 

 

𝑇𝑓 =
𝑇𝑓,𝑖𝑛 + 𝑇𝑓,𝑜𝑢𝑡

2
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• The heat exchanger metal, with temperature 𝑇𝐻𝑋. 

• The reactive bed temperature, with temperature 𝑇𝑏. 
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The heat exchanger is modeled through two thermal resistances: 𝑅𝑓,𝐻𝑋 between the HTF and 

the metal heat exchanger (fluid side), and 𝑅𝐻𝑋,𝑏  between the metal heat exchanger and the 

reactive bed (sorbent side). The corresponding overall thermal conductance coefficients are: 

 

𝑈𝐴𝑓,𝐻𝑋 =
1

𝑅𝑓,𝐻𝑋 
;     𝑈𝐴𝐻𝑋,𝑏 =

1

𝑅𝐻𝑋,𝑏 
 

 

 3.73 

In the following paragraphs, the set of ordinary differential equations adopted to model the 

working steps of the whole cycle is described. For simplicity, the Resorption case (bypassed 

expander) is firstly presented, while the effect of the scroll expander is added subsequently in 

the reaction charge phase. The equations are implemented and solved with a built-in MATLAB 

ODE solver. 

 

3.3.1 Preheat and precool intermediate steps 

Let us consider Figure 3.7, in which the intermediate steps in the simple resorption case are 

represented on the Clapeyron diagram.  

 

 

Figure 3.7: Intermediate steps in the dynamic case for the simple resorption cycle. 

 

During preheat step the HTR is heated from 𝑇𝑚 to 𝑇𝐻, while LTR is heated from 𝑇𝐶 to 𝑇0. On 

the other hand, during precool stage the reversed process is achieved and LTR is cooled from 

𝑇0 to 𝑇𝐶, while HTR is cooled from 𝑇𝐻 to 𝑇𝑚. 

Both reactors are modeled with one ODE for each of the three lumped components, i.e. six total 

equations. Concerning the HTR: 

 

 𝑚𝑓,ℎ𝑐𝑓,ℎ

𝑑𝑇𝑓,ℎ

𝑑𝑡
= �̇�𝑓,ℎ𝑐𝑓,ℎ(𝑇𝑓,𝑖𝑛.ℎ − 𝑇𝑓,𝑜𝑢𝑡,ℎ) − 𝑈𝐴𝑓,𝐻𝑋,ℎ(𝑇𝑓,ℎ − 𝑇𝐻𝑋,ℎ) 
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 𝑚𝐻𝑋,ℎ𝑐𝐻𝑋,ℎ

𝑑𝑇𝐻𝑋,ℎ

𝑑𝑡
 = 𝑈𝐴𝑓,𝐻𝑋,ℎ (𝑇𝑓,ℎ − 𝑇𝐻𝑋,ℎ) − 𝑈𝐴𝐻𝑋,𝑏,ℎ(𝑇𝐻𝑋,ℎ − 𝑇𝑏,ℎ) 

 

3.75 

 

𝑇𝑀ℎ

𝑑𝑇𝑏,ℎ

𝑑𝑡
= 𝑈𝐴𝐻𝑋,𝑏,ℎ(𝑇𝐻𝑋,ℎ − 𝑇𝑏,ℎ) 

 

3.76 

It should be noted that no thermal losses with the external environment have been considered. 

The equations set for the LTR are the same, but with the subscript l instead of h.  𝑚𝑓 and �̇�𝑓 

are the mass of HTF in the heat exchanger and the HTF mass flow rate respectively. It is 

assumed that HTF is water in the HTR and refrigerant R134a in the LTR. Hence, the specific 

heat 𝑐𝑓 is defined depending on the operating conditions in each stage: 

 

𝑐𝑓,ℎ = 𝑐(𝑇𝑓,𝑖𝑛,ℎ, 𝑝𝑒𝑞,ℎ, 𝑤𝑎𝑡𝑒𝑟) 

 

 

3.77 

 

𝑐𝑓,𝑙 = 𝑐(𝑇𝑓,𝑖𝑛,𝑙, 𝑝𝑒𝑞,𝑙, 𝑅134𝑎) 

 

 

3.78 

The thermal mass of the reactor in the dynamic state 𝑇𝑀 is defined as a function of the actual 

advancement of the adsorption/desorption reaction: 

 

𝑇𝑀 = 𝑥𝑚𝑆2
𝑐𝑆2

+ (1 − 𝑥)𝑚𝑆1
𝑐𝑆1

+ 𝑚𝐸𝐺𝑐𝐸𝐺 

 

 

3.79 

During the preheat step the global conversion ratio 𝑥 is constant and equal to 1 for HTR and 0 

for LTR. On the contrary, during the precool step 𝑥 is equal 0 for HTR and 1 for LTR. Note 

that the metal is not considered in 𝑇𝑀, since its effect is already included in the corresponding 

lumped component. The input variables which define the evolution in time of the working steps 

are the ODEs initial conditions, the global conversion rate, and the HTF inlet temperature 𝑇𝑓,𝑖𝑛. 

For a fixed working step, the initial conditions are assumed to be the same for the three lumped 

components: 

 

𝑇𝑏(0) = 𝑇𝐻𝑋(0) = 𝑇𝑓(0) 

 

 

3.80 

Table 3.4 summarizes the main input variables of ODEs for the two reactors in the two 

intermediate steps. 

 

Table 3.4: Dynamic model HTF inlet temperature, initial conditions, and global conversion ratio in the two 

intermediate steps. 

STEP Reactor 𝑻𝒇,𝒊𝒏 𝑻𝒃(𝟎) 𝒙 

Preheat 
HTR 𝑇𝐻 𝑇𝑚 1 

LTR 𝑇0 𝑇𝐶 0 

Precool 
HTR 𝑇𝑚 𝑇𝐻 0 

LTR 𝑇𝐶 𝑇0 1 
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3.3.2 Reaction charge phase 

After the preheat stage, the HTR and LTR are at temperatures 𝑇𝐻 and 𝑇0, respectively (Figure 

3.7). Connecting the two reactors, a non-equilibrium pressure is imposed and simultaneous 

HTM desorption and LTM adsorption are triggered. To model the kinetics of such reactions the 

semi-empirical equations proposed by Mazet et al. [43] were implemented: 

 

𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 ⇨  
𝑑𝑥

𝑑𝑡
= 𝐴𝑟𝑥𝑚𝑟

(𝑝𝑐 − 𝑝𝑒𝑞(𝑇𝑏))

𝑝𝑐
 

 

 3.81 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 ⇨  
𝑑𝑥

𝑑𝑡
= 𝐴𝑟(1 − 𝑥)𝑚𝑟

(𝑝𝑐 − 𝑝𝑒𝑞(𝑇𝑏))

𝑝𝑐
 

 

 

3.82 

where 𝐴𝑟 and 𝑚𝑟 are the Arrhenius factor and the exponential factor, respectively. The former 

coefficient indicates the correlation between the reaction velocity and the working temperature, 

while the latter reflects the influence of the vacant sites on the reaction progress [33]. Such 

parameters depend on the considered solid/gas reaction and can be obtained experimentally. In 

this work, they were assumed constant and equal to the values obtained by Han et al. [39] for 

the reaction MnCl2 6-2. Hence 𝐴𝑟  and 𝑚𝑟  were assumed equal to 0.001087 and 1.185, 

respectively. The term 𝑝𝑐 is the non-equilibrium pressure imposed on the reactors as they are 

connected, while 𝑝𝑒𝑞(𝑇𝑏) is the reaction equilibrium pressure corresponding to the reactor 

temperature, which varies in time. During the reaction charge phase, equations 3.81 and 3.82  

are applied to HTR and LTR, respectively. The equations related to the HTF and the heat 

exchanger metal of both reactors are the same as in the intermediate step (equations 3.74 and 

3.75). On the other hand, the ODE related to the reactive bed becomes the following for both 

reactors: 

 

(𝑇𝑀 + 𝑚𝑁𝐻3,𝑡𝑜𝑡𝑐𝑁𝐻3
(1 − 𝑥))

𝑑𝑇𝑏

𝑑𝑡
= 𝑈𝐴𝐻𝑋,𝑏(𝑇𝐻𝑋 − 𝑇𝑏) + 𝑚𝑁𝐻3,𝑡𝑜𝑡∆ℎ𝑟

𝑑𝑥

𝑑𝑡
 

 

 3.83 

The term added to the thermal mass 𝑇𝑀 on the left-hand side of the equation considers the mass 

of ammonia which is being adsorbed/desorbed during the process. Hence, the assumption done 

here is that the adsorbed/desorbed gaseous ammonia is at the same temperature as the reactor 

undergoing synthesis/decomposition. Such a hypothesis is physically realistic in the 

decomposition process since the vapor is desorbed at the reactor’s temperature. On the other 

hand, during synthesis, the gaseous ammonia is in thermal disequilibrium with the reactor, and 

equation 3.83 is less consistent. Nevertheless, the quantity of transferred heat between gaseous 

and solid phase during adsorption/desorption has not a direct impact on the key performance 

parameters evaluated in this work, as it can be inferred from equations 3.37  and 3.38. The term 

added on the right-hand side of equation 3.83 defines the heat of adsorption/desorption within 

the reactor. Note that the heat of reaction ∆ℎ𝑟 has been considered constant with respect to 

temperature in the dynamic analysis.  
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So far, a system of eight ODEs has been defined, describing the evolution in time of  

𝑇𝑏 , 𝑇𝐻𝑋, 𝑇𝑓 𝑎𝑛𝑑 𝑥  in both reactors. A final equation is needed to determine the constrain 

pressure 𝑝𝑐. Such an equation is obtained by imposing the mass balance between HTR and 

LTR. In fact, during the reaction charge phase, the mass flow rate of desorbing ammonia from 

HTR should be the same as the mass flow rate of adsorbing ammonia in LTR: 

 

�̇�𝑁𝐻3,𝑑𝑒𝑠,ℎ = �̇�𝑁𝐻3,𝑎𝑑𝑠,𝑙 = �̇�𝑁𝐻3
 

 

 

3.84 

The mass flow rate of ammonia can be obtained from the definition of global conversion rate 

(equation 3.7): 

 
𝑑

𝑑𝑡
𝑚𝑁𝐻3,ℎ =

𝑑𝑥ℎ

𝑑𝑡
𝑚𝑁𝐻3,𝑡𝑜𝑡,ℎ 

 

 3.85 

 
𝑑

𝑑𝑡
𝑚𝑁𝐻3,𝑙 =

𝑑𝑥𝑙

𝑑𝑡
𝑚𝑁𝐻3,𝑡𝑜𝑡,𝑙 

 

3.86 

Applying the mass balance equation to each reactor: 

 

�̇�𝑁𝐻3,𝑑𝑒𝑠,ℎ = −
𝑑

𝑑𝑡
𝑚𝑁𝐻3,ℎ 

 

 3.87 

 

�̇�𝑁𝐻3,𝑑𝑒𝑠,𝑙 =
𝑑

𝑑𝑡
𝑚𝑁𝐻3,𝑙 

 

3.88 

Hence, equation 3.84 can be rewritten as: 

 

−𝑚𝑁𝐻3,𝑡𝑜𝑡,ℎ

𝑑𝑥ℎ

𝑑𝑡
= 𝑚𝑁𝐻3,𝑡𝑜𝑡,𝑙

𝑑𝑥𝑙

𝑑𝑡
 

 

               3.89 

Substituting 3.81 and 3.82 into the above equation, the following expression for 𝑝𝑐 is obtained: 

 

𝑝𝑐 =
𝐴𝑟,ℎ 𝑥ℎ

𝑚𝑟,ℎ𝑝𝑒𝑞,ℎ(𝑇𝑏,ℎ) 𝑚𝑁𝐻3,𝑡𝑜𝑡,ℎ
+ 𝐴𝑟,𝑙 (1 − 𝑥𝑙)𝑚𝑟,𝑙𝑝𝑒𝑞,ℎ(𝑇𝑏,𝑙) 𝑚𝑁𝐻3,𝑡𝑜𝑡,𝑙

𝐴𝑟,ℎ 𝑥ℎ

𝑚𝑟,ℎ𝑚𝑁𝐻3,𝑡𝑜𝑡,ℎ
+ 𝐴𝑟,𝑙 (1 − 𝑥𝑙)𝑚𝑟,𝑙𝑚𝑁𝐻3,𝑡𝑜𝑡,𝑙

 

 

 3.90 

In the case the reactors are sized to exchange the same quantity of stoichiometric ammonia 

(equation 3.48), the equation for the non-equilibrium pressure becomes: 

 

𝑝𝑐 =
𝐴𝑟,ℎ 𝑥ℎ

𝑚𝑟,ℎ𝑝𝑒𝑞,ℎ(𝑇𝑏,ℎ) + 𝐴𝑟,𝑙 (1 − 𝑥𝑙)
𝑚𝑟,𝑙𝑝𝑒𝑞,ℎ(𝑇𝑏,𝑙) 

𝐴𝑟,ℎ 𝑥ℎ

𝑚𝑟,ℎ + 𝐴𝑟,𝑙 (1 − 𝑥𝑙)𝑚𝑟,𝑙
 

 

 3.91 
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3.3.3 The effect of the scroll expander in the reaction charge phase 

Compared to the simple resorption case, the reaction charge phase for the TRSC is characterized 

by the expansion of vapor ammonia caused by the scroll expander. Since the aim of the model 

is to capture the dynamic effect of the reaction kinetics by means of a simple lumped parameters 

model, the same approach is adopted to account for the influence of the expander on the system. 

Hence, the effect of the expansion of gaseous ammonia before its adsorption in the LTR is 

considered through the following assumption: while in the resorption case, after the opening of 

the valve, a singlel non-equilibrium pressure 𝑝𝑐 is imposed on both reactors, in the TRSC case 

the reactors are subjected to two distinct non-equilibrium pressures 𝑝𝑐,ℎ  and 𝑝𝑐,𝑙 , triggering 

desorption and adsorption in HTR and LTR, respectively (Figure 3.8).  

 

 

Figure 3.8: Schematics of the lumped parameters dynamic model for the reaction charge phase. 

 

The two imposed pressures are related by the pressure ratio, which is the only parameter 

describing the expander in the model, together with the isentropic efficiency: 

 

𝛽 =
𝑝𝑐,ℎ

𝑝𝑐,𝑙
 

 

               3.92 

Therefore equations 3.81, 3.82 and 3.90 become: 

 

𝑑𝑥ℎ

𝑑𝑡
= 𝐴𝑟,ℎ𝑥ℎ

𝑚𝑟,ℎ
(𝛽𝑝𝑐,𝑙 − 𝑝𝑒𝑞,ℎ(𝑇𝑏,ℎ))

𝛽𝑝𝑐,𝑙
 

 

 3.93 

𝑑𝑥𝑙

𝑑𝑡
= 𝐴𝑟,𝑙(1 − 𝑥𝑙)

𝑚𝑟,𝑙

(𝑝𝑐,𝑙 − 𝑝𝑒𝑞,𝑙(𝑇𝑏,𝑙))

𝑝𝑐,𝑙
 

 

 

3.94 

 

𝑝𝑐,𝑙 =
𝐴𝑟,ℎ 𝑥ℎ

𝑚𝑟,ℎ𝑝𝑒𝑞,ℎ(𝑇𝑏,ℎ) 𝑚𝑁𝐻3,𝑡𝑜𝑡,ℎ
+ 𝛽𝐴𝑟,𝑙 (1 − 𝑥𝑙)𝑚𝑟,𝑙𝑝𝑒𝑞,𝑙(𝑇𝑏,𝑙) 𝑚𝑁𝐻3,𝑡𝑜𝑡,𝑙

𝛽𝐴𝑟,ℎ 𝑥ℎ

𝑚𝑟,ℎ𝑚𝑁𝐻3,𝑡𝑜𝑡,ℎ
+ 𝛽𝐴𝑟,𝑙 (1 − 𝑥𝑙)𝑚𝑟,𝑙𝑚𝑁𝐻3,𝑡𝑜𝑡,𝑙

 

 

 3.95 
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Table 3.5: Inlet temperature of the HTF and initial conditions in the reaction charge phase. 

PHASE Reactor 𝑻𝒇,𝒊𝒏 𝑻𝒃(𝟎) 𝒙(𝟎) 

Reaction charge 
HTR 𝑇𝐻 𝑇𝐻 1 

LTR 𝑇0 𝑇0 0 

 

Table 3.5 summarizes the input and initial conditions of the set of ODEs for the reaction charge 

phase. 

 

3.3.4 Reaction discharge phase 

Before the reaction discharge phase, HTR and LTR are brought to temperatures 𝑇𝑚 and 𝑇𝐶, 

respectively, through the precool phase. As the reactors are connected, refrigeration is generated 

at temperature 𝑇𝐶 , meaning that the HTF outlet temperature of LTR is set equal to 𝑇𝐶 . 

Therefore, the equation (3.74) for the HTF is modified to impose the cold production at 𝑇𝐶 with 

a defined fluid temperature variation between inlet and outlet 𝛥𝑇𝐶: 

 

�̇�𝑓,𝑙𝑐𝑓,𝑙𝛥𝑇𝐶 = 𝑈𝐴𝑓,𝐻𝑋,𝑙(𝑇𝑓,𝑙 − 𝑇𝐻𝑋,𝑙) 

 

 

3.96 

 

𝛥𝑇𝐶 = (𝑇𝑓,𝑖𝑛.𝑙 − 𝑇𝑓,𝑜𝑢𝑡,𝑙) 

 

 

3.97 

Thus, the mean temperature of LTR heat transfer fluid is assumed constant in time and no ODE 

is set for temperature 𝑇𝑓,𝑙. The equations for the metal heat exchanger and for the reactive bed 

are the same as in the reaction charge phase for both reactors. On the other hand, since the  LTR 

undergoes desorption, while the HTR achieves synthesis the equations relative to the reactors 

global conversion rates and to the imposed pressure 𝑝𝑑 become: 

 

𝑑𝑥𝑙

𝑑𝑡
= 𝐴𝑟,𝑙𝑥𝑙

𝑚𝑟,𝑙
(𝑝𝑑 − 𝑝𝑒𝑞,𝑙(𝑇𝑏,𝑙))

𝑝𝑑
 

 

 3.98 

𝑑𝑥ℎ

𝑑𝑡
= 𝐴𝑟,ℎ(1 − 𝑥ℎ)𝑚𝑟,ℎ

(𝑝𝑑 − 𝑝𝑒𝑞,ℎ(𝑇𝑏,ℎ))

𝑝𝑑
 

 

 

3.99 

 

𝑝𝑑 =
𝐴𝑟,𝑙 𝑥𝑙

𝑚𝑟,𝑙𝑝𝑒𝑞,𝑙(𝑇𝑏,𝑙) 𝑚𝑁𝐻3,𝑡𝑜𝑡,𝑙
+ 𝐴𝑟,ℎ (1 − 𝑥ℎ)𝑚𝑟,ℎ𝑝𝑒𝑞,ℎ(𝑇𝑏,ℎ) 𝑚𝑁𝐻3,𝑡𝑜𝑡,ℎ

𝐴𝑟,𝑙 𝑥𝑙

𝑚𝑟,𝑙𝑚𝑁𝐻3,𝑡𝑜𝑡,𝑙
+ 𝐴𝑟,ℎ (1 − 𝑥ℎ)𝑚𝑟,ℎ𝑚𝑁𝐻3,𝑡𝑜𝑡,ℎ

 

 

 3.100 

The total number of ODEs in the reaction discharge phase is seven, i.e. three for the LTR  

(𝑇𝑏,𝑙 , 𝑇𝐻𝑋,𝑙 , 𝑥𝑙 ) and four for the HTR (𝑇𝑓,ℎ, 𝑇𝑏,ℎ , 𝑇𝐻𝑋,ℎ , 𝑥ℎ ) , while two are the constrain 

equations (3.96 and 3.100). 
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Table 3.6 summarizes the input and initial conditions of the set of ODEs for the reaction 

discharge phase. 

 

Table 3.6: Input variables and initial conditions for ODEs relative to reaction discharge phase. 

PHASE Reactor 𝑻𝒇,𝒊𝒏 𝑻𝒇,𝒐𝒖𝒕 𝑻𝒃(𝟎) 𝒙(𝟎) 

Reaction discharge 
HTR 𝑇𝑚 /                𝑇𝑚    0 

LTR 𝑇𝐶 + 𝛥𝑇𝐶 𝑇𝐶 𝑇𝐶 1 

 

3.3.5 Energy calculation 

The total energy transferred into and from the system is calculated by integrating the energy 

fluxes with respect to time. For instance, the total energy to be stored is: 

 

𝑄𝐻,𝑡 = ∫ �̇�𝑓,ℎ𝑐𝑓,ℎ(𝑇𝑓,𝑖𝑛.ℎ − 𝑇𝑓,𝑜𝑢𝑡,ℎ)𝑑𝑡
𝑡𝑐ℎ𝑎𝑟𝑔𝑒

0

 

 

3.101 

Where 𝑡𝑐ℎ𝑎𝑟𝑔𝑒 is the sum of the preheat time and the reaction charge time. The refrigeration 

energy can be computed as: 

 

𝑄𝐶,𝑡 = ∫ �̇�𝑓,𝑙𝑐𝑓,𝑙(𝑇𝑓,𝑖𝑛.𝑙 − 𝑇𝑓,𝑜𝑢𝑡,𝑙)𝑑𝑡 +
𝑡𝑑,𝑠𝑒𝑛

0

∫ �̇�𝑓,𝑙𝑐𝑓,𝑙 𝛥𝑇𝐶

𝑡𝑑,𝑟

0

𝑑𝑡 

 

3.102 

Where 𝑡𝑑,𝑠𝑒𝑛 and 𝑡𝑑,𝑟 are respectively the precool (sensible discharge) time and the reaction 

discharge time. The work produced by the expander is obtained through integration in time of 

the scroll expander power 𝑊: 

 

𝐿𝑡 = ∫ 𝑊𝑑𝑡 = ∫ �̇�𝑁𝐻3,𝑑𝑒𝑠.ℎ(ℎ1 − ℎ2)𝑑𝑡
𝑡𝑐,𝑟

0

 

 

3.103 

𝑡𝑐,𝑟 is the reaction charge time. The values of enthalpy have been calculated at each time step 

with the refprop MATLAB tool, applying the same procedure as in the thermodynamic cycle 

implementation (equation from 3.18 to 3.23). 

Finally, total exergy relative to the stored energy and the refrigeration effect can be computed: 

 

  𝐸𝐶,𝑡 = 𝑄𝐶,𝑡 (
𝑇0

𝑇𝐶
− 1) 

 

 3.104 

 

𝐸𝐻,𝑡 = 𝑄𝐻,𝑡 (1 −
𝑇0

𝑇𝐻
) 

 

 3.105 

 



3.3 Dynamic model    

 53  

3.3.6 Validation of the dynamic model 

The dynamic model has been validated in the reaction charge phase of the simple resorption 

case through experimental data obtained from the work of Wu et al. [38]. The HTM and LTM 

adopted by Wu were MnCl2 6-2 and SrCl2 8-1, respectively, with the main input parameters 

represented in Table 3.7. 

 

Table 3.7: Input parameters for the validation of the dynamic model. 

𝒎𝒔,𝒉 𝒎𝒔,𝒍  𝑻𝑯 𝑻𝟎 𝑻𝑪 𝑻𝒎 𝒎𝑬𝑮/𝒎𝒔 𝑽𝑯𝑿 

 [kg] [kg] [℃] [℃] [℃] [℃] [-]     [m3] 

3.21 3.72 120 50 30 50 85/15 0.009 

 

The following assumptions were made: 

• The thermal conductance of the heat exchanger was set to 𝑈𝐴 = 200 W/K for both the 

HTF and sorbent sides, in both reactors. 

• The heat transfer fluid mass in the heat exchanger is assumed to be equal to the metal 

mass 𝑚𝑓 = 𝑚𝐻𝑋. 

• The heat transfer fluid mass flow rate is assumed �̇�𝑓 = 𝑚𝑓/10. 

Figure 3.9 shows the validation for the reactor’s temperature trends during the reaction charge 

phase. 

 

 

Figure 3.9: Validation of the temperature evolutions of HTR (left) and LTR (right) during reaction charge phase. 

 

The validation results to be satisfactory from both the trend and temperature values viewpoints. 

A validation has been carried out also for the non-equilibrium pressure imposed on the two 

reactors, and it is represented in Figure 3.10. It results that the model provides a pressure trend 

that good resembles the evolution in time obtained in the experiments, but which is less 

satisfactory in terms of the intensity. 
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Figure 3.10: Validation of the constraint pressure trend during the reaction charge phase. 

 

Through simulations, it was found that the pressure trend is very sensible to the molar entropy 

of reaction 𝛥�̅�𝑟 of the solid/gas reaction considered. Figure 3.11 shows the validation obtained 

by increasing 𝛥�̅�𝑟 by 0.5 % for both MnCl2 6-2 and SrCl2 8-1, which results in better quality. 

 

 

Figure 3.11: Validation of constraint pressure trend during reaction charge phase, after increasing the molar 

entropy of reaction of HTM and LTM by a percentage of 0.5 %. 

 

Such a feature of the model is consistent with the fact that the properties of reactive mixtures at 

equilibrium cannot be defined by precise values. Instead, as it is acknowledged in the literature, 

a real solid/gas equilibrium condition is described by an area surrounding the equilibrium line 

on the Clapeyron diagram, defined as pseudo-equilibrium area [44,45]. For simplicity, pseudo-

equilibrium areas are not considered for the solid/gas reactions adopted and their properties are 

assumed constant. The relative error between simulated results and experimental data has been 

computed in terms of integration of the temperature trends with respect to time (Figure 3.9).  

The percentage relative deviation obtained is 0.0034% for the HTR and 0.59 % for the LTR.
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4. Application side 

The general model presented in the previous chapter is used to explore a specific application 

for the TRSC for cold and power production. Hence, the following section aims to describe the 

main characteristics of the model configuration adopted and the rationale behind it, introducing 

the reader to the last chapter, addressing the main results. Firstly, the model structure and 

operating conditions are defined. Then, the strategy for the selection of suitable reactive 

mixtures to be used in the system reactors among a series of metal chloride-ammonia reactions 

is described. Finally, an overview of the computed key performance indicators is presented. 

 

 

4.1 Model Configuration 

Figure 4.1 shows how the developed modeling tool is used to investigate the TRSC adopted in 

a specific low-grade heat application.  

 

 

 
  

Operating conditions are set in terms of thermodynamic parameters, system parameters and 

dynamic parameters: thermodynamic parameters represent the boundaries imposed to the 

thermodynamic cycle, such as operating temperatures and pressures. After defining such 

boundaries, a list of metal chloride-ammonia reactions is investigated and a single salt-NH3 

reaction to be used as LTM is selected, as well as a series of suitable HTM that can be coupled 

to it. Adding the system parameters, such as the energy requirements, to the coding tool in EES, 

the system sizing and pressure ratio are obtained. Key performance indicators related to the 

ideal thermodynamic cycle and to the overall system in steady state conditions for each LTM-

Figure 4.1: Model configuration to carry out the performance evaluation for a specific TRSC application. 
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HTM couple can be computed. Finally, adding the dynamic parameters, the transient state can 

be studied and the related KPIs are obtained, together with the cycle time. 

Realistic operating conditions in terms of thermodynamic parameters are set: 

• Refrigeration temperature is set to 𝑇𝐶 = 0 ℃ , with HTF temperature variation 𝛥𝑇𝐶 =

10 ℃. 

• Environmental temperature is set to 𝑇0 = 30 ℃. 

• Hot source temperature is not fixed, but ranges between two boundary values, i.e. 

100 ℃ ≤ 𝑇𝐻 ≤ 200 ℃. 

• Minimum and maximum operating pressures are set to 𝑝𝑚𝑖𝑛 = 0.05 bar and 𝑝𝑚𝑎𝑥 =

30 bar. 

Regarding the system parameters: 

• In terms of application needs, for each cycle the system must provide fixed cold and 

work production 𝑄𝑐 = 120 kWh and 𝐿 = 12 kWh. 

• The isentropic efficiency of the expander is set to 𝜂𝑖𝑠 = 0.8. 

• For both reactors, the metal ratio and the graphite ratio are set to respectively 𝜏 = 0.3 

and 𝑓𝐸𝐺 = 0.5. 

Main dynamic parameters are set as follows for both reactors: 

• The global thermal conductance is fixed to 𝑈𝐴 = 2000 W/K. 

• The heat transfer fluid mass in the heat exchanger is assumed to be equal to the metal 

mass 𝑚𝑓 = 𝑚𝐻𝑋. 

• The heat transfer fluid mass flow rate is assumed �̇�𝑓 = 𝑚𝑓/10. 

 

 

4.2 Salt – ammonia reactions selection 

A series of 35 metal chloride-ammonia reactions (Table 4.1) has been investigated as possible 

reactive mixtures for the low temperature (LTR) and high temperature reactors (HTR). Main 

properties such as enthalpy and entropy of reaction and molar specific heat of the pure salts are 

taken from the literature [14,46]. Note that the molar enthalpy and entropy of reaction 

correspond to a reference pressure 𝑝0 = 1 Pa. Ammonia has been chosen as working fluid 

given its several benefits mentioned in paragraph 1.4.4, e.g. it is environmentally friendly, 

chemically stable, and it has a low boiling point. On the other hand, metal chlorides are selected 

as solid sorbents for the following advantages compared to other solids to be coupled with 

ammonia in chemisorption reactions [14]: 

• Large total adsorption quantity (> 1 kgNH3
/kgs for most metal chlorides). 

• High working pressure for metal chloride-NH3 reactions, ensuring reasonable mass 

transfer performance. 

• A large variety of metal chlorides makes them suitable for a large range of operating 

temperatures. 

• Metal chloride-NH3 is considered as the optimal working pair in terms of both cost and 

performance criteria. 
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Table 4.1: Database of the investigated metal chlorides – NH3 reactions. 

Salt – NH3 𝜟�̅�𝒓  𝜟�̅�𝒓 �̅�𝒔 �̅�𝒔 

    [S ν2-ν1] [J/mol] [J/mol/K] [J/mol/K] [kg/mol] 

BaCl2 8-0 37665 227.25 75.10 0.208 

MnCl2 6-2 47416 228.07 72.86 0.126 

NiCl2 2-1 79515 232.17 71.60 0.130 

ZnCl2 10-6 29588 219.23 71.27 0.136 

CaCl2 4-2 42268 229.92 72.52 0.111 

FeCl2 6-2 51266 227.99 76.57 0.127 

MnCl2 2-1 71019 232.35 72.86 0.126 

MgCl2 1-0 87048 230.88 71.31 0.095 

SrCl2 8-1 41431 228.8 75.53 0.159 

ZnCl2 1-0 104625 227.79 71.27 0.136 

CaCl2 8-4 41013 230.3 72.52 0.111 

CuCl2 10-6 31387 227.72 71.81 0.134 

SnCl2 9-4 31806 224.86 70.60 0.190 

PbCl2 8-3.25 34317 223.76 70.05 0.278 

SnCl2 4-2.5 38920 229.82 70.60 0.190 

PbCl2 3.25-2 39339 230.27 70.05 0.278 

ZnCl2 6-4 44779 230.24 71.27 0.136 

PbCl2 2-1.5 46035 230.89 70.05 0.278 

PbCl2 1.5-1 47290 232.5 70.05 0.278 

ZnCl2 4-2 49467 230.24 71.27 0.136 

CuCl2 5-3.3 50241 230.75 71.81 0.134 

CuCl2 3.3-2 56497 237.22 71.81 0.134 

CoCl2 6-2 53986 228.1 78.41 0.130 

PbCl2 1-0 55660 231.04 70.05 0.278 

MgCl2 6-2 55660 230.63 71.31 0.095 

NiCl2 6-2 59217 227.75 71.60 0.130 

CaCl2 2-1 63193 237.34 72.52 0.111 

MgCl2 2-1 74911 230.3 72.86 0.095 

FeCl2 2-1 76167 231.91 76.57 0.127 

CoCl2 2-1 78134 232.17 78.41 0.130 

ZnCl2 2-1 80352 229.72 71.27 0.136 

MnCl2 1-0 84202 233.18 72.86 0.126 

FeCl2 1-0 86880 233.01 76.57 0.127 

CoCl2 1-0 88303 232.8 78.41 0.130 

NiCl2 1-0 89810 233.01 71.60 0.130 

 

 

 

 



  4. Application side 

58 

 

 
 

It is clear from Figure 4.2 that the selection of suitable metal chloride-ammonia reactions 

depends on the fixed operating temperatures and pressures. Regarding the LTR, which operates 

at the refrigeration temperature 𝑇𝐶  during the discharge phase, only the salts having the 

equilibrium pressure 𝑝𝑒𝑞(𝑇𝐶) between the minimum allowable pressure and the ammonia 

saturation pressure 𝑝𝑁𝐻3
(𝑇𝐶) are selected. Graphically, suitable LTR salts have the intersection 

between the equilibrium lines and the refrigeration temperature line (blue line) in the area 

delimited by the minimum pressure line and the ammonia saturation line. Similar logic is 

applied for the selection of reactive mixtures in the HTR, operating at a temperature 𝑇𝐻 ranging 

between 𝑇𝐻,𝑚𝑖𝑛 and 𝑇𝐻,𝑚𝑎𝑥: suitable HTR salts are characterized by equilibrium lines which 

pass across the area defined by the two extreme hot source temperature lines (red lines) and the 

extreme operating pressures. As an example, the right graph in Figure 4.2 represents the 

equilibrium lines of four  salt-ammonia reactions with respect to the thermodynamic operating 

conditions: BaCl2 8-0 is suitable as LTM but not as HTM; CaCl2 4-2 can be adopted as both 

LTM and HTM; PbCl2 1-0 is suitable only as HTM; ZnCl2 1-0 cannot be adopted in the system. 

In the following paragraphs, additional considerations are carried out to further narrow down 

the metal chloride-ammonia reactions to be adopted in the LTR and the HTR. 

 

4.2.1 LTR reactive mixture 

Once the metal chloride-ammonia reactions which fulfill the above described requirements 

have been identified, a single LTR salt can be selected based on its intrinsic properties, such as 

mass energy density 𝑒𝑑𝑚, volume energy density 𝑒𝑑𝑉 and specific adsorption capacity 𝑆𝐶: 

 

  𝑒𝑑𝑚 =
𝛥𝐻𝑟(𝜈2 − 𝜈1)

�̅�𝑆2

 

 

 4.1 

 

Figure 4.2: Equilibrium lines of all the metal chloride-ammonia reactions in Table 4.2 and operating 

temperatures and pressures (left). In the right graph: example of suitable salt-ammonia reactions (cyan and 

orange lines) and not suitable reactions (grey line) for the specified operating conditions. 
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𝑒𝑑𝑉 =
𝛥𝐻𝑟(𝜈2 − 𝜈1)

�̅�𝑆2

 𝜌𝑆2
 

 

 4.2 

 

𝑆𝐶 =
(𝜈2 − 𝜈1)�̅�𝑁𝐻3

�̅�𝑠

 

 

 4.3 

The first two parameters describe how much energy can be managed by the reactive mixture 

per unit mass and unit volume, while the last parameter represents the quantity of gaseous 

ammonia that can be adsorbed/desorbed per unit mass of pure salt. As it can be seen from Table 

4.2 where the most promising metal chlorides have been shortlisted, BaCl2 8-0 and SrCl2 8-1 

appear to be the reactions with the better intrinsic energetic properties, with values of 𝑒𝑑𝑚 and 

𝑒𝑑𝑉  in the range of 0.24 − 0.28 kWh/kg  and 280 − 300 kWh/m3  respectively. The latter 

has been selected as the definitive LTM for its highest sorption capacity, given that, in the 

overall system, work is extracted through a scroll expander: in fact, a higher quantity of gaseous 

ammonia transferred between the two reactors yields a higher work production per unit mass 

of pure salt. Moreover, as it is later discussed in the Results chapter (chapter 5), selecting the 

reaction with a higher 𝑆𝐶 ensures a higher system efficiency in terms of reduced thermal mass 

effects.  

 

Table 4.2: Suitable LTR salt-NH3 reactions. SrCl2 8-1 has been selected as LTR for the analysis. 

LTM 𝜟�̅�𝒓  𝜟�̅�𝒓 �̅�𝒔 �̅�𝒔 𝒆𝒅𝒎 𝒆𝒅𝑽 𝑺𝑪 

[S ν2-ν1] [J/mol] [J/mol/K] [J/mol/K] [kg/mol] [kWh/kg] [kWh/m3] [kgNH3
/kgs] 

BaCl2 8-0 37665 227.25 75.10 0.208 0.243 298.2 0.653 

CaCl2 4-2 42268 229.92 72.52 0.111 0.131 142.4 0.306 

SrCl2 8-1 41431 228.8 75.53 0.159 0.274 289.1 0.751 

CaCl2 8-4 41013 230.3 72.52 0.111 0.185 163.8 0.613 

PbCl2 8-3.25 34317 223.76 70.05 0.278 0.109 165.1 0.290 

SnCl2 4-2.5 38920 229.82 70.60 0.190 0.063 100.5 0.134 

PbCl2 3.25-2 39339 230.27 70.05 0.278 0.041 97.8 0.076 

 

4.2.2 HTR reactive mixtures 

Concerning the high temperature reactor, further considerations need to be made to select the 

proper HTMs and to guarantee the correct functioning of the resorption cogeneration system. 

Two conditions must be met: 

• The equilibrium pressure of the HTM at hot source temperature must be higher than the 

equilibrium pressure of the selected LTM (i.e. SrCl2 8-1) at ambient source temperature. 

• At fixed pressure, the equilibrium temperature of the HTM must be higher than the 

equilibrium temperature of the selected LTM. 
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If the first condition is not fulfilled, the scroll expander cannot be equipped to the system, since 

the gaseous ammonia would flow in counterpressure. Moreover, regardless of the use of the 

expander, the resorption system could not operate because of practical issues relating to the 

system pressure and equilibrium deviation described in paragraph 2.2.1: before triggering 

desorption-adsorption in two reactors, the desorbing reactor must be kept at an equilibrium 

pressure higher than the equilibrium pressure of the adsorbing reactor. If such a condition is not 

fulfilled the non-equilibrium pressure imposed in the two reactors when the valve is opened 

would not be able to activate the sorption reactions.  

The second condition is related to the fact that once the LTM is fixed, HTR salts must 

effectively work as a High Temperature Material.  

Differently with respect to the LTM selection, the HTR reactive mixtures explored in this work 

are not unique. Indeed, all the suitable HTR salt-ammonia reactions (Table 4.3) among the list 

of 35 metal chlorides-ammonia reactions are investigated at different hot source temperatures. 

The hot source temperatures for each HTM is defined according to the following criteria:  

• if 𝑝𝑚𝑖𝑛 < 𝑝𝑒𝑞(𝑇𝐻,𝑚𝑎𝑥) < 𝑝𝑚𝑎𝑥, then 𝑇𝐻 = 𝑇𝐻,𝑚𝑎𝑥. 

• if only 𝑝𝑚𝑖𝑛 < 𝑝𝑒𝑞(𝑇𝐻,𝑚𝑖𝑛) < 𝑝𝑚𝑎𝑥 , then 𝑇𝐻 = 𝑇𝑒𝑞(𝑝𝑚𝑎𝑥). 

The resulting hot source temperatures are shown in Table 4.3 together with the operating 

pressure ratios, for the various configurations considered. 

 

Table 4.3: HTR salt-ammonia reactions suitable to be coupled with SrCl2 8-1 LTR reaction. Hot source 

temperatures and pressure ratios selected for the various configurations are also shown. 

HTM 𝜟�̅�𝒓  𝜟�̅�𝒓 �̅�𝒔      �̅�𝒔 𝑺𝑪 𝑻𝑯 𝜷 

    [S ν2-ν1] [J/mol] [J/mol/K] [J/mol/K] [kg/mol] [kgNH3
/kgs] [K] [-] 

FeCl2 6-2 51266 227.99 76.57 0.127 0.536 473.15 2.90 

CuCl2 3.3-2 56497 237.22 71.81 0.134 0.164 473.15 2.95 

CoCl2 6-2 53986 228.1 78.41 0.130 0.524 473.15 3.06 

PbCl2 1-0 55660 231.04 70.05 0.278 0.061 473.15 3.08 

MgCl2 6-2 55660 230.63 71.31 0.095 0.714 473.15 3.10 

NiCl2 6-2 59217 227.75 71.60 0.130 0.525 473.15 3.48 

CaCl2 2-1 63193 237.34 72.52 0.111 0.153 473.15 3.44 

MnCl2 6-2 47416 228.07 72.86 0.126 0.540 455.60 3.07 

CaCl2 4-2 42268 229.92 72.52 0.111 0.306 399.04 4.19 

ZnCl2 6-4 44779 230.24 71.27 0.136 0.249 421.47 3.77 

PbCl2 2-1.5 46035 230.89 70.05 0.278 0.031 430.66 3.55 

PbCl2 1.5-1 47290 232.5 70.05 0.278 0.031 435.84 3.44 

ZnCl2 4-2 49467 230.24 71.27 0.136 0.249 465.60 2.91 

CuCl2 5-3.3 50241 230.75 71.81 0.134 0.215 470.62 2.84 
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Finally, Figure 4.3 shows the general thermodynamic boundaries on the Clausius-Clapeyron 

diagram for the two salt-ammonia reactions.  

 

 

 
 

It can be seen from this graph which conditions each LTM-HTM pair operates at, and the 

differences, in such conditions, between the steady state case and the dynamic case. Such 

differences are relevant since they will directly affect the results discussed in the last chapter. 

Particularly, it is important to remark that: 

• In the dynamic case since the selected LTM and temperatures 𝑇𝐶 and 𝑇0 are fixed for 

each LTM-HTM pair evaluated, the operating points 𝟑 and 𝟒 are also fixed. Regarding 

the steady state case, point 4 is fixed but the operating point 3 changes since the pressure 

ratio varies for each configuration. The deriving implications are linked to the sensible 

heat contribution in the precool phase and they are discussed in the Results chapter. 

• For each HTM the pressure corresponding to operating the point 𝟓  in the dynamic case 

is fixed and equal to the minimum permitted pressure 𝑝𝑚𝑖𝑛. Hence, varying the HTM 

the intermediate temperature 𝑇𝑚 changes but the pressure difference 𝑝4 − 𝑝5 remains 

the same. In the steady state case, no pressure difference is considered between the 

reactors during the discharge desorption/adsorption stage and the intermediate 

temperature 𝑇𝑚   is different with respect to the corresponding temperature in the 

dynamic case. Again, the related effects on the computed sensible heat in the preheat 

phase and on the results is examined in the next chapter. 

• Varying the selected HTM, the operating point 𝟏  also varies, both in terms of 

temperature and pressure, for both steady and dynamic case. 

 

 

 

 

 

Figure 4.3: General thermodynamic conditions imposed to the LTM-HTM pairs for the steady state case 

(left) and the dynamic case (right). 



  4. Application side 

62 

4.3 Performance evaluation 

Once the suitable metal chlorides-ammonia reactions to be used in the system have been 

identified, which are SrCl2 8-1 for the Low Temperature Reactor and the reactions in Table 4.3 

for the High Temperature Reactor, the cycle is simulated for each LTM-HTM pair. The Key 

Performance Indicators (KPIs) obtained at three different levels are defined: 

• Ideal cycle KPIs, which reveal the performance of the pure thermodynamic cycle. Such 

parameters are the ideal first and second law efficiencies: 

 

𝜂𝐼,𝑖𝑑 =
𝑙 + 𝑞𝐶

𝑞𝐻
  

 

 4.4 

 

𝜂𝐼𝐼,𝑖𝑑 =
𝑙 + 𝑒𝑐

𝑒𝐻
   

 

 4.5 

• System steady state KPIs, which consider the effects of the overall thermal masses. 

Relevant parameters evaluated are the system first and second law efficiencies and mass 

and volume energy densities: 

 

𝜂𝐼 =
𝐿 + 𝑄𝐶

𝑄𝐻
 

 

 4.6 

 

𝜂𝐼𝐼 =
𝐿 + 𝐸𝑐

𝐸𝐻
 

 

 4.7 

 

𝐸𝐷𝑚 =
𝐿 + 𝑄𝐶

𝑚𝑡𝑜𝑡
;     𝐸𝐷𝑉 =

𝐿 + 𝑄𝐶

𝑉𝑡𝑜𝑡
 

 

 4.8 

Relative percentage deviations of the first and second law efficiencies between the ideal case 

and the system steady state case are computed: 

 

𝛿𝐼 =
𝜂𝐼,𝑖𝑑 − 𝜂𝐼

𝜂𝐼,𝑖𝑑
100 

 

 4.9 

 

𝛿𝐼𝐼 =
𝜂𝐼𝐼,𝑖𝑑 − 𝜂𝐼𝐼

𝜂𝐼𝐼,𝑖𝑑
100 

 

 4.10 

Such indicators are useful to highlight the configuration which undergoes the highest efficiency 

drop related to the system sizing. 

• System Dynamic state KPIs. Such parameters are computed considering quantities 

integrated over cycle time: 
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𝜂𝐼,𝑡 =
𝐿𝑡 + 𝑄𝐶,𝑡

𝑄𝐻,𝑡
 

 

 4.11 

 

𝜂𝐼𝐼,𝑡 =
𝐿𝑡 + 𝐸𝐶,𝑡

𝐸𝐻,𝑡
 

 

 4.12 

 

𝐸𝐷𝑚,𝑡 =
𝐿𝑡 + 𝑄𝐶,𝑡

𝑚𝑡𝑜𝑡
;     𝐸𝐷𝑉,𝑡 =

𝐿𝑡 + 𝑄𝐶,𝑡

𝑉𝑡𝑜𝑡
 

 

 4.13 

Relative percentage deviations of the first and second law efficiencies of the sized system 

between the steady state case and the dynamic state case are computed: 

 

𝛿𝐼,𝑡 =
𝜂𝐼,𝑡 − 𝜂𝐼

𝜂𝐼
100 

 

 4.14 

 

𝛿𝐼𝐼,𝑡 =
𝜂𝐼𝐼,𝑡 − 𝜂𝐼𝐼

𝜂𝐼𝐼
100 

 

 4.15 

Further relevant parameters, i.e., mass and volume power densities  𝑃𝐷𝑚  and 𝑃𝐷𝑉 , which 

consider the cycle duration, are also computed. Indeed, aside from the efficiency and energy 

density as design criteria, the overall time needed to achieve the charging and discharging 

phases represents an important feature to consider in energy storage systems. The power density 

parameter adds such information to the energy density, and it can be defined as the mean power 

at which the system would operate if it were operating at constant power. Therefore, a high 

power density is achieved when a good trade-off between cycle time and energy density is 

accomplished. 

 

𝑃𝐷𝑚 =
𝐸𝐷𝑚,𝑡

𝑡𝑐𝑦𝑐𝑙𝑒
;     𝑃𝐷𝑉 =

𝐸𝐷𝑉,𝑡

𝑡𝑐𝑦𝑐𝑙𝑒
 

 

 4.16 

Where the cycle time is divided into reaction charge time 𝑡𝑐,𝑟  , sensible charge time 𝑡𝑐,𝑠𝑒𝑛 , 

reaction discharge time 𝑡𝑑,𝑟 and sensible discharge time 𝑡𝑑,𝑠𝑒𝑛. 

 

𝑡𝑐𝑦𝑐𝑙𝑒 = 𝑡𝑐,𝑟 + 𝑡𝑐,𝑠𝑒𝑛 + 𝑡𝑑,𝑠𝑒𝑛 + 𝑡𝑑,𝑟 

 

 

4.17 
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5. Results 

Main results obtained through the application of the model on the specified case, adopting 

different SrCl2 8-1 – HTM configurations are illustrated in the following chapter. In the first 

part the key performance indicators obtained in the steady state analysis are reported: regarding 

the ideal cycle, a brief discussion on the thermodynamic parameters of the cycle which 

influence its efficiency is carried out. Concerning the sized system, the impact of the thermal 

masses on the performance is investigated in detail to detect which properties of the salt-

ammonia reactions and the cycle are most responsible for it. In the second section, the dynamic 

simulation for a selected SrCl2 8-1 – HTM configuration is carried out and the evolution in time 

of relevant quantities is illustrated and physically interpreted. Finally, in the last part, the 

performance evaluation of the different configurations in the dynamic state is accomplished, 

with the purpose to highlight which operating features are critical in determining high cycle 

times. A parametric analysis is then presented on a specific SrCl2 8-1 – HTM configuration, 

showing the effects of such features on the cycle time and useful outputs. 

 

 

5.1 Steady state analysis 

Figure 5.2 shows the values of first and second law efficiencies related to the ideal 

thermodynamic cycle for the selected HTMs and fixed LTM at SrCl2 8-1. 

 

 

Figure 5.1: First law and second law efficiency for ideal cycle (left); hot source temperatures and pressure ratio 

for each selected HTM (right). 

 

The configurations which appear to have higher performance are the ones operating at lower 

hot source temperature 𝑇𝐻 and higher pressure ratio 𝛽. Such working conditions are beneficial 

from the point of view of the sensible heat consumption, in both the preheat and precool stages. 

Indeed, using a heat source at lower temperature results in minor temperature variation needed 
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in the preheat stage, hence lower specific heat input 𝑞𝐻. In addition, adopting both lower 𝑇𝐻 

and higher 𝛽 ensures a reduced expander outlet temperature, which enables the LTM reactor to 

adsorb gaseous ammonia at a lower temperature. Thus, during the precool stage, the LTR 

undergoes smaller temperature variation and minor sensible heat release, resulting in a higher 

net specific refrigeration energy 𝑞𝐶. 

 

 

Figure 5.2: First law and second law efficiency for the system in steady state conditions. 

 

Concerning the system steady state case (Figure 5.2), since the useful products of the cycle 𝑄𝐶 

and 𝐿 are fixed for each analyzed LTM-HTM working couple, the configurations with the 

higher efficiency values are characterized by the lower energy and exergy inputs,  𝑄𝐻 and 𝐸𝐻, 

respectively. Moreover, differently from the ideal case, it results that the performance values of 

the steady state case are not particularly affected by the operating hot source temperatures and 

pressure ratios. Such a feature is due to the fact that in the steady state case, the effective size 

of the reactors is considered, which has far more influence on the efficiency, with respect to the 

operating conditions of the thermodynamic cycle.  

 

5.1.1 Energy density 

The effect of the system’s size on the performance can be seen also in Figure 5.3, representing 

the mass and volume total energy densities corresponding to the different SrCl2 8-1 – HTM 

configurations. For instance, the stoichiometric variation between higher and lower 

ammoniated salt (𝜈2 − 𝜈1) of the selected HTM reaction appears to have an influence on the 

values of the mass energy density. Indeed, a lower quantity of ammonia involved in the 

chemisorption reactions at fixed pure salt mass implies larger amounts of reactive material 

needed in the reactors to produce the energy needs 𝑄𝐶 and 𝐿.  
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Another parameter that affects the total energy density is the molar weight �̅�𝑠 of the pure salt 

used as a reactive medium: clearly adopting heavier material results in a lower energy density. 

For instance, the reactions PbCl2 1-0 and CaCl2 2-1 have the same stoichiometric variations 

(𝜈2 − 𝜈1), but, since lead has higher molar weight than calcium, the former HTM reveals lower 

mass energy density than the latter. It is worth noticing, that the specific adsorption capacity 𝑆𝐶 

is directly proportional to the ratio between (𝜈2 − 𝜈1)  and �̅�𝑠  (equation 4.3). Hence, it is 

reasonable to presume that configurations adopting HTM with higher 𝑆𝐶  would reveal higher 

energy densities. However, such assertation is valid only in the case all configurations adopt 

the same amount of ammonia 𝑚𝑁𝐻3,𝑡𝑜𝑡  that is exchanged between the two reactors, as it is 

shown in Figure 5.4.  

 

 

Figure 5.4: Total specific energy for each configuration, compared with the specific adsorption capacity (Left), 

and with specific adsorption capacity normalized to the mass of ammonia (right). 

 

The left graph of the figure represents the mass energy density of the system for each selected 

HTM, compared with its specific adsorption capacity. It appears that not always the 

configuration with the higher 𝑆𝐶 is characterized by a higher 𝐸𝐷𝑚, as for FeCl2 6-2 and CoCl2 

Figure 5.3: Total volume energy density EDV and specific energy EDm for each configuration in steady state. 
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6-2. On the other hand, let us consider the specific adsorption capacity normalized with respect 

the total amount of ammonia used in each configuration: 

 

𝑆𝐶,𝑚 =
𝑆𝐶

𝑚𝑁𝐻3 ,𝑡𝑜𝑡
 

 

 5.1 

Observing the right graph of Figure 5.4, there is a clear correspondence between the values of 

mass energy density and normalized Specific adsorption capacity 𝑆𝐶,𝑚. Therefore, it can be 

inferred that to identify the best solution in terms of high mass energy density, it is sufficient to 

detect the configuration with the highest specific adsorption capacity normalized to the amount 

of ammonia adopted. In other words, at a fixed amount of working fluid in the system, the 

highest mass energy density is obtained by adopting the HTM with the highest  𝑆𝐶. 

The most performing configuration results to be the one adopting NiCl2 6-2 reactive mixture as 

HTM: first and second law efficiencies in the steady state case are 0.57 and 0.3 respectively, 

with the total volume energy density of 91.7 kWh/m3 and mass energy density of 267 kJ/kg. 

However, such a selection does not result in high performance from  the point of view of the 

power density and cycle time required, as illustrated in section 5.3. 

 

5.1.2 The effect of thermal masses on the efficiency 

As previously discussed previously (5.1), the thermal masses of the reactors have a major 

influence on the performance with respect to the operating hot source temperature and pressure 

ratio. This paragraph aims to highlight which properties of the salt-ammonia reactions and of 

the thermodynamic cycle are mostly responsible for high values of thermal masses, thus high 

efficiency losses between ideal and steady state case.  To do so, let us consider the equations 

for the first law efficiency in the ideal (𝜂𝐼,𝑖𝑑, eq. 5.4) and steady state (𝜂𝐼, eq. 5.5) cases, written 

as follows: 

 

𝜂𝐼,𝑖𝑑 =
𝑙 + 𝑞𝐶,𝑟 − |𝑞𝐶,𝑠𝑒𝑛|

𝑞𝐻,𝑟 + 𝑞𝐻,𝑠𝑒𝑛
  

 

 5.2 

 

𝜂𝐼 =
𝑚𝑁𝐻3,𝑡𝑜𝑡𝑙 + 𝑚𝑁𝐻3 ,𝑡𝑜𝑡𝑞𝐶,𝑟 − |𝑄𝐶,𝑠𝑒𝑛|

𝑚𝑁𝐻3,𝑡𝑜𝑡𝑞𝐻,𝑟 + 𝑄𝐻,𝑠𝑒𝑛
=  

𝑙 + 𝑞𝐶,𝑟 −
|𝑄𝐶,𝑠𝑒𝑛|
𝑚𝑁𝐻3,𝑡𝑜𝑡

𝑞𝐻,𝑟 +
𝑄𝐻,𝑠𝑒𝑛

𝑚𝑁𝐻3,𝑡𝑜𝑡

  

 

5.3 

Equations 5.2 and 5.3 prove that the deviation between 𝜂𝐼,𝑖𝑑 and 𝜂𝐼 are exclusively related to 

the sensible heat, both in the precool and in the preheat stage. The same consideration is valid 

for the second law efficiency. The expressions of the sensible heat can be further investigated:  

 

𝑄𝐻,𝑠𝑒𝑛 = 𝑇𝑀𝑆2,ℎ(𝑇1 − 𝑇5);   𝑄𝐶,𝑠𝑒𝑛 = 𝑇𝑀𝑆2,𝑙(𝑇4 − 𝑇3) 

 

 

5.4 
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with 𝑇𝑀𝑆2,ℎ and 𝑇𝑀𝑆2,𝑙 the thermal masses of the HTR and LTR at high ammoniation state 

(defined in equation 5.49), respectively. Thus, the sensible heat contribution can be written in 

the following general form: 

 

𝑄𝑠𝑒𝑛 = 𝑇𝑀𝛥𝑇𝑠𝑒𝑛  
 

 

5.5 

 

⇨ 𝑄𝑠𝑒𝑛 = (𝑚𝑆2
𝑐𝑆2

+ 𝑚𝐻𝑋𝑐𝐻𝑋 + 𝑚𝐸𝐺𝑐𝐸𝐺)𝛥𝑇𝑠𝑒𝑛 

 

 

5.6 

Considering the definition of graphite ratio and metal ratio from equation 5.46 and 5.47. 

 

⇨ 𝑄𝑠𝑒𝑛 = (𝑚𝑆2
𝑐𝑆2

+ 𝜏𝑚𝑠𝑐𝐻𝑋 + (
𝑓𝐸𝐺

1 − 𝑓𝐸𝐺
) 𝑚𝑠𝑐𝐸𝐺)𝛥𝑇𝑠𝑒𝑛  

 

5.7 

Rewriting the mass of the pure salt and the mass of the salt ammoniated at the higher state in 

terms of stoichiometric moles of exchanged ammonia (equation 3.8): 

 

𝑄𝑠𝑒𝑛 = (
𝑛𝑁𝐻3,𝑡𝑜𝑡

𝜈2 − 𝜈1
�̅�𝑆2

𝑐𝑆2
+ 𝜏

𝑛𝑁𝐻3,𝑡𝑜𝑡

𝜈2 − 𝜈1
�̅�𝑠𝑐𝐻𝑋 + (

𝑓𝐸𝐺

1 − 𝑓𝐸𝐺
)

𝑛𝑁𝐻3,𝑡𝑜𝑡

𝜈2 − 𝜈1
�̅�𝑠𝑐𝐸𝐺) 𝛥𝑇𝑠𝑒𝑛 

 

5.8 

Given the definition of specific heat of the highest ammoniate (equation 3.51) and using the 

definition of specific adsorption capacity 𝑆𝐶 (equation 4.3): 

 

𝑄𝑠𝑒𝑛 =
𝑚𝑁𝐻3,𝑡𝑜𝑡

𝑆𝐶
𝛥𝑇𝑠𝑒𝑛 (

𝑐�̅�

�̅�𝑠

+ 𝜈2

𝑐�̅�𝐻3

�̅�𝑠

+ 𝜏𝑐𝐻𝑋 + (
𝑓𝐸𝐺

1 − 𝑓𝐸𝐺
) 𝑐𝐸𝐺) 

 

5.9 

The above expression shows that three design parameters have a major impact on the sensible 

heat:  the total cycle gaseous ammonia 𝑚𝑁𝐻3,𝑡𝑜𝑡
, the temperature difference in the preliminary 

state 𝛥𝑇 and the specific adsorption capacity 𝑆𝐶 of the salt-ammonia reaction used. The term 

composed by 𝛥𝑇 and  𝑆𝐶 on the right-hand side of equation 5.9 can be defined as the sensible 

heat coefficient: 

 

𝜆𝑠𝑒𝑛 =
𝛥𝑇𝑠𝑒𝑛

𝑆𝐶
 

 

5.10 

The term in the brackets on the right side of the equation 5.9 has the units of a specific heat and 

can be defined as the equivalent specific heat of the reactor in the adsorbed state: 

 

𝑐𝑇𝑀 = (
𝑐�̅�

�̅�𝑠

+ 𝜈2

𝑐�̅�𝐻3

�̅�𝑠

+ 𝜏𝑐𝐻𝑋 + (
𝑓𝐸𝐺

1 − 𝑓𝐸𝐺
) 𝑐𝐸𝐺) 

5.11 

Finally, the sensible heat contribution can be written as follows: 

 

𝑄𝑠𝑒𝑛 = 𝜆𝑠𝑒𝑛𝑚𝑁𝐻3,𝑡𝑜𝑡𝑐𝑇𝑀 5.12 
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Based on expressions 5.10 - 5.12, some considerations can be made regarding the properties 

which influence the thermal masses effects: 

• Selecting the pure salt with higher specific adsorption capacity 𝑆𝐶 allows to obtain a 

lower sensible heat contribution, improving the overall performance.  

• Higher cycled ammonia 𝑚𝑁𝐻3,𝑡𝑜𝑡 will inevitably increment the amounts of reactive salts 

adopted in the reactors, increasing their thermal masses. On the other hand, reducing 

the cycled ammonia would also reduce the useful effects of cold and work production. 

Indeed, substituting equation 5.9 in the efficiency expression (eq. 5.3), the total cycled 

ammonia term is canceled, proving that such a design parameter does not affect the 

overall system first and second law efficiency. 

• Reducing the preheat/precool temperature difference 𝛥𝑇𝑠𝑒𝑛 results in positive effects on 

the sensible heat, thus on the performance. At fixed operating pressures, the reactive 

mixtures with a higher enthalpy of reaction 𝛥𝐻𝑟 , i.e. higher inclination of the 

equilibrium line, will result in lower 𝛥𝑇𝑠𝑒𝑛. 

• At fixed metal ratio 𝜏  and graphite ratio 𝑓𝐸𝐺 , properties of the salt-ammonia reaction 

which influence the sensible heat for the different configurations are the pure salt 

specific heat 𝑐𝑠 and the high ammoniation stoichiometric coefficient 𝜈2. 

 

Figure 5.5 represents the values of 𝜆𝑠𝑒𝑛  and 𝑐𝑇𝑀  for both HTR and LTR, in each selected 

configuration, together with the first and second law efficiency deviations 𝛿 between ideal and 

steady state case (eq. 5.9 and 5.10). It appears that there is a correspondence between the trend 

of the sensible heat coefficient evaluated for the HTR (𝜆𝑠𝑒𝑛,ℎ) and the trend of 𝛿. Such a feature 

proves that 𝜆𝑠𝑒𝑛,ℎ  is far more influencing on the overall side effects related to the thermal 

masses, with respect the same coefficient relative to the LTR (𝜆𝑠𝑒𝑛,𝑙). In fact, for each analyzed 

configuration the LTM undergoes a temperature variation during the precool phase which is 

smaller than the corresponding 𝛥𝑇 applied to the HTM during the preheat phase. Moreover, the 

adopted salt-ammonia reaction for each configuration in the LTR is SrCl2 8-1, which is the 

reaction characterized by the highest value of 𝑆𝐶 = 0.751 kgNH3/kgs: as seen in equation 5.8, 

a high specific adsorption capacity is beneficial from the viewpoint of the  reduction of the 

sensible heat consumption. The impact of the equivalent specific heat 𝑐𝑇𝑀 of the reactors on 

the performance loss results to be less relevant compared to the sensible heat coefficient. 

Indeed, 𝑐𝑇𝑀  is one or more order of magnitude smaller than  𝜆𝑠𝑒𝑛  for each selected 

configuration.  
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In conclusion, some guidelines to design a TRSC configuration with the aim of minimizing the 

side effects of thermal masses on the performance are summarized: 

• The most impacting parameter is 𝜆𝑠𝑒𝑛 of the two reactors, hence it is favorable to adopt 

a system configuration in which such parameter is minimum. If the temperature during 

precool/preheat phase cannot be calculated, as rule of thumb the best salt-ammonia 

reactions to be used are the ones with highest specific adsorption parameter 𝑆𝐶. 

• Designing a reactor with minimum equivalent specific heat 𝑐𝑇𝑀 reduces the effect of 

thermal masses and favors the efficiency. Nevertheless, the impact of such a parameter 

is negligible with respect to 𝜆𝑠𝑒𝑛. 

 

5.1.3 Summary of results from steady state analysis 

• The efficiency of the ideal cycle is thermodynamically favored by low hot source 

temperature and high pressure ratio, since minor sensible heat consumption is achieved. 

• The efficiency of the sized system is affected more by the thermal masses, rather than 

by the operating hot source temperature and pressure ratio. The best HTM is NiCl2 6-2 

Figure 5.5: Values of λsen and cTM for different selected HTM, relative to the HTR (left) and to the LTR (right), 

and performance efficiency percentage deviation between ideal and steady state case (bottom). Note the 

correspondence between the trend of the evaluated for the HTR λsen,h and δI, δII. 
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with first and second law efficiency of 0.57 and 0.3 respectively; mass and energy 

density of 267 kJ/kg and 91.7 kWh/m3 respectively. 

• Higher mass energy density is accomplished by configurations adopting HTM with 

higher Specific adsorption capacity 𝑆𝐶, normalized to the total mass of cycled ammonia. 

• Specific adsorption capacity is also the main intrinsic property that affects the impact 

of the thermal masses on the performance. To minimize the loss of efficiency caused by 

the effective size of the reactors it is convenient to adopt a configuration with the 

minimum value of coefficient 𝜆𝑠𝑒𝑛. 

 

 

5.2 Dynamic state 

After the steady state performance evaluation is performed for each suitable configuration, the 

dynamic model is used to obtain the evolution in time of relevant quantities, for a specific SrCl2 

8-1 – HTM working couple. Hence the phenomena involved are explored in detail with the 

purpose to carry out a physical interpretation for the behavior of the reactors and of the working 

fluid, in each phase of the operating cycle. The selected SrCl2 8-1 – HTM configuration is the 

one adopting MnCl2 6-2 as HTM. Such a choice is made since the dynamic model has been 

validated for that specific working couple, ensuring more reliable results. Moreover, as it is 

shown in the next section, the SrCl2 8-1 – MnCl2 6-2 configuration reveals to be a favorable 

solution among the other options considering its high power density.  

 

 

Figure 5.6: Operating conditions on Clapeyron diagram for the SrCl2 8-1 – MnCl2 6-2 configuration. 

 

Taking Figure 5.6 as a reference, the operating conditions and working phases which constitute 

the cycle, are recapped as follows: 

• Preheat – Sensible charge phase: HTR is heated from intermediate sink temperature 

𝑇𝑚 to hot source temperature 𝑇𝐻  (from 5 to 1) and LTR is heated from cold source 

temperature 𝑇𝐶 to ambient sink temperature 𝑇0 (from 4 to 3). 
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• Reaction charge phase: Desorbed ammonia flows from HTR through scroll expander 

and is adsorbed in LTR (point 3). 

• Precool – Sensible discharge phase: LTR is cooled from ambient sink temperature 𝑇0 

to cold source temperature 𝑇𝐶  (from 3 to 4 ), while HTR is cooled from hot source 

temperature 𝑇𝐻 to intermediate sink temperature 𝑇𝑚 (from 1 to 5). 

• Reaction discharge phase: Ammonia desorbed from LTR is adsorbed in HTR (point 5). 

 

The simulations are stopped based on the following two criteria, depending on the cycle phase: 

• For the intermediate steps, i.e. precool and preheat phases, the transient is ended as both 

reactive bed temperatures reach a deviation smaller or equal than 0.1 K with respect the 

source/sink temperature. For instance, the sensible charge phase ends when 𝑇𝐻 − 𝑇𝑏,ℎ ≤

0.1 K and 𝑇0 − 𝑇𝑏,𝑙 ≤ 0.1 K. 

• Regarding the reaction phases, the transient ends as the global conversion ratio of both 

reactors reach a deviation smaller or equal than 5 ⋅ 10−4 with respect the target value, 

i.e.  0 or 1. For instance, the reaction charge phase ends when 𝑥ℎ − 0 ≤ 5 ⋅ 10−4 and 

1 − 𝑥𝑙 ≤ 5 ⋅ 10−4. 

 

5.2.1 Preheat phase 

During the preheat stage the two reactors are disconnected and heated to the corresponding 

target temperatures. While the heating occurs, the equilibrium condition is maintained in both 

reactors, hence the composition of the reactive mixture is invariant: the global conversion ratio 

of the two reactors is fixed at 𝑥ℎ = 1 for the HTR and at 𝑥𝑙 = 0 for the LTR. Figure 5.7 shows 

the temperature evolution of the reactive bed, the metal composing the heat exchanger and the 

heat transfer fluid, relatively to HTR (subscript h) and LTR (subscript l).  

 

 

Figure 5.7: Temperature evolution of the reactive bed Tb, heat exchanger THX, and heat transfer fluid Tf  during 

the preheat phase relatively to HTR (left) and LTR (right). 

 

It can be inferred from the graph that HTR has larger a thermal mass compared to LTR. In fact, 

the bed material and the heat exchanger metal which compose the LTR need less time to reach 
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the desired temperature than the same components corresponding to HTR. The minor thermal 

mass of the LTR is due mainly to the following reasons: 

• The LTR is in the desorbed state as it undergoes the heating process (𝑥𝑙 = 0), meaning 

that the reactive mixture is purely composed of strontium chloride ammoniated to the 

lower state SrCl2(NH3)1. On the contrary, HTR is in the adsorbed state, hence it is purely 

composed of manganese chloride ammoniated at the higher state MnCl2(NH3)6. 

Therefore, regardless of the different amounts of pure salt in the reactors, HTR has a 

mass higher than LTR by a quantity 𝑚𝑁𝐻3,𝑡𝑜𝑡. 

• The higher specific adsorption parameter of the SrCl2 8-1 reaction with respect to 

MnCl2 6-2. 

Another interesting feature worth noticing is the almost invariant evolution in time of the heat 

transfer fluid mean temperature 𝑇𝑓 in both reactors. The physical reason for such a trend can be 

explained considering how the heat transfer fluid is modeled: the inlet fluid temperature is fixed 

at the desired source/sink temperature and the mass of the fluid in the reactor is as large as the 

quantity of metal. Hence, the high thermal inertia of the fluid together with the constant high 

energetic flow entering the reactor results in a negligible impact of the thermal power transfer 

on the mean temperature 𝑇𝑓 . A slight variation of the fluid temperature only occurs at the 

beginning of the process, as the thermal power transferred is maximum. 

 

5.2.2 Reaction charge phase 

As the reactors are brought to the desired equilibrium temperatures at different pressure levels, 

the desorption/adsorption process of HTM and LTM is achieved by connecting them. As the 

valve is opened two constraint pressures are instantaneously imposed on the reactors, which 

evolve throughout the whole reactive process. Such pressures deviate from the equilibrium 

pressures of the salt-ammonia reactions corresponding to their temperatures (which is also 

varying in time), triggering the driving force necessary to achieve the decomposition/synthesis 

process.  

 

Figure 5.8: Evolution in time of the global conversion rate (left) and of the constraint pressure (right) during 

reaction charge phase. The red line refers to HTM, while the green line refers to LTM. 
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Figure 5.8 represents the evolution in time of the global conversion rates and of the non-

equilibrium pressures of the reactors during the reaction charge phase.  

It is interesting to notice that the global conversion rate trends of the two subsystems are exactly 

mirrored with respect to each other, meaning that the magnitude of the driving forces relative 

to HTR decomposition and LTR synthesis are equal. Hence, the two reactors are equally intense 

from the kinetic viewpoint and act as a single system, in which no component prevails to the 

other. Such a feature is strictly related to the design of the reactors based on the cycled ammonia 

𝑚𝑁𝐻3,𝑡𝑜𝑡: the amounts of reactive mixtures in HTR and LTR have been properly sized in order 

to obtain the same stoichiometric quantity of ammonia to be desorbed/adsorbed in the reactors. 

The behavior of the system would be different if, for instance, the LTM would be oversized: 

the quantity of ammonia that the LTR could adsorb would be larger than the mass of ammonia 

desorbed by the HTR. Thus, the LTR would be characterized by stronger kinetics (equations 

3.93 and 3.94) and would impose its driving force on the coupled reactions in the system. An 

example of such a case is illustrated in the next paragraph (5.2.3), in which the reaction charge 

phase is represented on the Clapeyron diagram. Concerning the non-equilibrium pressure 

evolution, it can be seen that 𝑝𝑐,𝑙 is scaled with respect to 𝑝𝑐,ℎ by the factor 𝛽 = 3.07. Indeed, 

the scroll expander is modeled as a simple constrain between the non-equilibrium pressures of 

the two reactors, given by the pressure ratio itself.  

Three separated time intervals can be identified for both global conversion rate and constraint 

pressure trends: at the beginning of the process, a rapid variation occurs because of the 

maximum driving force imposed on the reactors after their instantaneous connection. The 

reactors get then stabilized in the second interval, during which the driving force and the 

constrain pressures are constant. Finally, as the HTM decomposition and LTM synthesis are 

almost complete, the driving force drops, causing the coupled reactions to slow down. The same 

time intervals can be detected in the trend of the mass flow rate and the power produced by the 

expander shown in Figure 5.9.  

 

 

Figure 5.9: Evolution in time of the ammonia mass flow rate from HTR to LTR (left) and scroll expander power 

(right). 
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It is worth noticing that �̇�𝑁𝐻3
 and 𝑊 reveal the same trend, proving that the specific work 

produced is almost invariant during the reactive process. In other words, since the pressure ratio 

is assumed constant, the enthalpy difference between expander inlet and outlet is not drastically 

affected by the transformations occurring in the two reactors.  

The last variable that needs to be discussed, relatively to the reaction charge phase is the 

temperature. Taking Figure 5.10 as a reference, it can be observed that the temperature 

variations occurring in the reactors are associated with the heat transferred during the 

corresponding chemisorption reactions.  

 

 

Figure 5.10: Temperature evolution of the reactive bed Tb, heat exchanger THX, and heat transfer fluid Tf  during 

the reaction charge phase, relatively to HTR (left) and LTR (right). 

 

Indeed, the HTR is undergoing endothermal desorption, which thermodynamically corresponds 

to a thermal sink located within the reactor. Hence, desorption causes the HTR temperature to 

decrease until a balance between heat supplied by the HTF and heat required by the reaction is 

achieved. On the other hand, the LTR is undergoing exothermal adsorption, meaning that an 

internal energy source causes the reactor temperature to steeply increase at the beginning of the 

process when the driving force is higher. After the temperature peak, the thermal energy 

absorbed by the HTF overcomes the heat generated by the synthesis reaction and LTR is cooled 

back to its beginning state. The entity of the temperature variation clearly depends on 𝛥ℎ̅𝑟 of 

the considered salt-ammonia reaction: the higher temperature variation of the HTR compared 

to the LTR is related to the larger heat of reaction of MnCl2 6-2 with respect to SrCl2 8-1, which 

have a value of 𝛥ℎ̅𝑟 equal to 47.4 kJ/mol and 41.4 kJ/mol, respectively. 

Regarding precool and reaction discharge phases, similar considerations on the transient 

behavior during the preheat and reaction charge phases can be made. The only differences are:  

• The reactors swap their role, meaning that the LTR acts as vapor generator, while the 

HTR becomes the vapor absorber. 

• During desorption/adsorption phase a single non-equilibrium pressure is imposed on 

both reactors, since the expander is bypassed.  

The results in terms of evolution in time related to the discharge phase are shown in the 

appendix.  
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5.2.3 Representation on the Clapeyron diagram 

The evolution in time of  temperature and pressure of HTR and LTR during the reaction charge 

phase is represented on the Clapeyron diagram in Figure 5.11. 

 

 

Figure 5.11: Reaction charge phase on the Clapeyron diagram. 

 

The three different time intervals addressed previously (5.2.2) can be observed: as the reactors 

are connected, the constraint pressures 𝑝𝑐,ℎ  and 𝑝𝑐,𝑙  are instantaneously imposed, i.e. 

transformations (1-1’) for HTR and (3-3’) for LTR. Subsequently, the reactors rapidly evolve 

towards the equilibrium lines of the corresponding solid/ammonia reactions. Hence, the driving 

force of the simultaneous reactions lowers its intensity, until new equilibrium conditions for 

both reactors are achieved (3’ and 1’) and the reaction charge phase is ended. As previously 

mentioned (5.2.2), the reason for this behavior is that HTR and LTR are equally sized in order 

to adsorb/desorb the same stoichiometric quantity of ammonia 𝑚𝑁𝐻3,𝑡𝑜𝑡, and no reactor imposes 

its driving force on the other. The behavior of the system is different in the case the one reactor 

is oversized or undersized compared to the other. For instance, let us assume to size the reactors, 

imposing the following relation: 

 

𝑚𝑁𝐻3,𝑡𝑜𝑡,𝑙 =
4

3
𝑚𝑁𝐻3,𝑡𝑜𝑡,ℎ 

 

5.13 

Thus, the maximum quantity of gas that the LTR can adsorb/desorb is 4/3 times larger than the 

total amount of gas the HTR is capable to manage. In other words, LTR is oversized with respect 

to HTR. Figure 5.12 shows the global conversion rates and the reaction charge time on the 

Clapeyron diagram in this specific case. It can be noticed that, while the HTR is completely 

desorbed at the end of the charge phase, LTR has still the potential to adsorb gaseous ammonia 

(𝑥𝑙 tends to 0.75 instead of 1). Consequently, LTR kinetics is the prevailing driving force on 

the coupled reactions in the system. Indeed, as it can be inferred by the Clapeyron diagram, the 

reaction charge phase ends with the LTR at equilibrium conditions corresponding to SrCl2 8-1, 

i.e. with 𝑝𝑐,𝑙 = 𝑝𝑒𝑞,𝑙(𝑇3). 
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Figure 5.12: A case study in which LTR is oversized compared to HTR. Evolution in time of global conversion 

rates of HTR and LTR (left) and reaction charge phase on the Clapeyron diagram (right). LTR imposes its 

kinetics on HTR. 

 

On the other hand, the HTR is driven by LTR until it reaches a final condition out of the 

equilibrium line corresponding to  MnCl2 6-2, i.e. with 𝑝𝑐,ℎ = 𝛽𝑝𝑐,𝑙 . In conclusion, two 

scenarios can be expected when coupling two reactors in a thermochemical resorption system 

through the dynamic model: 

• If a reactor is oversized with respect to the other, it imposes its equilibrium condition to 

the overall resorption system, because of its more impactful driving kinetics. 

• If the reactors are sized in a such way that they have the potential to adsorb/desorb the 

same amount of gaseous working fluid, no reactor imposes its driving force to the other. 

Instead, the system evolves towards a new equilibrium condition. 

 

5.2.4 Energy stored and cogeneration of power and cold 

The evolution of the cumulated energy quantities in time, relative to the charge phase and 

discharge phase is illustrated in Figure 5.13.  

 

Figure 5.13: Evolution in time of stored energy and work produced during the charge phase (left); evolution in 

time of the cold production during the discharge phase (right). 
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A relevant aspect to highlight is the larger time needed to achieve the reactive phase with respect 

to the sensible heat transfer phase during both charge and discharge. Thus, it can be observed 

that reaction kinetics represents a more significant bottleneck to the completion of the overall 

cycle, than the thermal masses. Detailed analysis on the cycle time of the several configurations 

defined in the previous chapter is carried out in section 5.3 with the aim to identify the design 

parameters which mostly affect such a high duration of the reactive phases. 

Concerning the sensible phases, the effect of thermal masses is far more impactful in the preheat 

stage rather than during precooling, given that the HTR adsorbs about 100 kWh, while LTR 

needs to release less than 25 kWh: indeed, the related values of the sensible heat coefficient 

𝜆𝑠𝑒𝑛  for SrCl2 6-2 and MnCl2 6-2, are about 110 kgsK/kgNH3
  and 260 kgsK/kgNH3

 

respectively (Figure 5.5). Moreover, the cold production results to be larger than the design 

value 𝑄𝐶 = 120 kWh, set in the steady state case. The reason is linked to the practical need to 

bring the reactors at different pressure levels before desorption/adsorption addressed in the 

dynamic study: the sensible heat contribution in the discharge phase evaluated in the dynamic 

case results to be lower than the same contribution relative to the steady state case, due to the 

smaller temperature variation achieved (section 4.2.2, Figure 4.3). As a consequence, a larger 

net refrigeration effect is obtained. The impact of such an additional feature on the results in 

the dynamic case is addressed in detail in the following section, where the corresponding KPIs 

for each admissible configuration are visualized and commented. 

 

 

5.3 Dynamic state performance evaluation 

First and second law efficiencies resulting from the dynamic analysis (4.3) have been computed 

for each SrCl2 8-1-HTM configuration and compared with the values obtained in the steady 

state case (Figure 5.14).  

 

 

 

Figure 5.14: First and second law efficiencies related to the dynamic state analysis (left) and percentage 

deviations with respect to the steady state case (right). 
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The slight discrepancy, lower than 15% for each HTM evaluated, proves that the results are 

consistent from the energetic point of view. As already discussed previously (section 5.2.4), the 

main reason for such a deviation is related to the addition of practical conditions regarding 

kinetics in the dynamic study of the cycle, thus the different pressure levels of the reactors 

before synthesis/decomposition steps, with respect to the steady state case, as shown in Figure 

5.15.  

 

 

Figure 5.15: Sensible heat contributions in steady state (left) and dynamic state (right). 

 

Before the reaction occurring during the charge phase, the pressure difference between HTM 

and LTM in the dynamic case is larger compared to the steady state case (points 1 and 3). On 

the other hand, before the discharge phase the HTM reactor is brought to a lower pressure with 

respect to the LTM reactor in the dynamic case, while in the steady state the reactors are at 

same pressure (operating points 4 and 5). Consequently, in the dynamic state the sensible heat 

contribution 𝑄𝐻,𝑠𝑒𝑛  in the preheat stage is higher due to higher temperature raise achieved, 

while the sensible heat contribution 𝑄𝐶,𝑠𝑒𝑛 in the precool stage results to be lower. The former 

feature causes an efficiency decrease of the cycle in the dynamic analysis, while the latter one 

contributes to increase it. It is interesting to notice that some configurations are affected by a 

negative deviation from the steady state results, while for others the performance increases.  

System configurations presenting a dynamic efficiency drop with respect to the steady state 

case are therefore characterized by an increment of 𝑄𝐻,𝑠𝑒𝑛 which overcomes the effect of the 

reduction of 𝑄𝐶,𝑠𝑒𝑛. 

 

5.3.1 Cycle time 

The dynamic analysis also provides information regarding the cycle duration related to each 

system configuration. Figure 5.16 shows the total cycle time, composed by its different 

contributions. 
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Several observations can be made in terms of how the cycle characteristics and salts properties 

affect the cycle duration: 

• The time needed to complete the sensible heat transfer in both charge and discharge 

phases is the largest for the configurations with the largest thermal masses effects (PbCl2 

2-1.5 and PbCl2 1.5-1 as HTM): the higher the sensible heat coefficient 𝜆𝑠𝑒𝑛, the higher 

the energy consumed/released by the reactor to achieve the preheat/precool temperature 

variation. 

• The discharge desorption/adsorption phase providing the cooling effect has almost the 

same duration for each configuration. The main reason is that for each selected HTM 

the pressure difference imposed by the two reactors after the precool phase is the same, 

corresponding to (𝑝4 − 𝑝5) in the right graph of Figure 5.15. Physically, this implies 

that, as the valve is opened to trigger the discharge reaction, the non-equilibrium 

conditions imposed on the reactors are comparable for each HTM selected, causing in 

fact similar reactions kinetics. 

• The duration of the charge desorption/adsorption phase, providing the heat storage and 

the work production, is related to the choice of the expander pressure ratio 𝛽, with 

respect to the maximum achievable pressure ratio 𝛽𝑚𝑎𝑥 : configurations undergoing 

longer reaction charge phase are characterized by a value of 𝛽 closer to 𝛽𝑚𝑎𝑥 (e.g. NiCl2 

6-2). Such feature is explored more in depth from the physical point of view in 

paragraph 5.3.2. 

After computing the total cycle time, it is possible to obtain the power density for each 

configuration (Figure 5.17). It is interesting to notice that, although a specific selected HTM 

might result in high performance from the energetic viewpoint in the steady state evaluation, it 

can reveal a drastic deficiency in terms of cycle time. For instance, it is the case of the 

configuration using NiCl2 6-2, with a volume energy density of about 91.7 kWh/m3 and power 

density of only 0.04 kW/m3, revealing to be the worst choice in terms dynamic performance. 

 

Figure 5.16: Cycle time for each SrCl2 8-1 – HTM configuration. 
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5.3.2 Influence of the pressure ratio on the reaction charge time 

Two upper limits for the pressure ratio are to be considered while designing a TRSC: the first 

is related to the fact that the outlet pressure of the expander must be lower than the ammonia 

dew point at the corresponding temperature, in order to avoid phenomena of pitting corrosion 

of the materials composing the blades. The second upper limit is linked to the ambient sink 

temperature 𝑇0: 

 

𝛽𝑚𝑎𝑥 =
𝑝𝑒𝑞,ℎ(𝑇𝐻)

𝑝𝑒𝑞,𝑙(𝑇0)
  

 

5.14 

The scroll expander outlet pressure must be higher than the equilibrium pressure of LTM 

corresponding to temperature 𝑇0. Indeed, if this last condition is not fulfilled, it would cause 

the LTR to release adsorption heat at temperature lower than 𝑇0, making the heat transfer from 

the reactor to the ambient sink physically impossible. To better understand how the value of 

scroll expander pressure ratio with respect to 𝛽𝑚𝑎𝑥 influences the reaction charge time, let us 

consider the Clapeyron diagram for two different system configurations (Figure 5.18). 

Considering the case in which NiCl2 6-2 is adopted, the fixed pressure ratio has a value 

comparable to 𝛽𝑚𝑎𝑥. Since such a high pressure jump is requested between the expander’s inlet 

and outlet, the non-equilibrium pressures imposed at the two reactors at the beginning of the 

reaction, i.e. 𝑝𝑐,ℎ at the HTR and 𝑝𝑐,𝑙 at the LTR,  can only slightly deviate from the equilibrium 

line at the corresponding temperature. This small deviation does not favor the reaction kinetics 

in the reactors, causing the reaction time to rise dramatically. On the contrary, in the case of 

MnCl2 6-2 configuration, the value of 𝛽 is much smaller than the maximum acceptable value. 

Therefore, the non-equilibrium pressures imposed at the reactors have room to considerably 

deviate from the equilibrium conditions at the corresponding temperature, allowing to obtain a 

high driving force promoting the reactions. 

 

Figure 5.17: Power density for each SrCl2 8-1 – HTM configuration. NiCl2 6-2 appears to be the worst 

choice in terms of dynamic performance. 
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In general, we could say that: the closer is the pressure ratio with respect to the maximum 

achievable pressure ratio 𝛽𝑚𝑎𝑥 for the specific configuration, the smaller will be the deviation 

imposed to the two salt-ammonia reactions with respect to their equilibrium lines, when the 

valve is opened and the reactors are connected. This inevitably causes a weaker driving force 

for the chemical reactions of desorption in the HTR and adsorption in the LTR, thus larger time 

will be needed to complete the whole reactive charge phase.  

The evolution of the pressure in time during decomposition/synthesis in the charge phase is 

shown in Figure 5.19 for the two configurations. 

 

 

 
 

It is interesting to notice that in the case of NiCl2 6-2 as selected HTM the pressures in the 

reactors result to have a constant trend in time: since the pressure deviations imposed to the 

reactors are very modest, it is reasonable to expect that the non-equilibrium pressures get 

stabilized at the early stages of the reaction, after slight variations two/three orders of magnitude 

Figure 5.18: Clapeyron diagrams in the case of selecting the configurations with NiCl2 6-2 (left), and MnCl2 6-2 

(right) as HTM. 

Figure 5.19: Evolution of the pressure in the two reactors in the case NiCl2 6-2 (left) and MnCl2 6-2 (right) 

as selected HTR. 
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smaller than bars. On the other hand, in the case of MnCl2 6-2, the reactors undergo high 

deviation from the equilibrium pressure as the valve is opened, causing intense variation of the 

pressure trend, until the reaction is ended. 

Since several potential system designs can exist, depending on the selection of LTM-HTM 

couples and operating conditions, it is useful to define a proper parameter, able to identify a 

priori whether the implementation of a scroll expander for a certain configuration would be 

critical from the point of view of the charge decomposition/synthesis time. We therefore define 

the expander coefficient 𝜉 as: 

 

𝜉 =
𝛽 − 1

𝛽𝑚𝑎𝑥 − 1
   

 

5.15 

When 𝜉 tends towards 1, the charge reaction time tends to mathematical infinity, since 𝛽 would 

tend to 𝛽𝑚𝑎𝑥 . In fact, when 𝛽 = 𝛽𝑚𝑎𝑥 , no pressure deviation with respect to the reactions 

equilibrium lines are achievable and the decomposition/synthesis would not occur. On the other 

hand, as 𝜉  is equal to 0, the reaction time is at its minimum value, corresponding to a 

configuration in which the expander is bypassed, i.e. Simple Resorption (𝛽 = 1). In Figure 5.20 

the values of the coefficient 𝜉  are represented for the different analyzed SrCl2 8-1-HTM 

configurations, together with the charge reaction times 𝑡𝑐,𝑟. 

 

 

 
 

The fact that the trend of 𝜉 well resembles the trend of the reaction charge time proves the 

relevant impact of the selection of the pressure ratio on the reaction kinetics. The lowest reaction 

time is obtained adopting the configuration with CuCl2 5-3.3 as HTM, with a value of 9.5 ℎ, 

corresponding  𝜉 = 0.0408. 

 

 

 

 

Figure 5.20: Expander coefficient for each SrCl2 6-2 – HTM configuration compared to the corresponding 

charge reaction time. 
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5.3.3 Parametric analysis: reaction charge time 

A specific system configuration with fixed a SrCl2 8-1-HTM working couple has been 

investigated through the dynamic model with the aim to highlight how the choice of the pressure 

ratio affects the reaction charge time 𝑡𝑐,𝑟  and the work produced 𝐿𝑡 . The selected HTM is 

MgCl2 6-2, which is one of the most performing reactive material from the power density 

viewpoint. The operating conditions are the same as defined in chapter 4, with the only 

difference that in this case several values of 𝛽 are set as inputs to the model, while the produced 

work is calculated a posteriori. The values of 𝛽 go from 1 to 𝛽𝑚𝑎𝑥 , which for this specific 

configuration is equal to 12.3. Figure 5.21 represents the evolution of the global conversion 

rate 𝑥ℎ related to the HTM, undergoing desorption for the selected values of pressure ratio. It 

is noteworthy that the reaction charge time increases more significantly as the chosen pressure 

ratio approaches 𝛽𝑚𝑎𝑥, i.e. as the expander coefficient 𝜉 tends to 1. This is coherent with what 

is mentioned in the previous paragraph: since the desorption/adsorption between HTM and 

LTM would not occur in the case of 𝛽 = 𝛽𝑚𝑎𝑥, meaning that the reaction time would be infinite, 

we can expect that 𝑡𝑐,𝑟 increases exponentially as the pressure ratio increases, with the upper 

limit tending to infinite as 𝛽 tends to 𝛽𝑚𝑎𝑥. 

 

 

 
 

Such a feature is to be found in Figure 5.22 as well, where the work production and 𝑡𝑐,𝑟 are 

investigated as a function of 𝛽. It results that, while the raise of work production gets slower as 

the pressure ratio tends to its maximum value, the reaction charge time curve gets steeper with 

an exponential trend.  

 

Figure 5.21: Evolution in time of HTM global conversion rate during the reaction charge phase for SrCl2 6-2-

MgCl2 6-2 configuration, with different values of β. 
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This behavior implies that for a generic system composed of two thermochemical reactors 

connected via an expander, selecting a configuration with the maximum pressure ratio is not 

the most beneficial design. Indeed, the increase of desorption/adsorption phase duration 

obtained when a higher pressure ratio is selected is much more impactful than the raise of the 

potential work that can be produced. In other words, the drawbacks related to the selection of 

pressure ratio close to its maximum achievable value, in terms of reaction time, remarkably 

overcome the potential benefits that would be accomplished in terms of work production. For 

instance, as shown in Figure 5.22, the work production rise corresponding to an increase of 

pressure ratio from 9 to 12, is in the order of kWh, while the increment of time is in the order 

of 102 ℎ . Therefore, depending on the specific application purposes, a suitable trade-off 

between useful work production and requested charge time should be envisioned to properly 

select the scroll expander pressure ratio.  

 

5.3.4 Parametric analysis: reaction discharge time 

As described in Section 5.3.1 the decomposition/synthesis reaction time during the discharge 

phase 𝑡𝑑,𝑟  does not change considerably for the different selected HTM. Since the pressure 

difference 𝛥𝑝𝑑 = 𝑝4 − 𝑝5  between the two reactors (right graph of Figure 5.15) is fixed, the 

non-equilibrium pressures imposed on them as the valve is opened result in similar reaction 

kinetics, and therefore similar reaction time for each configuration. It seems reasonable to 

presume that as such pressure difference changes, the reaction discharge times will be affected. 

Specifically, it can be expected that as 𝛥𝑝𝑑 increases a higher deviation from the equilibrium 

lines can be achieved in both the reactors upon valve opening, meaning that a higher driving 

force for the chemical reactions will be achieved. On the contrary, if 𝛥𝑝𝑑 is set to 0, the two 

reactors are at the same equilibrium pressure before connecting them, implying that when the 

valve is opened, no deviating pressure can be imposed, preventing the desorption/adsorption 

reactions from occurring. From the mathematical viewpoint, this means that as 𝛥𝑝𝑑 tends to 0 

Figure 5.22: Reaction charge time and work production for SrCl2 8-1- MgCl2 6-2 configuration and 

different values of β. 
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the discharge reaction time tends to infinite. The SrCl2 8-1 - MgCl2 6-2 configuration has been 

again chosen to explore the described physical phenomenon, by varying the pressure difference 

𝛥𝑝𝑑, keeping the other operating conditions fixed. Specifically, the operating point 𝟓 has been 

kept at the minimum admissible pressure 𝑝𝑚𝑖𝑛 = 0.05 𝑏𝑎𝑟  and at the corresponding 

equilibrium temperature, while the operating point 𝟒  is varied, shifting it along the LTM 

equilibrium line. Hence the cold source temperature 𝑇𝐶  is necessarily altered, affecting the 

quality of the refrigeration. In Figure 5.23 the evolution in time of the LTM global conversion 

is shown for the selected pressure variations and cold source temperatures.  

 

 

 
 

Again, it is noteworthy that the reaction time seems to increase with an exponential trend as the 

parameter 𝛥𝑝𝑑 tends to its lower limit, i.e. 0. Such feature is even more visible in Figure 5.24, 

which shows the trend of cold exergy production and 𝑡𝑑,𝑟 as functions of 𝛥𝑝𝑑. 

 

 

 
 

Figure 5.23: Evolution in time of LTM global conversion ratio during reaction discharge time for SrCl2 6-2- 

MgCl2 6-2 configuration, with different values of Δpd. 

Figure 5.24: Reaction discharge time and cold exergy produced for SrCl2 8-1- MgCl2 6-2 configuration and 

different values of Δpd. 
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Furthermore, another important implication is revealed: although it is beneficial to increase the 

pressure difference 𝛥𝑝𝑑 in terms of  reaction discharge time needed, it results to negatively 

affect the cold exergy production, since the refrigeration will unavoidably occur at higher 

temperature. Therefore, it is essential to properly find a compromise between refrigeration 

quality that the application must fulfill, and reaction time needed. An alternative solution to 

decrease the discharge reaction time without affecting the cold production temperature could 

be to shift the operating point 𝟓 along the HTM equilibrium line, towards lower values of 

equilibrium temperature and pressure. Nevertheless, when applying this approach, it is 

important to prevent the operating pressure at point 𝒑𝟓  from becoming lower than the 

admissible minimum pressure and that the intermediate sink temperature 𝑇𝑚 becomes lower 

than the refrigeration temperature. 

 

5.3.5 Summary of results from dynamic state analysis 

• During synthesis/decomposition, if a reactor is oversized, it imposes its equilibrium 

condition to the whole system, due to its larger kinetics. On the other hand, if the 

reactors are equally sized, they evolve towards new equilibrium conditions, deviated 

from the HTM and LTM lines. 

• Reaction kinetics represents a more impactful bottleneck on the overall cycle time, with 

respect to thermal masses for the analyzed TRSC. 

• Although a salt-ammonia reaction presents the highest efficiency from the steady state 

point of view, it can reveal low performance in terms of dynamic behavior. In fact, NiCl2 

6-2 is the HTM which results in the lowest value of power density. The HTM with best 

dynamic performance is MgCl2 6-2, with mass and volume power density of 1.36 W/kg, 

and 1.47 kW/m3.  

• Operating with a value of pressure ratio close to 𝛽𝑚𝑎𝑥  results in very large reaction 

charge time. Specifically, reaction charge time increases exponentially as 𝛽 tends to 

𝛽𝑚𝑎𝑥. Hence, a trade-off between work production and cycle time should be carried out 

to select the most suitable value for 𝛽.  

• As the initial pressure difference between LTR and HTR before desorption/adsorption 

in the discharge phase tends to zero, the reaction discharge time tends to infinite. A 

possible strategy to decrease the reaction discharge time is to increase the equilibrium 

pressure of LTM before discharge phase. However, an optimal trade-off between cycle 

time and cold exergy production should be found.
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6. Conclusions 

Thermochemical resorption cogeneration systems can fulfill diverse energy requirements, 

providing multiple functions, depending on the specific application scenario. They are suitable 

for low-grade thermal energy storage, not only in industrial applications for waste heat recovery 

but also for renewable thermal energy exploitation, e.g. in solar thermal plants, with intermittent 

or seasonal storage configuration. In this thesis, a Thermochemical Resorption cycle for storage 

of low-grade heat and cogeneration of power and cold (TRSC) has been investigated. Steady 

state and dynamic state analyses have been carried out, with the focus on the transient behavior 

of the components and the relationship between operating conditions and system performance. 

In chapter 1, the general background of low-grade heat utilization is presented, and the sorption 

working principles and technologies are described. After a state of the art of sorption 

cogeneration systems, the motivations and scope of this work are delineated. In chapter 2, the 

TRSC is described in detail, and possible application scenarios are illustrated. In chapter 3 the 

methods used for the implementation of the thermodynamic cycle, the sized system steady state 

model, and the dynamic state model are presented. Validations to support the features of the 

models and the assumptions done are also carried out. In chapter 4 the specific TRSC 

application explored in this work through the models is presented. Hence, the reactive materials 

and the model parameters are defined. Finally, the strategy adopted for the selection of suitable 

solid/gas reactions depending on the cycle operating conditions is described. In chapter 5 the 

results obtained are presented and discussed. Therefore, the following conclusions can be 

summarized: 

1) The steady state analysis revealed that the thermodynamic performance of the TRSC 

increases as the temperature of the thermal energy to be stored decreases. Such a feature 

makes it more suitable for low and ultra low-grade heat storage. However, the thermal 

masses of the reactors have the highest impact on the performance of the analyzed 

system in terms of first and second law efficiencies. Selecting solid/gas reactions with 

higher specific adsorption capacity results in a lower effect of the thermal masses, thus 

higher system performance.  

2) The dynamic model was used to investigate and physically the evolution in time of 

relevant quantities of TRSC during the cycle working steps. An interesting result is 

inferred by observing the reaction charge phase on the Clapeyron diagram for two 

differently sized TRSC systems: if the reactors are equally sized to exchange the same 

stoichiometric quantity of refrigerant, they are subjected to the same driving force and 

reach an equilibrium state deviated from the HTM and LTM equilibrium lines. On the 

other hand, if one of the reactors is oversized with respect to the other, it drives the 

couple reactions towards the equilibrium line relative to the oversized reactive material.  

3) Although a specific configuration results in high steady state performance, it could 

reveal low-performing in terms of cycle time. Hence, it is essential to carry out both 

steady state and dynamic state analyses for this type of system. Reaction kinetics is the 

main factor that negatively impacts the system performance in terms of cycle time. The 

larger the deviation from the reaction equilibrium line, imposed at the beginning of 
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adsorption/desorption phases, the higher the reaction driving force. Therefore, it is not 

convenient to adopt a scroll expander with a pressure ratio close to its maximum 

allowable value, since it would imply a lower equilibrium drop and a larger cycle time. 

Instead, a proper trade-off between work that can be produced, and reaction charge 

duration should be met. It was also found that imposing high pressure difference 

between the reactors before triggering simultaneous adsorption\desorption allows to 

obtain high pressure equilibrium drops, thus low reaction time.  

 

 

6.1 Suggestions for future work 

Although preliminary results and conclusions have been obtained through the numerical models 

in this study, future work is necessary to better understand the potential of thermochemical 

resorption cogeneration cycles for low-grade heat exploitation. Suggestions for future work are 

summarized as follows: 

• Further case studies should be analyzed in steady state with different sizing of the 

TRSC, i.e. with a production of power and cold set at different orders of magnitude. 

Hence, a parametric study could be carried out in which the impact of the cycle 

operating conditions (e.g. 𝑇𝐻, 𝛽) and intrinsic properties of reactive mixtures on the 

performance is evaluated at different system sizes. 

• More rigorous validation should be conducted on the dynamic model for TRSC 

implemented in this work through experimental data. For instance, a wide range of 

solid/gas reactions should be experimentally investigated to estimate the semi-empirical 

coefficients to be adopted in the kinetic model. 

• More detailed and accurate features of the numerical models should be implemented to 

study TRSC on a component scale. For instance, a model to estimate the global heat 

transfer coefficients of the heat exchanger, and to evaluate their influence on the cycle 

time could be developed. 

• Additional effort should be invested to develop models capable to represent the whole 

transient cycle on the Clapeyron diagram. Real resorption cycles could be represented 

through two distinct continuous lines which evolve near the equilibrium lines of the two 

reactive material adopted. 

• Further investigation should be carried out by developing a real case study in which 

TRSC is retrofitted to an industrial process for waste heat recovery or a renewable 

source-based system for heat storage. For example, the integration of TRSC in an 

existing plant could be analyzed to evaluate the advantages in terms of total efficiency 

gain and related savings. 

• A detailed thermo-economic study and optimization should be carried out to evaluate 

the benefits of such a technology in terms of costs, revenues, and risks, compared to 

other low-grade heat technologies. 
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Appendix 

Further results related to the SrCl2 8-1 – MnCl2 6-2 configuration analyzed in the dynamic state 

(Section 5.2) are presented. 

 

 

A.1 Thermodynamic cycle 

 

 

Figure A.1: Thermodynamic cycle of the SrCl2 8-1 – MnCl2 6-2 configuration on the Clapeyron diagram (left) 

and T-s diagram (Right). 

 

Table A.1: Thermodynamic properties of the gaseous ammonia at each point of the cycle for the SrCl2 8-1 – 

MnCl2 6-2 configuration. 

Point p T h s v 

  [bar] [K] [kJ/kg] [kJ/kg/K] [m3/kg] 

1 30 455.6  1849 5.816 0.06923 

2 9.78 368.4 1672 5.902 0.1753 

3 9.78 363 1659 5.866 0.1723 

3* 9.78 363 -637.7 -0.461 - 

4* 0.1 273.2 -929 -1.361 - 

4 0.1 273.2 1500 7.531 12.47 

5 0.1 314.1 1586 7.824 14.35 

5* 0.1 314.1 -1196 -1.031 - 

1* 30 455.6 -706.7 0.206 - 
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A.2 Discharge phase 

The evolution in time of relevant quantities for the SrCl2 8-1 – MnCl2 6-2 during discharge 

phase is presented in the following section. 

 

A.2.1 Precool phase 

Figure A.1 shows the temperature evolution of the reactor components during precool stage. 

 

 

Figure A.2: Temperature evolution of the reactive bed Tb, heat exchanger THX and heat transfer fluid Tf  during 

the precool phase relatively to HTR (left) and LTR (right). 

 

It is noteworthy that the LTR needs more time than the HTR to reach the desired temperature. 

In fact, the LTR is in the complete adsorbed and its total mass is the sum between the LTM at 

low ammonization state and the total gaseous ammonia 𝑚𝑁𝐻3,𝑡𝑜𝑡
. On the other hand, HTR’s 

mass is only composed by the HTM at low ammonization state. 

 

A.1.2 Reaction discharge phase 

Figure A.3 represents the evolution in time of the reactors’ global conversion rates and 

constraint pressure during the reaction discharge phase, while Figure A.4 shows the evolution 

in time of the gaseous ammonia mass flow rate. Note that in this case the reactors are subjected 

to the same non-equilibrium pressure since the scroll expander is bypassed. Moreover, as for 

the reaction charge phase, the curves can be divided into three time intervals, in which they 

have different trends.  

1) The first part in which the variation is rapid, thus maximum driving force is imposed. 

2) A second interval in which the driving force is constant, i.e. global conversion rates vary 

linearly, while pressure and mass flow rate are mostly constant.  

3) Finally, in the third part, the reactions are almost complete and the driving force 

decreases. 
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Figure A.3: Evolution in time of the global conversion rate (left) and of the constraint pressure (right) during 

reaction discharge phase.  

 

 

Figure A.4: Mass flow rate of ammonia during reaction discharge phase. 

 

 

Figure A.5: Temperature evolution of the reactive bed Tb heat exchanger THX and heat transfer fluid Tf  during 

reaction discharge phase, relatively to HTR (left) and LTR (right). 
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Figure A.5 represents the evolution in time of temperature of the reactor components.  As for 

the charge phase, the reactors undergo an initial temperature variation depending on whether 

synthesis or decomposition occur: HTR is subjected to exothermal adsorption, i.e. its 

temperature increases. On the contrary, LTR undergoes endothermal desorption, and its 

temperature decreases.  

 

A.1.3 Representation on Clapeyron diagram 

Figure A.6 represents the reaction discharge phase on the Clapeyron diagram, 

 

 

Figure A.6: Reaction discharge phase on the Clapeyron diagram. 

 

As for the reaction charge phase, the reactors are sized in a such way that they have the potential 

to adsorb/desorb the same amount of gaseous ammonia. Thus, no reactor imposes its kinetics 

to the other and the system evolves towards a new state of equilibrium, different from the 

equilibrium state related to the HTM and LTM reactions. It is interesting to notice that, 

differently from the reaction charge phase, the new equilibrium does not coincide with the 

points 4’ and 5’, which are the conditions instantaneously imposed as the reactors are 

connected. Such a feature could be related to the different equations imposed in the model for 

the HTF in the reaction discharge phase. 


