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ABSTRACT 

Space and water heating contribute over 50% of all the residential building energy consumption 

and are especially major energy consumers in the cold climates. Meanwhile, conventional furnaces 

and boilers with energy efficiency limited to below 100% dominate the residential heating in the 

cold climate, and the electric vapor-compression heat pump capacity and efficiency decline 

drastically at low ambient temperatures. Thermally driven ammonia-based chemical adsorption 

(chemisorption) heat pump (CSHP) systems utilize the reversible chemical reaction between the 

ammonia vapor and solid sorbent to generate heat pumping effect, which can provide heating with 

much higher energy efficiency than existing cold-climate heating technologies. Despite the 

significant potential of energy efficiency improvement from existing technologies, most studies in 

the literature on chemisorption heat pump systems focus on adopting the technology for 

refrigeration and energy storage applications, with very limited investigations available for using 

the technology for producing heating in cold climates.  

This thesis study is thus conducted to characterize the operation behavior and performance of a 

CSHP system under cold ambient conditions and further identify optimal design and control for 

such systems to achieve high performance. In this study, both experimental and modelling 

approaches are pursued to investigate a CSHP heating system from the perspective of the sorption 

material using the multiple-stage LiCl-ammonia reactions, to the novel adsorber component with 

hybrid heat pipe heat exchanger, and finally to the performance of the complete heat pump system. 

The experimental studies are based on a prototype CSHP system tested to identify the chemical 

kinetics of the sorption material, as well as the transient performance of the adsorber and the 

system. The calibrated chemical kinetics are then used in the development of a transient adsorber 

model to analyze the operation and improve design of the adsorber. The heating COP of the 

prototype system was measured to be 0.75-1.16 under ambient temperatures of 8-20°C. Finally, a 

dynamic system model is developed based on the dynamic models of the adsorber and other 

components in the system. The system model is validated against the experimental data and used 

to analyze the detailed energy flow and operation dynamic. Based on the inefficiencies revealed 

by the simulation of the current prototype system, an improved system design with reduced thermal 
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mass and heat loss is introduced. Simulation of the improved system results in heating COP of 

1.17 to 1.23 under -13.9°C to 8.3°C ambient, respectively.   
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1. INTRODUCTION 

 Heating in Cold Climate 

Residential buildings accounted for 21.8% of total energy consumption in the United States [1]. 

Among all end-uses in residential buildings as shown in Figure 1, space and water heating are the 

major energy consumers, especially in cold climates where heating is in high demand. According 

to the Residential Energy Consumption Survey (RECS) conducted by the U.S. Energy Information 

Agency (EIA) in 2015 [2], space and water heating consumed over 60% of household site energy 

nationwide and almost three quarters of household site energy in cold and very cold climates as 

shown in Figure 1.  

 

Figure 1 Breakdown of residential site-energy consumption 

Figure 2 shows the main heating equipment and energy source by climate region from the same 

EIA report[2]. Over 80% of the 42 million households in cold and very cold climates in the country 

acquire heating by combustion of natural gas and other fuels, leaving less than 20% of them relying 

on electric-resistance or electric-driven heat pumps for heating purposes. 

Therefore, developing highly efficient heating equipment especially for cold climates has 

significant energy saving potential. However, existing heating systems that are used in low-

ambient conditions have seen major obstacles in improving their energy efficiency. 
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Figure 2 Heating equipment choice by climate region  

 State-of-the-art of Cold-climate Heating Technologies 

As shown in Figure 2, the predominant heating equipment in cold climate is fuel-combustion 

furnaces; electric-driven vapor-compression heat pumps have limited applications in the cold 

climate zone; there are still some electric resistant heating systems operational especially in older 

buildings; in addition, there are several thermally-driven heat pump systems under lab research 

and development for the heating applications as well.  

1.2.1 Conventional Fuel-combustion Furnaces 

Fuel-combustion heating systems convert the chemical energy in fuel such as natural gas and 

propane into thermal energy in the hot flue gas to heat up water or air. The energy efficiency of 

the fuel-combustion systems is often represented by the Annualized Fuel Utilization Efficiency 

(AFUE) defined as the ratio of seasonal heat supply over the energy of total gas consumption.  

The typical AFUE for non-condensing furnaces where the hot flue gas does not reach its dew point 

temperature during heating of domestic air or water is around 80% [3, 4], while the rest of the 

energy is vented out with the warm exhaust flue and the water vapor in it. If extra heat exchange 

and heated medium circulation is added, the water content in the flue gas can condensate and the 

associated energy recovered. The typical AFUE of condensing furnaces is around 92-95%, while 

the additional circulation of heated medium introduces parasitic electric load [5]. As the result, the 



 

19 

 

primary energy coefficient of performance (COPPE) of non-condensing and condensing furnaces 

are around 80% and 85%, respectively [5].  

The heat supply of fuel-combustion furnaces is insensitive to the ambient temperatures, and 

therefore they are the system of choice for households in cold and very cold climates. Meanwhile, 

as a highly mature technology, fuel-combustion furnaces are approaching their theoretical energy 

efficiency of 100% with very limited potential for further efficiency improvement. 

1.2.2 Electric-driven Vapor-compression Heat Pumps 

Based on the low-temperature heat source, the electric-driven vapor compression heat pumps can 

be categorized into air-source and ground-source systems. 

1.2.2.1 Air-source Vapor Compression Heat Pumps 

Air-source vapor-compression heat pumps extract heat from the ambient air and supply it to the 

end uses. They are widely used in mild climate where the ambient temperature is relatively high 

during heating seasons, which results in typical heating COP of above 5 [6]. However, their 

efficiency and heating capacity decrease drastically as the ambient temperature drops due to the 

reduced volumetric efficiency of the compressor and decreased refrigerant density at the 

compressor inlet [7].  

Several researches and developments have been carried out to achieve a high heating COP and 

capacity under low ambient temperature.  

• Two-stage compression cycle were proposed to reduce the compression ratio of each stage 

and improve heating capacity and efficiency, and the tested and simulated heating COP 

was about 2.1 at -30°C [8]and 3.0 at -20°C [7, 9].  

 

• Vapor compression using scroll compressors was able to alleviate the unfavorable high 

compression ratio, and the performance of a system adding a flash tank and two-stage 

throttling was tested by Ma et al. [10] with COP above 2.0 at -17°C. Another scroll 

compressor heat pump using vapor injection to achieve multi-stage compression was tested 

by Bach et al. [11] and achieved COP of 2.2 at -17.8°C ambient. 

 

• System with tandem compressors allows the compressors to operate at higher discharge 

temperatures and higher capacity under low ambient. And a tandem-compressor system 
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was simulated and field-tested by Shen et al. [12, 13] to achieve COP of 3.0 at -12°C and 

2.5 at -20°C.  

 

• Studies were also carried out on improving the low-ambient system performance using 

refrigerant mixtures with favorable properties under large temperature lift [14]. The 

performance of a heat pump system using a R32-CO2 mixture as the refrigerant was 

simulated and compared with the dominant low-temperature refrigerant R410A. The 

mixture refrigerant system achieved COP above 3.0 at -20°C.  

1.2.2.2 Ground-source Vapor Compression Heat Pumps 

Instead of trying to improve efficiency under large temperature lifts like air-source heat pumps, 

ground-source (also referred to as geothermal-) heat pumps avoid extreme cold temperature by 

taking heat from the ground. Ground-source vapor compression heat pumps extract heat from bore-

hole heat exchangers that are buried underneath the ground. Since the soil temperature is generally 

steady year-round and much higher than the cold ambient air temperature, the ground-source heat 

pumps usually have higher heating COP compared with the air-source ones, as pointed out in 

literature [15-17], for a residential system the COP of 3.4 to 4 can be achieved. However, the high 

installation cost of drilling boreholes as well as the limitation of ground conditions resulted in 

limited deployment of ground-source heat pumps [8]. 

1.2.3 Other Cold-climate Heating Technologies 

Apart from fuel-combustion furnaces and electric-driven vapor-compression heat pumps, cold-

climate heating systems have also been developed using vapor-sorption cycle and gas cycle.  

• Ammonia-based absorption: Garrabrant et al. [5] developed and tested prototypes of gas-

fired ammonia-water absorption heat pump for cold climates. The absorption system 

demonstrated gas COP of above 1.2 at -14°C ambient. The system used the simplest single-

effect configuration and low capacity (22 kW) to reduce the equipment cost. Meanwhile, 

the system prototype faces challenges of the cost and system complexity associated with 

the specialized components such as the ammonia solution pump, rectifier. 

 

• Gas engine-driven vapor compression: Heat engine-driven vapor compression systems 

have been built and tested for heat pumping applications at around freezing temperatures 

in literature [18-20] with gas COP of around 1.6. However, few existing studies reported 

performance of gas engine heat pumps below freezing temperatures. Furthermore, the 

complexity and maintenance requirement introduced by using natural gas engine in the 

heat pump system are likely to lead to a higher premium and operating cost. 
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• Gas cycle: Yang et al. [21] simulated the performance of an electric-driven air (reversed 

Brayton) cycle heat pump for cold climate water heating. By using air as the working fluid 

in a semi-open configuration, the air-cycle system had more stable COP under different 

ambient temperatures, and it eliminated the performance reduction associated with frosting. 

The air-cycle system achieved the highest COP of 2.5 under ambient of -7°C and heating 

temperature of 60°C and demonstrated a higher instantaneous heating capacity compared 

with a trans-critical CO2 cycle and a conventional heat pump water heater running on 

R134a.  

To sum up as in Table 1, heat pump technology is required to provide heating under cold ambient 

conditions with efficiencies surpassing the limit of conventional gas furnaces. For vapor 

compression heat pumps system powered by either electricity or gas engine, the major challenge 

towards high efficiency is the high compression ratio under large temperature lift in cold climate 

which drastically reduces the system efficiency. The temperature lift can be reduced by using 

geothermal instead of ambient air as the low-temperature heat source, although the geothermal 

heat pumps require a high installation premium and suitable ground conditions. The thermally 

driven absorption heat pumps with ammonia as the refrigerant demonstrated high performance 

under low ambient and large temperature lift. On the other hand, the residential-sized ammonia-

water absorption systems require special components such as small ammonia solution heat pump 

and rectifier, which adds considerably to the system complexity, maintenance requirement, as well 

as cost.  
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Table 1 Comparison of existing cold-climate heating technologies 

 Gas 

Furnace 

Electric-driven Heat Pump Gas-driven Heat Pump 

Air Source  Geo. Source  Gas Engine NH3 Abs. 

Primary Energy 

COP a 
0.80 – 0.85 0.8 – 0.9 1.1 – 1.3 1.4 – 1.8 1.5 – 1.7 

System 

Complexity 
Simple Simple Complex  Complex Complex 

Moving Parts Blower 
Electric 

compressor 

Compressor, 

pump 

Gas engine – 

compressor 

Ammonia solution 

pump 

Initial Cost Inexpensive   Inexpensive 
Expensive 

(borehole) 

Expensive 

(engine) 

Expensive (rectifier & 

NH3 solution pump) 

a primary energy conversion ratio: electricity = 3.165, natural gas = 1.0 [22] 

Therefore, a thermally driven sorption heat pump with a simple configuration and capable of 

producing high-efficiency heating under low temperature conditions is highly desired to meet the 

need of next-generation heating systems for cold climates.  

 Chemisorption Heat Pump Systems 

Gas-fired chemical adsorption (chemisorption) heat pumps using ammonia as the refrigerant have 

the potential to provide space and water heating in cold climate with high energy efficiency. In a 

chemisorption heat pump (CSHP), ammonia vapor is adsorbed or desorbed by the solid sorbent 

through reversible chemical reactions, and the associated reaction heat is used for extracting heat 

from the cold ambient air and supplying heat to the end-use. With the heat pumping effect and 

high chemical adsorption capacity, the energy efficiency of CSHP can exceed the thermodynamic 

limit of gas-fired furnaces; on the other hand, with consistent equilibrium of chemical adsorption, 

the performance and efficiency of CSHP are much more sustained compared with the drastic 

efficiency decline of vapor compression heat pumps as the ambient temperature drops below 

freezing. 
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Chemisorption heat pumps used to suffer low COP and capacity due to the limitation of the sorbent 

materials. Before the composite sorbent was first introduced by Mauran et al. [23], the sorbent salt 

was prepared as small grains and filled loosely in the adsorber. During adsorption reaction the salt 

grains agglomerates and swells, which severely reduces the heat and mass transfer within the 

agglomerated bulk and reduces the system performance. With the recent researches in composite 

sorbent materials where the salt is hosted in porous matrix materials with highly enhanced thermal 

conductivity and permeability such as expanded graphite, the critical limitations of salt 

agglomeration and low heat and mass transfer performance were significantly mitigated, enabling 

competitive chemisorption heat pump system to be built for various applications. 

Many recent research and development of chemisorption systems aimed at applying the 

technology for refrigeration and thermal energy storage driven by low-grade heat such as solar and 

industrial waste heat. However, the consistent high sorption capacity of chemisorption reactions 

also grants the technology great potentials to provide highly effective and efficient heat pumping 

under low ambient temperatures. However, only limited studies were found in literature 

investigating the performance of CSHP in low-ambient heating applications including the 

thermodynamic modelling in [24, 25] and the tri-generation system studied in [26]. As calculated 

by Pons et al. [24] for heating applications under -15°C ambient and producing heating at 50°C, 

single- and double-effect chemisorption heat pumps were able to achieve thermal COP of above 

1.2. Yang et al [25] calculated the primary energy COP of chemisorption heat pumps operating at 

below -20°C to be around 1.1 for single-effect cycles and 1.2 for double-effect cycles. Such 

performance offers energy efficiency improvement of around 30% compared with the market-

dominating furnaces and electric heat pumps as shown in Figure 3 from [25]. CSHP requires much 

less system complexity and specialized components compared with absorption and gas engine heat 

pumps, and therefore it offers higher reliability at a lower premium and operation cost. 
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Figure 3 Comparison of primary energy COP between cold-climate heating technologies 

Therefore, investigating the performance of chemisorption heat pumping system through 

experimental testing and validated models are of critical value to evaluate the performance of 

CSHP and identify possible improvement specifically for cold-climate heating applications.   

 Organization of the Dissertation Document 

The chapters of this dissertation document are arranged as follows: chapter two summarizes the 

state-of-the-art of chemisorption heat pump technology from the literature and points out the 

research gaps to be addressed; chapter three introduces the objectives and methodologies of the 

current thesis research; chapter four to chapter six describes in detail the research approaches and 

results of experimental and modelling studies in current thesis research; chapter seven summarizes 

the achievement in this thesis study and lists the plan for future work; chapter eight lists the existing 

and planned publications stemmed from this thesis study.  
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2. LITERATURE REVIEW 

In this chapter, the state-of-the-art of chemisorption heat pump technology is presented by first 

introducing the basic principles of the technology before summarizing the published studies on the 

material, component, and system of the chemisorption heat pumps in the literature.  

The review includes studies of chemisorption systems specifically capable of extracting heat from 

low low-temperature heat sources, i.e. heat pumping in cold-climate conditions and refrigeration 

at low temperatures. While the heating applications aim at rejecting heat at a high capacity and at 

a high temperature, the refrigeration applications usually focus on utilizing low-temperature heat 

source to drive the system cycle. Nevertheless, the studies on chemisorption refrigeration systems 

can provide unique insights for the chemisorption heat pumping applications due to the similar 

operating conditions, and therefore they are included in this review as well. 

Part of this chapter is based on the paper published in the journal Applied Thermal Engineering by 

the author titled “Ammonia-Based Chemisorption Heat Pumps for Cold-Climate Heating 

Applications: A Comprehensive Review” [27]. Furthermore, based on the summarized 

information in the literature review, a thermodynamic analysis on choosing the working pair and 

cycle configuration for cold-climate heating application is also published by the author in the 

journal Energy [28]. Both Applied Thermal Engineering and Energy journals are published by the 

publisher Elsevier. 

 Basic Principles of Chemisorption Heat Pump Technology 

2.1.1 Chemisorption Reaction and Sorbent Material 

Ammonia-based chemisorption heat pump systems are based on the reversible chemical reactions 

between the solid sorbent salt and the ammonia vapor. In such a reaction, neutral ammonia 

molecule is adsorbed by the sorbent salt by donating a pair of electrons to the metal ion in the 

sorbent salt and forms a coordinate covalent bond. The bonding energy is released during the 

synthesis of the complex compound. On the other hand, when the compound is heated at a high 

temperature, it decomposes as the bond is broken with the external heat input, and ammonia 

molecule is desorbed from the sorbent [29]. The coordinate covalent bonds are much stronger than 
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the van der Waals interaction that dominates the physical adsorption phenomena, yet they are not 

as strong as the covalent or ionic bonds within molecules. Thus, the chemisorption reactions have 

higher energy density than physical adsorption, and yet they are reversible under a moderate 

change in temperature and pressure. Ammonia molecule can form complex compound with salt of 

both main group metals (e.g. Li, Ca, Na) and transition metals (e.g. Co, Mn, Ni) [30], and metal 

halide salts (e.g. CaCl2, NaBr) are the most commonly used sorbent for ammonia-based 

chemisorption reactions. Depending on the vacant electric orbits available in the metal ion, 

different numbers of ammonia molecules can bond to one metal ion and lead to different sorption 

capacities between salts. For example, one mole of NiCl2 and CaCl2 can form complex compound 

with at most 6 and 8 moles of NH3, respectively, corresponding to maximum sorption capacity of 

0.79 and 1.22 kg/kg salt. 

The equilibrium vapor pressure of a chemisorption reaction (𝑃𝑒𝑞) is mono variant as a function of 

only the sorbent temperature (𝑇𝑠). It can be expressed by the van’t Hoff equation (Equation 1) and 

illustrated as a tilted straight line on the Clapeyron chart as in Figure 4 (a), with the slope and y-

intersection of the line corresponding to the reaction enthalpy and entropy (Δ𝐻  in and Δ𝑆  in 

Equation 1) over the gas constant (𝑅 in Equation 1). The ammonia vapor-liquid equilibrium is also 

a line with a flatter slope on the Clapeyron chart located to the left of the reaction equilibrium line, 

as the equilibrium vapor pressure of pure ammonia liquid is always higher than that of the sorbents, 

and the heat of ammonia vaporization is lower than the heat of chemisorption reaction.  

 
ln(𝑃𝑒𝑞) =

−Δ𝐻

𝑅 ∙ 𝑇𝑠
+
Δ𝑆

𝑅
 

Equation 1 

Besides the salt’s adsorption capacity and feasible operating conditions, the performance of the 

chemisorption system is also significantly influenced by the heat and mass transfer within the 

sorbent. Conventional pure halide salts are usually available in granular form with very limited 

heat and mass transfer rate. For example, the thermal conductivity of granular CaCl2 and its 

ammoniates ranges between 0.0065-0.145 W/m-K [31, 32]. Moreover, the swelling and 

agglomeration of the bulk salt during adsorption deteriorates the sorption capacity and vapor 

transfer across the sorbent [33]. Therefore, composite sorbent material consists of salt and highly 

conductive porous materials such as activated carbon and graphite were developed. The composite 
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sorbents demonstrated significant improvement of the sorbent heat and mass transfer performance 

(e.g. 1.7-17.4 W/m-K for expanded graphite-CaCl2 composite sorbent [34, 35]) while also 

eliminating the mass transfer deterioration due to agglomeration.  

2.1.2 Component and System 

In an ammonia-based CSHP system, the thermal effects of chemisorption reaction and ammonia 

phase change are applied to produce useful heating in sorbent- and ammonia-containing heat 

exchangers under different temperatures and pressures. Figure 4 illustrates the schematic and 

working procedure of a basic CSHP cycle with a sorbent-containing adsorber and a heat exchanger 

acting as a condenser or an evaporator. The CSHP cycles between the desorption and adsorption 

modes. In the desorption mode, heat from a high-temperature source, 𝑄𝑑𝑒𝑠 , is supplied to the 

adsorber. The ammonia-salt compound is heated and starts to decompose, releasing ammonia 

vapor. The ammonia vapor flows into the condenser to be cooled by the medium-temperature heat 

sink and condense, releasing heat, 𝑄𝑐𝑜𝑛𝑑 . The desorption mode ends with the sorbent in the 

adsorber exhausted of ammonia and the ammonia accumulating in liquid phase in the condenser. 

The adsorption mode then starts by cooling the dry sorbent in the adsorber. The adsorber pressure 

decreases to below the ammonia-containing heat exchanger (acting as evaporator) and drives 

evaporation of the liquid ammonia, which continuously extracts heat, 𝑄𝑒𝑣𝑎𝑝 , from the low-

temperature heat source. The ammonia vapor flows into the adsorber and bonds with the sorbent, 

releasing heat, 𝑄𝑎𝑑𝑠 , to the medium-temperature heat sink. The adsorption mode ends upon 

exhaustion of ammonia in the evaporator, and the system switches back to the desorption mode 

for continued operation. 
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Figure 4 Working principle on the Clapeyron chart (right) and schematic diagram (left) of a 

chemisorption system 

In the basic chemisorption heat pump cycle, the heat input to the system (𝑄𝑖𝑛) is the desorption 

heat (i.e. 𝑄𝑑𝑒𝑠), and the useful heat output (𝑄ℎ𝑡) is the heat output in the condenser and adsorber 

at the heat supply temperature (i.e., 𝑄𝑐𝑜𝑛𝑑 and 𝑄𝑎𝑑𝑠). The system performance of the CSHP can 

be evaluated by two parameters: (1) the COP as the ratio of useful heating produced over the high-

temperature heat input in, and (2) the specific heating power (SHP) as the ratio of heating output 

over the system mass (𝑚𝑠𝑦𝑠) averaged over the time lapse of a complete desorption-adsorption 

cycle (𝑡𝑐𝑦𝑐). 

 
 𝐶𝑂𝑃ℎ𝑡 =

𝑄ℎ𝑡
𝑄𝑖𝑛

=
𝑄𝑐𝑜𝑛𝑑 + 𝑄𝑎𝑑𝑠

𝑄𝑑𝑒𝑠
 

Equation 2 

 
 𝑆𝐻𝑃 =

1

𝑡𝑐𝑦𝑐
∙
𝑄ℎ𝑡
𝑚𝑠𝑦𝑠

 

Equation 3 

 Chemisorption Reaction and Material 

The viability and performance of the CSHPs are largely determined by the properties of the sorbent 

salt, where a suitable equilibrium and large sorption capacity are preferred. A sorption material 

has suitable equilibrium means that when the material is at the driving heat temperature, the 
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saturation temperature corresponding to the equilibrium vapor pressure of the material is above 

the heat rejection temperature; meanwhile, when the material is at the heat rejection temperature, 

the saturation temperature corresponding to the equilibrium vapor pressure of the material is below 

the cold ambient temperature. As the result, the sorption material can support continuous ammonia 

condensation and evaporation. An ideal chemisorption reaction adsorbs a large amount of 

ammonia to extract heat under freezing temperatures and reject heat at a high temperature through 

ammonia condensation and adsorption reaction.  

In practical operations, the CSHP performance is also significantly affected by the heat and mass 

transfer rate in the sorbent, as well as the extent of reaction completion. Therefore, the sorbent 

salts in CSHP systems were often combined with thermally conductive porous matrix materials to 

enhance heat and mass transfer performance. This section summarizes the sorbent salt and matrix 

materials commonly used in published studies. 

In this section, the sorbent salt and matrix materials commonly used in existing studies of 

chemisorption refrigeration and heat pumping systems are described. 

2.2.1 Sorbent Salts and Chemisorption Reactions 

In an ammonia-based chemisorption reaction, a neutral ammonia molecule is adsorbed by the 

sorbent salt by donating a pair of electrons to the metal ion in the sorbent salt and forming a 

complex compound with coordinate covalent bond while releasing the bonding energy as heat. On 

the other hand, when the compound is heated at a high temperature, the bond is broken and 

ammonia is desorbed from the sorbent [29]. A generic reaction formula between ammonia and 

metal chloride (𝑀𝐶𝑙𝑥) can be written as Eq. (4) [36]. In the reaction formula, 𝑀 is the metal in the 

sorbent salt capable of bonding with ammonia molecules and forming complex compounds. 

𝑀𝐶𝑙𝑥 ∙ 𝑛1𝑁𝐻3 and 𝑀𝐶𝑙𝑥 ∙ (𝑛1 − 𝑛2)𝑁𝐻3 are both solid-phase ammoniate compounds. 𝑛2 is the 

mole of ammonia that reacts with each mole of ammoniate salt. The reaction can be simply denoted 

as 𝑀𝐶𝑙𝑥 ∙ 𝑛1/(𝑛1 − 𝑛2). The reaction in the forward direction, i.e. decomposition of 𝑀𝐶𝑙𝑥 ∙ 𝑛1𝑁𝐻3 

requires heat input; on the other hand, the reaction in the backward direction, i.e. the synthesis of 

𝑀𝐶𝑙𝑥 ∙ 𝑛1𝑁𝐻3 releases heat. 

 𝑀𝐶𝑙𝑥 ∙ 𝑛1𝑁𝐻3(𝑠) ↔ 𝑀𝐶𝑙𝑥 ∙ (𝑛1 − 𝑛2)𝑁𝐻3(𝑠) + 𝑛2𝑁𝐻3(𝑔) . (4) 
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Ammonia molecules can form complex compounds with salts of both main group metals (e.g., Li, 

Ca, and Na) and transition metals (e.g., Co, Mn, and Ni) [30], and metal halide salts (e.g., CaCl2 

and NaBr) are the most commonly used sorbent for ammonia-based chemisorption reactions. The 

number of ammonia molecules bonded to one metal ion is determined by the type of metal ion, as 

well as the chemisorption reaction equilibrium, which also leads to different sorption capacities 

between salts. For example, one mole Ni2+ and Ca2+ in NiCl2 and CaCl2 can bond with six and 

eight moles of NH3, which corresponds on a mass basis to maximum sorption capacities of 0.79 

kg/kg and 1.22 kg/kg of salt, respectively. Some salts have only one stable complex compound 

corresponding to one reaction, such as BaCl2-8/0; other salts can form multiple stable compounds 

at different temperatures and pressures, such as CaCl2-8/4 and CaCl2-4/2. 

The equilibrium vapor pressure of a chemisorption reaction is usually considered mono-variant as 

a function of the sorbent temperature expressed by the van ’t Hoff equation (Eq. (4)). The 

coefficients in Eq. (4), Δ𝐻 and Δ𝑆, are often associated to the reaction enthalpy and entropy per 

mole of NH3 under the standard state, albeit they are usually derived from the linear equilibrium 

curve (e.g. in [37-39]) instead of directly measured. 𝑅 is the gas constant of 8.314 J/(mol∙K), 𝑇𝑠 is 

the sorbent temperature in Kelvin, 𝐾𝑝  is the equilibrium constant of the reaction, 𝑃𝑒𝑞  is the 

equilibrium vapor pressure in Pascal. The reference pressure 𝑃0 in chemical reactions is usually 

defined as 1 bar, 1 atm, or 100 kPa [40-43]. However, the reference pressure was assumed to be 1 

Pa for the equilibrium of ammonia chemisorption reactions reported in [44, 45] and listed in Table 

2. The different values adopted for the reference pressure will not affect the value of the reaction 

enthalpy obtained from linear fitting but will lead to an offset to the value of the reaction entropy. 

 ln (
𝑃𝑒𝑞

𝑃0
) = ln(𝐾𝑝) =

−Δ𝐻

𝑅∙𝑇𝑠
+
Δ𝑆

𝑅
 (5) 

The reaction equilibrium can be illustrated as straight lines on the Clapeyron diagram, as shown 

in Figure 5. The vapor-liquid equilibrium of pure ammonia is shown in the left of the chart, and 

the lines to the right of the ammonia equilibrium represent the vapor-solid equilibria of 66 

chemisorption reactions between ammonia and halide salts/compounds. The reaction enthalpy and 

entropy of these reaction were collected from [44-46]. 14 commonly used reactions are highlighted 

with bold lines in Figure 5 including CaCl2-8/4 [47], BaCl2-8/0 [24, 47], MnCl2-6/2 [24, 48], SrCl2-
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8/1 [24], NiCl2-6/2 [24, 47], NH4Cl-3/0 [48], LiCl [49], and NaBr-5.25/0 [50]. These reactions are 

popular choices in chemisorption systems [44, 51-53] for cold-climate heating applications. 

Table 2. Summary of chemisorption reactions between ammonia and metal halide salts ordered 

by the equilibrium temperature when the pressure is 40 kPa. The labels correspond to the order 

of the equilibrium lines on Figure 2 from left to right.  

Label Reaction Label Reaction Label Reaction Label Reaction 

1 CuCl2-10/6 18 NaI-4.5/0 35 LiCl-1/0 52 NiBr2-6/2 

2 ZnCl2-10/6 19 SrCl2-8/1 36 FeCl2-6/2 53 CaCl2-1/0 

3 SnCl2-9/4 20 BaBr2-8/4 37 SrI2-6/2 54 NiI2-6/2 

4 KI-4/1 21 CaCl2-4/2 38 MnBr2-6/2 55 MnCl2-2/1 

5 LiBr-5/4 22 BaBr2-4/2 39 CuCl2-3.3/2 56 MgCl2-2/1 

6 NH4Cl-3/0 23 ZnCl2-6/4 40 BaI2-2/0 57 FeCl2-2/1 

7 PbCl2-8/3.25 24 LiCl-3/2 41 CoCl2-6/2 58 CoCl2-2/1 

8 CaI2-8/6 25 PbCl2-2/1.5 42 PbCl2-1/0 59 NiCl2-2/1 

9 NaBr-5.25/0 26 SrBr2-8/2 43 MgCl2-6/2 60 ZnCl2-2/1 

10 PbBr2-5.5/3 27 BaI2-6/4 44 FeBr2-6/2 61 MnCl2-1/0 

11 LiCl-4/3 28 PbCl2-1.5/1 45 CaI2-6/2 62 FeCl2-1/0 

12 SnCl2-4/2.5 29 BaI2-4/2 46 CoBr2-6/2 63 MgCl2-1/0 

13 BaCl2-8/0 30 LiCl-2/1 47 CaCl2-2/1 64 CoCl2-1/0 

14 PbCl2-3.25/2 31 MnCl2-6/2 48 NiCl2-6/2 65 NiCl2-1/0 

15 PbBr2-3/2 32 CaBr2-6/2 49 MnI2-6/2 66 ZnCl2-1/0 

16 PbI2-5/2 33 ZnCl2-4/2 50 FeI2-6/2   

17 CaCl2-8/4 34 CuCl2-5/3.3 51 MgBr2-6/2   
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Table 3. Summary of the sorption capacity, reaction enthalpy and entropy of chemisorption 

reactions between ammonia and metal halide salts.  

Salt 

Molar 

mass 

[g/mol] 

Reaction 

Specific 

sorption 

cap. 

[kg/kg 

salt] 

Reaction 

enthalpy 

[J/mol] 

Reaction 

entropy 

[J/(mol∙K)] 

Reaction 

Specific 

sorption 

cap. 

[kg/kg 

salt] 

Reaction 

enthalpy 

[J/mol] 

Reaction 

entropy 

[J/(mol∙K)] 

LiCl 42.3 
4-3 0.401 36828 224.6 2-1 0.401 48128 230.6 

3-2 0.401 44780 229.8 1-0 0.401 51894 234.4 

NH4Cl 53.4 3-0 0.955 29433 207.9 — — — — 

CoCl2
 94.3 

6-2 0.721 53987 228.1 1-0 0.18 88303 232.8 

2-1 0.18 78134 232.17 — — — — 

MgCl2 95.1 
6-2 0.715 55661 230.63 1-0 0.179 87048 230.88 

2-1 0.179 74911 230.3 — — — — 

CaCl2 110.8 
8-4 0.614 41013 230.3 2-1 0.153 63193 237.34 

4-2 0.307 42269 229.92 1-0 0.153 69052 234.14 

MnCl2 125.7 
6-2 0.541 47416 228.07 1-0 0.135 84202 233.18 

2-1 0.135 71019 232.35 — — — — 

FeCl2 126.6 
6-2 0.537 51266 227.99 1-0 0.134 86880 233.01 

2-1 0.134 76167 231.91 — — — — 

NiCl2 129.5 
6-2 0.525 59218 227.75 1-0 0.131 89810 233.01 

2-1 0.131 79515 232.17 — — — — 

CuCl2 134.5 
10-6 0.506 31387 227.72 3.3-2 0.164 56497 237.22 

5-3.3 0.215 50241 230.75 — — — — 

ZnCl2 136.2 10-6 0.499 29588 219.23 2-1 0.125 80352 229.72 

  6-4 0.25 44779 230.24 1-0 0.125 104625 227.79 

  4-2 0.25 49467 230.24 — — — — 

SrCl2 158.4 8-1 0.751 41432 228.8 — — — — 

SnCl2 189.6 9-4 0.448 31806 224.86 4-2.5 0.134 38920 229.82 

BaCl2 208.2 8-0 0.653 38250 227.25 — — — — 

PbCl2 278 8-3.25 0.29 34317 223.76 1.5-1 0.031 47290 232.5 

  3.25-2 0.076 39339 230.27 1-0 0.061 55660 231.04 

  2-1.5 0.031 46035 230.89 — — — — 

LiBr 86.8 5-4 0.196 33689 225.9 — — — — 

NaBr 102.9 5.25-0 0.867 35363 225.2 — — — — 

MgBr2 184.1 6-2 0.369 63612 230.2 — — — — 

CaBr2 199.8 6-2 0.34 48965 230.4 — — — — 

MnBr2 214.7 6-2 0.317 53066 228.3 — — — — 

FeBr2 215.6 6-2 0.315 55828 228.1 — — — — 

NiBr2 218.5 6-2 0.311 64240 227.2 — — — — 

CoBr2 218.7 6-2 0.311 58590 227.5 — — — — 
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Table 3 continued 

SrBr2 247.4 8-2 0.412 45617 229.3 — — — — 

BaBr2 297.1 8-4 0.229 41850 229.8 4-2 0.114 42687 230.7 

PbBr2 367 5.5-3 0.116 37665 229.4 3-2 0.046 39758 229.4 

NaI 149.9 4.5-0 0.51 39339 224.5 — — — — 

KI 166 4-1 0.307 32015 219.8 — — — — 

CaI2 293.8 8-6 0.115 35991 229.3 6-2 0.231 58590 231 

MnI2 308.7 6-2 0.22 59301 227.4 — — — — 

FeI2 309.6 6-2 0.22 60683 227.5 — — — — 

NiI2 312.5 6-2 0.218 65453 224.1 — — — — 

SrI2 341.4 6-2 0.2 52731 230.5 — — — — 

BaI2 391.1 
6-4 0.087 46454 231.6 4-2 0.087 47291 230.3 

2-0 0.087 56079 235 — — — — 

PbI2 461 5-2 0.111 40595 229.1 — — — — 

 

 

Figure 5. Ammonia-based chemisorption reaction equilibrium on the Clapeyron chart. The labels 

of all lines from left to right are listed in Table 1.  
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The reactions are used in CSHP systems in two different arrangements: (1) conventional 

adsorption coupling the adsorption/desorption reactions with evaporation and condensation of pure 

ammonia such as the basic cycle in Figure 4, and (2) resorption [54, 55] where two different 

ammoniate compounds are coupled to extract heat with the desorption reaction of the low-

temperature salt and supply heat with the adsorption reaction of both the high-temperature and 

low-temperature salts.  

The viability of a reaction for the cold-climate heating application is determined by its equilibrium 

pressure relative to the ammonia pressure under the cold ambient and the hot heat source. The low-

temperature heat extraction—either through ammonia evaporation or desorption reaction—

happens toward the left of  Figure 5 with a low vapor pressure; on the other hand, the heat rejection 

through ammonia condensation or adsorption reaction needs to happen at a sufficiently high 

temperature toward the right of Figure 5 with a high vapor pressure. Moreover, a deviation from 

the equilibrium is necessary for the chemical reaction to occur [44, 51]; therefore, the desorption 

equilibrium pressure needs to be higher than the pressure around the ammoniate compound, and 

vice versa for adsorption. Such temperature or pressure deviation is often referred to as the 

equilibrium drop and indicates the driving force of the chemisorption reactions [44]. 

2.2.1.1 Salts for Conventional Adsorption Configuration 

While all the 66 available reactions can be coupled with ammonia condensation and evaporation 

to form a chemisorption heat pump cycle, only a few of them have been selected for real system 

development. These commonly used reactions usually have high maximum ammonia sorption 

capacities, while also being able to operate under the desired conditions. In refrigeration 

applications, when ammonia is evaporating at low temperature (e.g. 0~-15°C), the adsorption 

reaction needs to disperse heat at a temperature higher than the medium heat sink (e.g. 30°C); on 

the other hand, when the ammonia-rich salt is heated by high-temperature heat source and 

decomposes, the corresponding ammonia condensation needs to reject heat at a temperature higher 

than the medium heat sink. For cold-climate heat pumping applications, the medium heat sink 

temperature is around 50°C. 

Based on these typical operating conditions, the maximum sorption capacity and minimum 

desorption temperatures of all available reactions are plotted and compared in Figure 6 (a) and (b) 
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for medium-temperature heat sink of 30°C and 50°C, and evaporation temperature of 0°C and 

15°C, respectively. Reactions based on the same salt such as LiCl-4/3 and LiCl-3/2 can form 

multiple-stage reactions with sufficiently high heat source temperature for the high-temperature 

reaction, while the low-temperature reaction can occur under the medium-temperature heat sink. 

The sorption capacity of such multiple-stage reactions is the sum of each stage’s capacity. The 

ideal reaction(s) should provide a high maximum sorption capacity under a relatively low 

desorption temperature. In Figure 6 such reaction(s) are located towards the top left corner.  

 

Figure 6 Maximum sorption capacity and desorption temperature of metal halide salts 

corrosponding to 0°C and -15°C ammonia saturation pressure 

The reactions to the left can be driven with low-temperature heat sources such as solar heat, and 

therefore BaCl2-8/0 was used by Le Pierres et al. [56], Li et al. [57], and Rivera et al. [58] to utilize 

low-temperature solar heat (<80°C) and produce refrigeration; Jiang et al. [35] and Hu et al. [59] 

used BaCl2-8/0 driven by the adsorption heat of high stage in a two-stage freezer. Other low-

temperature reactions such as NaBr-5.25/0, NH4Cl-3/0, LiCl-4/3, and were also tested for freezing 

applications by Jiang et al. [35], Oliveira et al. [50], and Kiplagat et al. [60]. With heat rejection 

temperature of 30°C, NH4Cl-3/0 and NaBr-5.25/0 is not able to operate below freezing, but under 

lower heat rejection temperature such as 20°C in   
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With higher heat source temperature, SrCl2-8/1 was used in multiple refrigeration systems either 

directly driven with below 100°C heat source [61], or as the high stage salt in two stage systems 

[35, 59]. CaCl2 has four ammoniate reactions and is the most used salt in ammonia-based 

chemisorption systems. CaCl2-8/4 and CaCl2-4/2 require similar heat source temperature around 

100°C under typical condensing temperature as well as rejection temperature of around 40°C and 

50°C, and therefore they are often preferred given sufficient heat source [35, 59, 62-70]. If heat 

source of above 150-180°C is available, the CaCl2 based reactions can proceed to higher-stage 

(CaCl2-2/1) [71, 72], and other high-temperature reactions such as MnCl2-6/2 were used in deep 

freezing applications in [73] and refrigeration-power cogeneration in [74]. For these reactions, the 

heat rejection temperature during adsorption are typically above 50°C and can be used for heating 

applications. 

Figure 6 also shows with above 150°C heat source temperature, multiple reactions based on LiCl 

can provide considerably higher sorption capacity compared with all other available reaction due 

to the lightness of the LiCl molecule. Such feature can be useful for heat pumping applications 

where the heat source is usually gas-fired and adequate to enable these reactions. However, LiCl 

ammoniate reactions are not as extensive used in published studies as other high-capacity salts. It 

was experimentally tested for solar-driven ice making application [60] with only one stage (4/3) 

due to the limited heat source temperature. Therefore, a chemisorption heating system with 

sufficiently high-temperature heat source to utilize multiple stages of LiCl-based reaction with 

high sorption capacity can potentially achieve high system performance compared with other 

potential salts. 

2.2.1.2 Salts for Resorption Configuration 

In resorption configuration, the system pressure is determined by both high temperature salt (HTS) 

and low temperature salt (LTS). When extracting heat from low temperature heat source, the 

pressure of LTS under low temperature needs to be higher than the pressure of HTS at heat 

rejection temperature; meanwhile, the HTS equilibrium pressure should be sufficiently high so 

that the mass transfer is not to significantly hindered as discovered by [65]. Therefore, suitable 

LTS for the cold operation such as NH4Cl-3/0 [48, 75] and NaBr-5.25/0 [50] usually locate in the 

very left of Figure 5. Although the reaction heat of NH4Cl salt with ammonia is lower than other 

salts, it has the advantage of low mass density and inexpensive price. BaCl2-8/0 were also used as 
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the LTS for applications with higher refrigeration temperature [65, 76]. PbCl2-8/3.25 was used by 

Lepinesse et al. [77] as the LTS in a resorption cold box storage. Goetz et al. [76] also considered 

using the PbCl2 reaction as LTS, but they pointed out the equilibrium line of PbCl2-8/3.25 is close 

to the ammonia vapor-liquid line and the system risks condensation in the adsorber during 

desorption phase. The HTS in resorption systems needs to provide sufficient heat rejection 

temperature at very low pressure, and therefore they often have medium to high operation 

temperatures to the right in Figure 5: NiCl2-6/2 [76] and MnCl2-6/2 [48, 65, 70, 75, 77] are often 

used as HTS.  

2.2.1.3 Challenges in Chemisorption Reaction and Sorbent Salt 

2.2.1.3.1 Resorption Low-Operating-Pressure Limit 

A heating system based on the resorption configuration theoretically has a higher COP than the 

adsorption configuration under the same operating conditions as simulated by Goetz et al. and 

Wang et al. [51, 65]. Meanwhile, unlike the adsorption configuration that nearly always operates 

above atmospheric pressure, the pressure during the LTS desorption in resorption is usually below 

atmospheric pressure. Such low pressure was found to limit the sorption reaction rate in some 

studies [65, 76]. Wang et al. [65] tested a BaCl2-MnCl2 resorption system cooling at −5°C, and 

only 0.33 kg/kg sorption capacity was observed in 20 min of adsorption compared with the 

theoretical sorption capacity of 0.65 kg/kg. The difference was attributed to the very low pressure 

(<0.03 MPa) during LTS desorption, which limited the vapor transfer in the sorbent and slowed 

down the reaction rate. A similar conclusion was drawn by Goetz et al. from detailed simulation 

that the vapor diffusion in the sorbent at low operating pressures was very limited, reducing the 

equilibrium drop and the reaction rate [51]. Bao et al. [75] tested a resorption cold box with 

NH4Cl/MnCl2 cooling to −25°C. After 3 h, the adsorption reaction progressed to only 31% with 

0.29 kg/kg sorption capacity compared with the theoretical 0.9 kg/kg. In contrast, Bao et al. [78] 

tested resorption refrigeration using the same MnCl2-NH4Cl pair cooling at −5°C and rejecting 

heat at 30°C, and a sorption capacity of more than 80% was observed. On the other hand, resorption 

systems operating around 0.1 MPa were reported by Xu et al. and Jiang et al. [48, 70] with 

relatively high completion. Goetz et al. [51] set a pressure limit of 0.1 bar for resorption cycle 

models. 



 

38 

 

2.2.1.3.2 Hysteresis 

As described in the van ’t Hoff equation (Equation 1]), the equilibrium vapor pressure of 

chemisorption reactions is generally considered monovariant as the function of only the sorbent 

temperature. However, the bivariant behavior, or hysteresis, of the equilibrium of some ammonia-

metal halide chemisorption working pairs was identified by Goetz and Marty [79], where the 

decomposition of ammoniate MnCl2 took a higher temperature to occur than the synthesis reaction 

under the same pressure. The hysteresis effect of ammonia-halide salt reactions was also reported 

for MnCl2 [77], CoCl2 [80, 81], BaCl2 [82], LiCl [49], CaCl2 [83], NH4Cl [83], and FeCl2 [84].  

Wu et al. [85] measured the hysteresis of ammoniate SrCl2 adsorption and desorption, where the 

SrCl2 salt was embedded in porous expanded graphite and kept at 0.615 MPa while its temperature 

varied between 65°C and 90°C to trigger desorption and adsorption reactions. As shown in Figure 

7, when the temperature increases from 65°C, the reactions of SrCl2-8/2 and SrCl2-2/1 start in the 

desorption direction at ~73°C and 92°C, respectively. However, when the temperature decreases 

from 95°C, the adsorption-direction reactions start at ~74°C and 70°C, respectively. As 

highlighted in the figure, there is a 3°C and 18°C difference between equilibrium of the adsorption 

and desorption of the same reaction. 

 

Figure 7. Hysteresis of ammoniate SrCl2 plotted by Wu et al. [85]. 

Trudel et al. [86] observed a similar behavior when measuring the equilibrium of CoCl2-6/2 

reaction. Both Zhong et al. and Trudel et al. attributed the hysteresis to the solid phase change and 

expansion-contraction of the salt crystal during synthesis-decomposition reactions. The additional 
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energy required for desorption was connected to the work of expansion of the crystal lattice during 

adsorption.  

Though the hysteresis phenomenon is not yet fully understood, studies have been carried out to 

model [83] and mitigate [87, 88] the hysteresis effect using a mixture of sorbents NH4Cl, CaCl2, 

and MnCl2 with an identified optimal mixing portion for refrigeration operation.  

Table 4 lists the reactions used in cold-climate CSHP heating systems in the literature.  

Table 4. Summary of chemisorption reactions used in existing cold-climate chemisorption heat 

pump heating systems. 

Salt Reaction 
Max. sorption 

capacity [kg/kg salt] 

Actual sorption 

capacity [kg/kg salt] 

Operating 

temperatures [°C] 
Reference  

CaCl2 8/2 0.919 0.6 120/50/−18 Vasiliev 2001 (exp) [47] 

SrCl2 8/1 0.751 
— 135/55/5 Pons 1999 (sim) [24] 

— 180/55/−15 Pons 1999 (sim) [24] 

MnCl2 6/2 0.541 — 240/55/−15 Pons 1999 (sim) [24] 

NiCl2 6/2 0.525 — 300/55/−15 Pons 1999 (sim) [24] 

NH4Cl 

(LTS) 
3/0 0.953 0.743 140/70–80/−5–5 Xu 2011 (exp) [48] 

BaCl2 (LTS) 8/0 0.654 — 231/50/0 Vasiliev 2001 (exp) [47] 

NaBr (LTS) 5.25/0 0.866 — 165/50/−5 Oliveira 2009 (exp) [50] 

MnCl2 

(HTS) 
6/2 0.541 

0.332 140/80/− Xu 2011 (exp) [48] 

— 150/55/5 Pons 1999 (sim) [24] 

— 245/55/5 Pons 1999 (sim) [24] 

— 165/50/−5 Oliveira 2009 (exp) [50] 

NiCl2 (HTS) 6/2 0.525 — 240/50/0 Vasiliev 2001 (exp) [47] 

 

2.2.2 Porous Matrix Material 

Besides the salt’s adsorption capacity and feasible operating temperature and pressure, the 

performance of the chemisorption system is also significantly influenced by the heat and mass 

transfer within the sorbent. Conventional pure halide salts are usually available in granular form 

with limited heat and mass transfer rates. For example, the thermal conductivity of granular CaCl2 

and its ammoniates ranges between 0.0065 W/(m∙K) and 0.145 W/(m∙K) [32, 53]. Moreover, the 

swelling and agglomeration of the bulk salt during adsorption deteriorates the sorption capacity 

and vapor transfer across the sorbent [33]. Therefore, composite sorbent materials were developed 
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that consist of salt and highly conductive porous materials such as activated carbon (AC) and 

graphite. The composite sorbents demonstrated significant improvement of the sorbent heat and 

mass transfer performance (e.g., 1.7–17.4 W/(m∙K) for expanded graphite-CaCl2 composite 

sorbent [34, 35]) while also eliminating the mass transfer deterioration due to agglomeration.  

Under proper temperatures and pressures, the sorbent salts can react with ammonia vapor upon 

contact. However, the salt grains have very poor heat and mass transfer performances, and they 

tend to agglomerate together and create a large nonporous bulk during adsorption, preventing the 

center salts from reacting with ammonia and reducing the adsorption capacity [23, 89]. The salt 

grains also swell during adsorption, which could potentially damage the confinement of the heat 

exchanger.  

Porous matrix materials were thus introduced to overcome the issues of the salt grain. The porous 

matrix materials offer large surface area to host sorbent salts as sites for the vapor-solid reaction. 

Matrix materials such as expanded graphite have a high thermal conductivity that allows fast heat 

propagation through the bulk sorbent. The porous matrix also helps mitigate the performance 

deterioration of ammoniate salt agglomeration and swelling. The composites of the porous matrix 

and salt during adsorption/desorption reactions are illustrated in Figure 8.  

 

Figure 8. Salt-matrix composite in adsorption and desorption reactions. 

The key parameters for a matrix material are therefore its porosity, permeability, and thermal 

conductivity. The most common porous matrix materials studied and applied in chemisorption 

systems are expanded graphite (EG) [23, 34, 35, 50, 56, 59, 62, 63, 73, 75, 76, 78, 90-100], AC 

[33, 64, 69, 71, 72], AC fiber (ACF) [47, 101-105], and other materials including multiwall carbon 

nanotube (MWCNT) [106, 107] and expanded vermiculite (EVM) [82]. The proper mass ratio 
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between the salt and matrix material, the composite density, and the direction of consolidation also 

affect the heat and mass transfer performance of the porous matrix. 

2.2.2.1  Expanded Graphite  

EG, also referred to as expanded natural graphite (ENG), is prepared by electrochemically and 

chemically treating (oxidizing) natural graphite to force apart the crystal lattice and create 

abundant micropores for salt impregnation and channels for vapor transfer. The salt can be 

embedded into the pores of EG by (1) mixing EG with a salty solution, (2) drying the composite, 

and (3) compressing the composite as shown in Figure 9. This impregnation procedure is also used 

in graphite [35, 93] and other composite sorbent preparations. 

 

Figure 9. Steps of preparing consolidated salt composite sorbent.  

The interconnected flake structure of EG provides high thermal conductivity (4–40 W/m∙K) and 

high gas permeability (10−14–10−12 m2) [108] while the creases of the flakes provide a large surface 

area to host ammoniate salt. Wang et al. [96] also measured the thermal conductivity of EG without 

salt to be ~1.7 to 4 W/(m∙K).  

One of the early EG-based composites, IMPEX, was developed at CNRS-IMP in France and has 

thermal conductivities as high as 4 to 40 W/(m∙K) [23, 90]. The thermal conductivity of the EG-

salt composite sorbent is strongly related to the EG/salt ratio and its density after consolidation. 

Han et al. [91] reported that the effective thermal conductivity of CaCl2 ammoniates increased 
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with a higher EG ratio, higher density, and more ammonia in the compound. Jiang et al. [92] 

measured the thermal conductivity of the SrCl2-EG compound ranging from 0.44 W/m∙K (500 

kg/m3) to almost 2.94 W/m∙K (800 kg/m3). Wang et al. [93] measured the thermal conductivity of 

CaCl2-EG composite to be ~7.02–9.2 W/(m∙K) at densities of 1,100–1,300 kg/m3.  

Gas permeability, on the other hand, declines with increasing density. Tian et al. [34] reported a 

decrease of permeability of CaCl2-EG compound from 3.16 × 10−11 m2 to 8.61 × 10−13 m2 when 

the density increased from 400 kg/m3 to 550 kg/m3. Han and Lee. [109] measured the permeability 

of EG composites of CaCl2, MnCl2, and BaCl2 at different densities, EG/salt ratios, and ammoniate 

states and found a similar trend.  

Because EG is inexpensive and the process to embed salt into it is mature, it has been widely used 

as the matrix material for a variety of sorbent salts in numerous chemisorption systems [34, 35, 50, 

56, 59, 62, 63, 73, 75, 76, 78, 92, 94-96]. 

To further enhance the heat transfer performance of ENG, Wang et al. [97] introduced ENG treated 

with sulfuric acid (ENG-TSA): the sulfuric acid is first intercalated in the graphite flakes; then, the 

graphite is exfoliated by heating in a flame to form ENG with densities as low as 5–6 kg/m3 

compared with the normal ENG density of 20–50 kg/m3 [34]. The sulfuric acid treatment improved 

the thermal conductivity of the ENG-TSA up to 15.4 W/(m∙K) for Jiang et al. [35], and 337 

W/(m∙K) for Wang et al. [97]. ENG-TSA was further used by Jiang et al. [98, 99] in several 

experimental tests in which the effect of higher heat transfer capacity was investigated. Zhao et al. 

[100] reported 45 times higher conductivity and 50% volumetric cooling power enhancement by 

using the ENG-TSA composite over granular AC for the ammonia-AC physical adsorption system.  

Figure 10 shows the scanning electron microscopy (SEM) picture of EG and ENG-TSA from Zhao 

et al. [100]. 
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Figure 10. Scanning electron microscopy of expanded graphite (left) and expanded graphite 

treated with sulfuric acid (right) [100]. 

For both EG and ENG-TSA, the direction of consolidation compression in the matrix-salt 

composite significant influences the composite heat and mass transfer performance. The thermal 

conductivity and permeability of EG [96] and ENG-TSA [97] parallel (disk) and perpendicular 

(plate) to the direction of compression were measured. Both studies used consolidated graphite 

without salt embedment, and the results are shown in Table 5. The disk thermal conductivity has 

a plateau with the increasing density after compression compared with the monotonic increase in 

plates. The plates of both matrices showed higher thermal conductivity than the disks at similar 

densities as the microlayers after compression in the plates follow the heat transfer direction [97]. 

The permeability decreased with higher density as compression reduced pore size and 

interconnection of pores [96]. As the result, compression perpendicular to the heat and mass 

transfer direction led to a higher transfer rate, while a higher compression density generally 

improved thermal conduction but reduced mass diffusion in the sorbent. 

Table 5. Anisotropic conductivity and permeability test; illustration generated according to [96, 

97]. 

Sample 
Compression 

direction* 

Dominant micro- 

layer direction* 

Expanded graphite [96] 
Expanded natural graphite 

treated with sulfuric acid  [97] 

Thermal 

conductivity 

[W/(m∙K)] 

Permeability 

[×10−12 m2] 

Thermal 

conductivity 

[W/(m∙K)] 

Permeability 

[× 10−16 m2] 

Disk Parallel Perpendicular 1.2–1.8 1.9–2.1 <8.9 0.15–11.2 

Plate Perpendicular Parallel 1.5–4.1 4.5–8.8 <337 1.64–117 

*directions relative to the heat/mass transfer direction 



 

44 

 

The limitation of a chemisorption reaction under low operation pressures presented in Section 

3.1.2 was also discussed in the studies of the EG-salt composite sorbents from the matrix material 

perspective. Lu et al. [90] analyzed the reaction progression of MnCl2 in an EG composite with a 

validated detailed model and concluded that when constraint pressure gets below 1 bar (0.1 MPa), 

the sorbent permeability great influences the reaction completion. Because the sorbent 

permeability decreases with higher density after consolidation, Han et al. [109] suggested using a 

sorbent with a density below 200 kg/m3 for low-pressure (i.e., low-temperature) applications to 

avoid a significantly reduced mass transfer rate. Moreover, Lu and Mazet [110] compared the 

modeled and measured reaction progression and suggested that the composite permeability varies 

with the progression of the chemisorption reaction. 

 

2.2.2.2 Activated Carbon 

AC is produced from natural materials such as acorn and coconut shells. A typical preparation 

process starts with crushing and sieving the raw material to control the particle dimension; then, 

the particles are chemically activated by immersion in salt solutions before being heat-treated at 

high temperatures; finally, the remaining salt in the particles are rinsed off with acid and distilled 

water and dried [111]. Such preparation procedure results in a highly porous surface structure, as 

shown in Figure 11 from Saka [111]. The AC can then be impregnated with sorbent salt to form a 

consolidated composite through a similar process as described for EG-salt composites.  

The AC-salt composites were used in a series of studies on a chemisorption ice making system 

[64, 69, 71] and a refrigeration system [72] and demonstrated improved sorption performance. 

Because AC can physically adsorb vapor ammonia as well, using AC as the matrix material for 

composite sorbent can increase the sorption capacity [33]. However, the thermal conductivity of 

AC (0.35–0.4 W/(m∙K) for granular AC [112]) is considerably lower than EG because of the lack 

of interconnected plate structure; therefore, composite sorbents using AC are less seen in recent 

literatures. 
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Figure 11 illustrates the SEM picture of the microstructure of AC from Saka [111]. 

  

Figure 11. Scanning electron microscopy picture of activated carbon at a scale of 30 µm (left) 

and 10 µm (right) [111]. 

2.2.2.3  Activated Carbon Fiber  

Carbon fibers (CFs) are fiber-shaped materials containing more than 92% carbon content in a non-

graphitic state with a diameter of 5–10 µm [113]. ACFs are prepared from general-purpose CFs 

by heat treatment to achieve high porosity and well-defined porous structure [114, 115]. The 

specific surface area of ACFs can be ~2,000 m2/g [113], making them good candidates to host 

large amounts of salt for composite sorbent materials.  

A single CF has a very high thermal conductivity of 150–1,100 W/m∙K [101]. Dellero et al. [101] 

developed and tested an ACF-MnCl2 composite of the impregnated carbon fiber (ICF) and the 

graphite fiber intercalation (GFIC). The ICF was prepared by immersing CF in an alcoholic 

solution of MnCl2 before heating and vaporizing the alcohol to let the salt adhere to the fiber 

surface. The GFIC was prepared by intercalation of MnCl2 salt into the graphitized fibers. The 

intercalation process involves impregnating sulfuric and nitric acid in graphite fiber and heating it 

to a high temperature before impregnating the MnCl2 salt in between the graphite layers. Both 

ACF-MnCl2 composite sorbents improved in reaction kinetics compared with granular MnCl2. 

However, it was found that the salt in ICF adhered less to the fiber after a few cycles, and the 

preparation time was quite long. 

The ICF, which has a simpler preparation, was further studied by Dellero and Touzain [102] to 

improve the transfer performance through compression and fiber arrangement in the adsorber. By 

balancing the thermal conductivity and permeability, an optimal composite density of ~700 kg/m3 

was identified to achieve the shortest reaction time. Furthermore, because the thermal conductivity 
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along the fiber is 10 times higher than that across the fiber, the influence of fiber disposition on 

the reaction rate was studied. The long (30 cm) fibers winding around the adsorber led to a slower 

reaction compared with short (3 cm) fibers lying radially in the direction of heat transfer.  

Vasiliev et al. introduced a CaCl2-ACF composite sorbent using a special type of CF named 

“Busofit” that has a thermal conductivity of 0.2 W/(m∙K) [103]. Later, Vasiliev et al. developed 

ACF-NiCl2 and ACF-BaCl2 for a multi-salt space cooling system [47]. The ACF provided a 

uniform distribution of thin (2–3 μm) films of salt on the porous host material surface [104]. 

Aristov et al. developed a CaCl2-ACF Busofit composite for cooling applications and reported a 

composite thermal conductivity of 0.2–0.4 W/(m∙K) [105]. The SEM of ACF and ACF-salt 

composite from [116] is illustrated in Figure 12. 

  

Figure 12. Scanning electron microscopy of activated carbon fiber (left) and activated carbon 

fiber–CaCl2 composite sorbent (right) [116].  

 

2.2.2.4 Other Matrix Materials 

Other matrix materials include carbon nanotubes (CNTs) and expanded vermiculite (EVM). CNTs 

are molecules of carbon with a cylindrical nanostructure. The high thermal conductivity (W/(m∙K)) 

of CNT makes it a good candidate for composite matrix material with enhanced heat transfer 

performance. Yan et al. [106, 107] prepared a composite sorbent made of CaCl2 and multi-wall 

carbon nanotubes (MWCNT) for its macro-porous structure. The MWCNT had an average 

diameter of 10 nm and length of 10 µm and a specific surface area of 200 m2/g. The thermal 

conductivity of MWCNT was 750 W/(m∙K) in array form and 15–25 W/(m∙K) in film form. The 

composite was prepared by impregnating the salt into the MWCNT in aqueous solution before 

drying in the oven. The thermal conductivity of the composite was 1.52 W/(m∙K) compared with 
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the granular CaCl2 thermal conductivity of 0.17 W/(m∙K). Moreover, the MWCNT proved to 

prevent salt agglomeration during adsorption. SEM pictures of the MWCNT from Yan et al. [106] 

are shown in Figure 13. 

 

Figure 13. Scanning electron microscopy of multiwall carbon nanotube (left) and multiwall 

carbon nanotube–CaCl2 composite sorbent (right) [106]. 

EVM is made by heat-treatment of natural vermiculite, a hydrous phyllosilicate mineral. EVM has 

a flake structure like expanded graphite, but its thermal conductivity is considerably lower. Zhong 

et al. [82] prepared EVM with grain sizes of 2–3 mm by immersing EVM with aqueous solution 

of BaCl2 before drying it under 200°C for 5 h. The composite was then used to test an isothermal 

adsorption and desorption process. SEM pictures of EVM from Zhang et al. [117] are shown in 

Figure 14. 

  

Figure 14. Scanning electron microscopy of expanded vermiculite (left) and expanded 

vermiculite impregnated with SrBr2 salt (right) [117]. 

Table 6 compare the thermal conductivity and permeability of granular salt, AC, and composite 

sorbents using EG and ENG-TSA matrixes. Because of the lack of thermal conductivity and 

permeability data reported in the literature, ACF, CNT, and EVM composites are not plotted in 

Figure 15. The granular salt in Figure 15 was measured by Jiang et al. [99] for CaCl2, which 
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demonstrated very low permeability due to agglomeration. The only known AC data with both 

thermal conductivity and permeability measurements is from Critoph et al. for consolidated AC 

sorbent without salt embedment [118].  

Compared with granular salt, AC had a higher permeability but lower thermal conductivity. Most 

data points in Figure 15 and Figure 15. Comparison of thermal conductivity and permeability of 

composite sorbents. AC = activated carbon; EG = expanded graphite; ENG-TSA = expanded 

natural graphite treated with sulfuric acid. 

Table 6 are EG and ENG-TSA since they have been extensively investigated with both the thermal 

conductivity and permeability reported in multiple papers. The permeability of a composite sorbent 

using EG was measured to be one to four orders of magnitude higher than granular salt [34, 92, 

109, 119]. The thermal conductivity of EG composites was about 1–3 W/(m∙K) [34, 92, 109] and 

10–26 W/(m∙K) [119]. The ENG-TSA composites generally have thermal conductivities of more 

than 10 W/(m∙K) and slightly lower permeabilities than EG [98, 99]. Figure 15. Comparison of 

thermal conductivity and permeability of composite sorbents. AC = activated carbon; EG = 

expanded graphite; ENG-TSA = expanded natural graphite treated with sulfuric acid. 

Table 6 shows that the thermal conductivities and permeabilities of the graphite composites are 

related to their density, salt/matrix mass ratio, sorption quantity, and the consolidation direction. 

Though the thermal conductivity generally improves with the density as shown by Tian et al., Jiang 

et al., and Han et al. [34, 99, 119], the permeability suffers with increasing density with narrower 

vapor transfer channels shown in the same literature. Unlike granular salt where the agglomeration 

improves thermal conduction, more salt in the composite leads to lower conductivity and slightly 

higher permeability [34, 98, 99, 119]. As reported by Han et al. [119], the sorption capacity affects 

the permeability considerably because of the significant change in molecular volume during the 

chemisorption reaction, while it has little influence on the thermal conductivity. 
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Figure 15. Comparison of thermal conductivity and permeability of composite sorbents. AC = 

activated carbon; EG = expanded graphite; ENG-TSA = expanded natural graphite treated with 

sulfuric acid. 

Table 6. Thermal conductivity and permeability of composite sorbents.  

Reference Salt/matrix 
Salt mass 

ratio 

Density 

[kg/m3] 

Sorption 

quantity  

[mol/mol] 

Conductivity 

[W/(m∙K)] 

Permeability 

[m2] 

Jiang 2014 [99] 
CaCl2 

granular 
— 

— 1 0.47 7.78×10−15 

— 2 0.66 6.55×10−15 

— 3 0.8 9.26×10−16 

— 4 0.82 8.18×10−16 

— 5 0.8 5.87×10−16 

— 6 0.81 5.78×10−16 

— 7 0.82 3.65×10−16 

— 8 0.83 1.56×10−16 

Critoph 2004 [118] AC — — — 0.44 3.60×10−14 

Tian 2012 [34] CaCl2 EG 

50% 

450 

— 1.66 2.73×10−12 

67% — 1.23 7.85×10−12 

75% — 1.09 1.02×10−11 

80% — 1.01 1.76×10−11 

83% — 0.85 3.16×10−11 

50% 

550 

— 1.7 8.61×10−13 

67% — 1.51 1.36×10−12 

75% — 1.36 1.90×10−12 

80% — 1.28 3.58×10−12 

83% — 1.08 1.19×10−11 

Han 2000 [119] MnCl2 EG 

50% 

100 

6 14.8 2.50×10−13 

50% 2 13.9 8.60×10−13 

30% 6 11.7 8.00×10−14 

30% 2 10.9 2.50×10−13 

50% 

150 

6 16.1 4.00×10−14 

50% 2 15.5 1.20×10−13 

50% 6 14 1.50×10−14 

50% 2 12.8 4.30×10−14 
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Table 6 continued 

  

50% 
200 

6 21.9 1.30×10−14 

50% 2 20.8 3.00×10−14 

50% 
250 

6 25.6 8.10×10−15 

50% 2 24.7 1.80×10−14 

Jiang 2016 [98]a 

NH4Cl ENG-

TSA 

50% 

400 

— 34.9 5.14×10−14 

67% — 27.4 2.87×10−14 

75% — 18.7 6.45×10−14 

80% — 14.7 8.00×10−14 

83% — 12.4 8.67×10−14 

MnCl2 ENG-

TSA 

50% — 36.6 6.47×10−15 

67% — 24.8 4.25×10−14 

75% — 18.3 5.95×10−14 

80% — 14.5 8.94×10−14 

83% — 11.9 8.96×10−14 

CaCl2 ENG-

TSA 

50% — 31.7 1.63×10−14 

67% — 23.3 4.24×10−14 

75% — 17.4 6.45×10−14 

80% — 14.2 8.94×10−14 

83% — 12.2 8.96×10−14 

Jiang 2014 [99]a 
CaCl2 ENG-

TSA 

50% 

300 — 23.2 7.34×10−14 

350 — 27.1 5.96×10−14 

400 — 31.5 5.20×10−14 

450 — 40 4.23×10−14 

500 — 47.5 3.05×10−14 

67% 

300 — 15 6.34×10−13 

350 — 18 5.54×10−13 

400 — 23 4.52×10−13 

450 — 27 3.14×10−13 

500 — 32 2.05×10−13 

75% 

300 — 12 8.05×10−13 

350 — 13.3 6.64×10−12 

400 — 16.1 5.20×10−12 

450 — 20 9.66×10−13 

500 — 26.3 7.34×10−13 

80% 

300 — 10.5 9.25×10−11 

350 — 12 7.32×10−11 

400 — 14 5.52×10−11 

450 — 17.4 9.84×10−12 

500 — 22.6 7.34×10−12 

83% 

300 — 7.6 9.31×10−10 

350 — 9.2 8.51×10−10 

400 — 11.5 7.52×10−11 

450 — 14.3 6.56×10−11 

500 — 18.5 5.42×10−11 

a data digitized from plot 
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 Components  

The major components in CSHP systems are heat-exchanging vessels, including adsorbers, 

condensers, and evaporators. An adsorber is a sorbent-containing heat exchanger that allows heat 

to be transferred between the sorbent and an external heat transfer fluid (HTF) such as water, steam, 

oil, and others. The condenser and evaporator provide a heat exchange surface for the condensation 

or evaporation of ammonia and transfer the phase-change heat to the external HTF. The 

heating/cooling power of the CSHP system depends on effectively providing heat to or extracting 

heat from the sorbent or the refrigerant. Furthermore, as suggested by Li et al. and Zhu et al. [120, 

121], the extra heat associated with the thermal mass of the heat exchangers has significant impact 

on the CSHP system COP. Therefore, numerous studies have been carried out to improve the 

design of the adsorber and condenser/evaporator (C/E) to enhance heat transfer performance and 

reduce the mass of metallic heat exchangers.  

2.3.1 Adsorber  

In a CSHP system, the sorbent-containing adsorber is the most important component, as it provides 

heat exchange surfaces for the solid sorbent and heat transfer fluid. The design of the adsorber also 

determines the length of the ammonia vapor transfer path and the subsequent vapor mass flow rate. 

Figure 16 is a schematic of general heat and mass transfer in the adsorber. Heat from the HTF 

transfers through the heat exchanger wall that is in contact with the sorbent block. Meanwhile, 

ammonia vapor diffuses in the sorbent and flows in and out of the block across openings not in 

contact with the heat exchanger wall.  

  

Figure 16. General heat and mass transfer in the adsorber. 

The overall heat transfer resistance between the external HTF and the sorbent can be expressed in 

(6) as the sum of resistance between the heat exchanger wall and the HTF and the sorbent, the 
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conduction resistance across the heat exchanger wall, and the conduction resistance within the 

sorbent block.  

 
1

(𝑈𝐴)𝑜𝑣𝑒𝑟𝑎𝑙𝑙 
=

1

ℎ𝑓𝑤∙𝐴𝑓𝑤
+

1

ℎ𝑤𝑠∙𝐴𝑤𝑠
+

𝑥𝑤

𝜆𝑤∙𝐴𝑤
+

𝑥𝑠

𝜆𝑠∙𝐴𝑠
 . (6) 

In (6), (𝑈𝐴)𝑜𝑣𝑒𝑟𝑎𝑙𝑙 is the overall thermal conductance between the HTF and the sorbent, ℎ𝑓𝑤 and 

ℎ𝑤𝑠 are the heat transfer coefficients on the HTF-wall and sorbent-wall surface, 𝐴𝑓𝑤 and 𝐴𝑤𝑠 are 

the heat exchange surfaces on each side, and 𝑥𝑤 and 𝜆𝑤 are the thickness and thermal conductivity 

of the heat exchanger wall, 𝜆𝑠 is the thermal conductivity, 𝑥𝑠 is the mean heat transfer path length 

(average distance of sorbent to the heat exchanger wall), and 𝐴𝑠 is the mean heat transfer cross 

section area (the average cross-sectional area perpendicular to the heat transfer direction). Based 

on Equation (5), the heat transfer through the adsorber heat exchanger can be improve with larger 

heat exchange areas, higher heat transfer coefficients, and thinner wall and sorbent mean 

thicknesses. The increase of the heat exchange area could lead to a decrease of the sorbent 

thickness and an increase of sorbent cross section area, reducing the heat transfer path length and 

could affect the mass transfer path length. 

To accommodate the incompatibility of ammonia refrigerant with copper, adsorbers and ammonia 

piping are usually built with stainless steel [55, 122] or aluminum [69]. The salt stays in solid 

phase in the matrix during operation and therefore poses no corrosion threat to the component 

materials. The heat transfer resistance across the heat exchanger wall is usually small, and the 

reduction of metal mass by using thinner heat exchanger walls is limited because the walls need 

to sustain the pressure difference between the ammonia and HTF loop.  

This section presents the designs to improve the heat and mass transfer in the chemisorption 

adsorbers. Since the consolidated composite sorbents do not experience swelling and expansion 

during adsorption, the enhancement designs proposed in physical adsorption adsorbers using 

adsorbents of similar form factors (e.g. consolidated porous material such as activate carbon) in 

[118, 123-125] are also included. These physisorption adsorber designs could provide beneficial 

reference for designing high-performance chemisorption adsorbers, but they have not been proven 

on chemisorption systems. In general, two approaches have been followed to enhance adsorber 

heat transfer in the literature: (1) increase the heat transfer area (𝐴𝑓𝑤  and 𝐴𝑤𝑠 ) by using an 
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extended exchange surface such as a finned tube and flat plate, and (2) improve the heat transfer 

coefficients (ℎ𝑓𝑤 and ℎ𝑤𝑠) at the heat exchanger surface by using heat pipe.  

2.3.1.1 Increasing Adsorber Heat Exchanger Surface Area 

2.3.1.1.1 Chemisorption Adsorbers 

Adsorbers in early CSHP studies [79, 126] used a simple annular design in which the sorbent is 

molded into an annular shape and placed in a cylindrical adsorber shell as in . The sorbent transfers 

heat with the external HTF through the adsorber shell, and the ammonia vapor flows across the 

sorbent to the vapor channel in the center. Wrapped electric heating coil [79] and a water/oil bath 

[35, 55] were used to maintain the sorbent temperature.  

Finned tube heat exchangers are inexpensive to manufacture and provide a large heat exchange 

surface area; therefore, they are also popular choices for adsorbers, usually with a cylindrical 

pressure vessel as the shell with multiple tube-and-fin heat exchangers inside, as shown in Figure 

17. Thin fins are crossed by several tubes or welded on individual tubes to increase the heat transfer 

surface. The sorbent material is filled around the tube and between the fins, and the heat transfer 

fluid flows in the tube. This type of adsorber was used in a few experimental studies [61, 68, 127, 

128], and the systems using the shell-and-tube adsorbers achieved 115–245 W/kg system specific 

cooling power (SCP) . The chemical adsorbent needs to be filled between the fins and often 

covered with wire mesh to secure the sorbent while allowing the ammonia vapor to pass through 

[61].  

2.3.1.1.2 Physisorption Adsorbers 

Improvement of the annular design was proposed in physical adsorption systems. To increase the 

heat transfer area of the annular adsorbers, fins were added inside the adsorber. Critoph et al. built 

and tested an annular adsorber where the monolithic carbon powder and thin aluminum plates were 

compressed to form a compact plate-fin structure in close contact with the stainless steel cylinder 

wall for enhanced heat transfer (Figure 17) [129, 130]. SCP of 218 W/kg based on the carbon 

adsorbent mass was achieved using this type of adsorber. Tube-fin heat exchanger design was also 

used in physical adsorption systems such as [131]. Plate heat exchangers were used in a few 

physical adsorption systems. A serpentine-shaped plate heat exchanger was built by Tchernev et 

al. [125, 132] from folded 0.1 mm thin metal foil with pumped heat transfer fluid flowing inside 
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the plates for a high heat transfer rate (Figure 19, left). Critoph and Metcalf [118] developed a 

detailed simulation model for a plate-type adsorber (Figure 19, right). Thin carbon plates were 

bonded on the space between stainless steel heat exchanger plates, with small gaps between the 

carbon plates to allow free flow of ammonia vapor. The thickness and dimensions of the carbon 

plates were optimized using the model for a high SCP and COP. 

 

Figure 17. Annular adsorbers without fins (left [35]) and with fins (right [130]). 

 

Figure 18. Tube-fin-type adsorber. A—schematic; B—sorbent-filled tube-fin heat exchanger 

[131]; C—3D fins inside tube (Lu et al. [69]). 
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Figure 19. Flat-plate adsorber design by Tchernev et al. (left [125, 132]) and Critoph and Metcalf 

(right [118]). 

2.3.1.2 Enhancing Adsorber Heat Transfer  

Apart from increasing the heat transfer surface area of the adsorber heat exchanger, heat pipes 

using two-phase heat transfer principles were also used in CSHP adsorbers to provide high heat 

transfer capacity. Critoph [133] discussed the pros and cons of using heat pipe versus pumped HTF 

in the adsorber. The benefit of using pumped HTF is that the pumping pressure can be controlled 

to equalize the pressure on both sides of the heat exchanger, allowing thin heat exchanger walls. 

On the other hand, adding a pump reduces the system’s reliability and simplicity. In contrast, a 

thermosyphon heat pipe can operate without a pump and achieve a high heat transfer rate. The 

major drawback of a heat pipe in an adsorber is that the large pressure difference usually leads to 

thick heat pipe walls and thus, large thermal mass. Since the adsorber needs to be heated during 

desorption and cooled during adsorption, different heat pipe designs were implemented to provide 

the alternating heating and cooling: reversable heat pipe, hybrid heat pipe/HTF, and multiple heat 

pipe designs.  

2.3.1.2.1 Chemisorption Adsorber 

The design of reversable heat pipes switching the hot and cold ends of the heat pipe was used in 

several CSHP systems. Vasiliev et al. [104] built a heat pipe adsorber with horizontally installed 

heat pipes to allow two-way heat transfer. Heating elements at the outer end of the heat pipe 

generated steam to heat the adsorber in the heating phase; in the cooling phase, cold water passes 

through the outer end of the heat pipe and the induced evaporative cooling in the adsorber. Split-

type heat pipes were used in a series of studies using CSHP to make ice for a fishing boat [33, 66, 

71, 72, 134]. The steam heat pipes were used to transfer heat from the diesel engine exhaust gas to 
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the sorbent for desorption with an average heat transfer coefficient of 155.8 W/m2∙K. Finned tube 

adsorbers in these systems were then cooled by evaporating liquid water in the heat pipe at low 

pressure during adsorption. The liquid level and pressure in the heat pipe between two operating 

modes was controlled by a pump. Depending on the temperatures of the available heat and selected 

sorbent salt, the use of methanol and water as the heat pipe medium was discussed [122].  

The hybrid heat pipe/HTF design uses the heat pipe effect for heating and a circulating HTF for 

cooling the adsorber. Li et al. [68] pointed out that the split-type heat pipes involved significant 

steam pressure difference between heating and cooling modes and that the heat pipe pressure was 

very low during cooling. Instead, pumped water was proposed for cooling to operate at more stable 

pressures. The hybrid heat pipe/circulated HTF design was also used by Alyousef et al. [135] with 

a valved heat pipe for transferring solar heat to the adsorbers for desorption, and circulating cooling 

water in a separate loop for cooling the adsorber. 

In addition to heat pipe designs, Lu et al. [69] used heat exchange tubes with internal 3-D fins as 

shown in Figure 17 to further enhance the heat transfer between the HTF and the heat exchanger 

wall. On the other side of the heat exchanger wall, the chemisorption sorbents need to be 

prefabricated into disks or blocks and inserted into the heat exchanger. Therefore, good contact is 

needed to reduce the heat resistance on the sorbent-metal surface. Even though the consolidated 

composite sorbent is considered to eliminate the swelling effect during adsorption, Lu et al. [110] 

reported that the heat transfer coefficients at the sorbent heat exchanger varied between 40 W/m2∙K 

and 3,000 W/m2∙K during adsorption and attributed it to the expansion and contraction of the 

sorbent block. 

2.3.1.2.2 Physisorption Adsorber 

In addition to the two heat pipe designs, multiple heat pipe design using separate heat pipes 

operating at different temperature ranges for heating and cooling was proposed for physical 

adsorption systems. Critoph et al. [136] contrived an adsorption refrigerator using two sets of heat 

pipes with water and pentane outside a circular adsorber to transfer heat from the heat source to 

support desorption. In a different design, Critoph built an aluminum circular adsorber with a steam 

heat pipe in the center for heating and an R22 heat pipe surrounding the sorbent for cooling [137]. 
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To enhance the heat transfer between the sorbent and the heat exchanger walls in the physical 

adsorption systems, sorbents such as zeolites were directly coated on the surface of the heat 

exchanger [138-140] to reduce the contact heat resistance between the sorbent and the heat 

exchanger walls. 

Table 7 provides a summary of different adsorber designs in literature. 

Table 7. Summary of adsorber designs and performances.  

Reference 

Adsorption 

type Heat 

exchanger 
Heat transfer method 

Average heat transfer coefficient 

[W/m2∙K] 

Heating Cooling 

[55] Chemical Tubular shell Circulated oil — — 

[64] Chemical  Finned tube Reversable steam heat pipe 150–200 ([141]) 

[122] Chemical  Finned tube Reversable steam heat pipe 109.3 105.1 

[122] Chemical  Finned tube Reversable methanol heat pipe 90.1 84.8 

[104] 
Chemical 

Finned tube 
Reversable steam/HFC heat 

pipe 
—  

[69] 

Chemical Finned tube 

with inner 3D 

fins  

Steam heat pipe  204.9 208.8 

[68] 
Chemical 

Finned tube 
Hybrid steam heat pipe 

(H)/pumped water (C) 
745.4 ([141]) 832.6 ([141]) 

[135] 
Chemical  

Finned tube 
Hybrid steam heat pipe 

(H)/pumped water (C) 
— — 

[137] 
Physical  Finned tubular 

shell 

Separate steam (H)/R22 (C) 

heat pipe 
— — 

 

2.3.2 Condenser/evaporator and Integrated Component Design 

Compared with the adsorbers where designs considerations encompass the sorbent and the external 

heat source, the condenser/evaporator (C/E) operates under a simpler premise. With adequate heat 

transfer surface between ammonia phase change and the pumped HTF, the novel designs of the 

C/E focus on reducing the thermal mass and vapor transfer path. Furthermore, integrated designs 
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combining the adsorber and C/E into a single vessel for modular system capable of continuous 

operation have also been investigated.  

The separate condenser and evaporator in [68] were integrated into a connected component with 

the condensate flows from the top condenser down into the evaporator/reservoir, and the ammonia 

vapor in and out the component shares one passage, reducing the thermal mass compared with 

using two separate vessels.  

Further integration of the C/E combines it with the adsorber to create even more compact 

component with less thermal mass and short vapor transfer path between the sorbent and the 

condensing/evaporating surface. Iammak et al. [142] integrated the adsorber, condenser, 

evaporator, and liquid refrigerant reservoir in one annular tube as shown in Figure 20. The 

refrigerant vapor condenses when cooled in the condenser, and the condensate accumulates in the 

evaporator/reservoir at the bottom. When the adsorber section is cooled, the liquid refrigerant 

vaporizes and flows upward into the adsorber.  

Jaehnig et al. [143] integrated the C/E under the adsorber by separating the cylindrical vessel into 

two compartments. The whole system was packed in a single pressure vessel where the water-

silica gel working pair is used for thermal storage. The liquid level in the C/E is controlled to avoid 

emersion of HX and improve heat transfer.   

Tchernev [125, 132] integrated the adsorber with the condenser/evaporator by using the cylindrical 

wall of the adsorber as the heat transfer surface of refrigerant condensation to reduce the vapor 

transport resistance between the adsorbent and the condenser/evaporator, as well as to eliminate 

the need for a separate condenser/evaporator component. 
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Figure 20 Compact condenser-evaporator design (left drawing referred to [125], right drawing 

referred to [142]) 

 Cycle and System 

Although enhancing the heat and mass transfer in the sorbent material and heat-exchanging 

components can improve system performance with faster and more complete reactions, the 

thermodynamic performance of a CSHP system is largely determined by its cycle configuration. 

Based on the heat source of the chemisorption reactions in the systems, CSHP cycles can be 

categorized into single-effect, double-effect, and other configurations. By arranging the 

chemisorption reactions in adsorption or resorption arrangements, numerous cycle configurations 

have been investigated for CSHP applications by simulation [24] and experiment [47, 48, 50]. This 

section summarizes the configuration and performance of these CSHP cycles and systems. 

2.4.1 Single-effect Cycles 

Single-effect CSHP cycles take external high-temperature heat directly for desorption heat in all 

adsorbers. Depending on the how the chemisorption reactions in the adsorber(s) are arranged, 

single-effect systems can be further categorized into combined condenser-evaporator (SCCE), 

separate condenser and evaporator (SSCE), and resorption (SRES). Figure 21 shows the generic 

operation of single-effect cycles. For SCCE and SSCE cycles, pure ammonia is the low-

temperature (LT) material and salt is the medium-temperature (MT) material. Similarly, for SRES 

cycles, the LT is the LTS, and MT is the HTS. At high pressure, MT takes in high-temperature 
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heat from the heat source and desorbs to give off ammonia. The high-pressure ammonia vapor is 

condensed (in SCCE/SSCE) or adsorbed (in SRES) and rejects useful heat. Once the system gets 

to low pressure, useful heat is extracted from the MT and the system starts to adsorb vapor 

ammonia. The ammonia in LT is released, taking in LT heat from the cold ambient. 

 

Figure 21. Clapeyron chart of typical single-effect cycles 

 

2.4.2. Single-Effect Combined Condenser-Evaporator and Single-Effect Separate 

Condenser and Evaporator Cycles 

SCCE is the most basic chemisorption cycle, described in Figure 4 as an adsorber coupling with a 

single phase-change heat exchanger alternately acting as the condenser and the evaporator under 

high and low pressures. SCCE has been studied for chemisorption cooling applications [50, 51, 57, 

68, 73] with a cooling COP of ~0.3. The low COP was attributed to the heat loss caused by the 

temperature swing of the sorbent and the heat exchanger metal, which reduced the COP by 10–

20% [44]. Therefore, few SCCE cycles were used for cold-climate heating in which the 

temperature swing heat loss could be exacerbated by the large temperature lift.  

The SSCE configuration, as shown in Figure 22, avoids repeated heating and cooling of the 

combined C/E during the operating cycle switches by using separate and dedicated heat exchangers 

for condensation and evaporation. Although the two adsorbers are alternately heated and cooled 

by external heat, the hot ammonia vapor always condenses in the condenser, and the liquid 

ammonia always vaporizes to take in LT heat in the evaporator. Thus, the SSCE cycle avoids the 



 

61 

 

heat losses and the associated COP reduction in the repeated heating and cooling of the condenser 

and evaporator.  

The ideal COP of SCCE and SSCE cycles according to Equation 2) are shown in Eq. (6) assuming 

𝑄𝑑𝑒𝑠 = 𝑄𝑎𝑑𝑠 [121]. Since the reaction heat of desorption and adsorption reactions are similar, and 

both are about twice the vaporization heat of ammonia [44, 51], the ideal heating COP of SSCE 

and SCCE is 1.5 [51].  

 𝐶𝑂𝑃ℎ𝑡,𝑆𝑆𝐶𝐸/𝑆𝐶𝐶𝐸 =
𝑄ℎ𝑡

𝑄𝑖𝑛
≈
𝑄𝑐𝑜𝑛𝑑+𝑄𝑎𝑑𝑠

𝑄𝑑𝑒𝑠
= 1 +

𝐻𝑓𝑔,𝑁𝐻3

Δ𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
 . (7) 

 

 

Figure 22. Typical configuration and operating modes of a single-effect separate condenser-

evaporator cycle. 

Pons et al. used an analytical model developed by Stitou et el. [36] that was verified against an 

established phenomenological model and validated with experimental data to simulate CSHP 

heating systems in an SSCE configuration based on a SrCl2-8/1 reaction [24]. The heating COP 

was between 1.31–1.35 at a heating temperature of 40°C and between 1.21–1.23 at a heating 

temperature of 55°C. The SHP at 40°C was ~450 W/kg and below 300 W/kg at 55°C. The low 

ambient temperature of −15°C required a high heat input temperature of 170–185°C, compared 

with a 135°C heat source for 5°C ambient. Vasiliev et al. [47] built and tested an SSCE system 

based on CaCl2 reactions and an ACF Busofit matrix and reported heating COP of 1.43 under 50°C 

heating and −18°C evaporation.  
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It is worth mentioning that type-II heat pump (heat transformers) can also be assembled in SCCE 

[144] and SSCE [145] configurations and used for heating in cold climate. The “Heat from Cold” 

cycles introduced in  uses methanol instead of ammonia as the refrigerant, and elevates heat from 

the ambient of 2-20°C up to 35-50°C with typical COPs below 1.0 [144, 145]. These new cycles 

have the potential to be applied using ammonia as the refrigerant.  

2.4.3. Single-Effect Resorption Cycle 

The SRES direct couples two different chemisorption reactions where the system extracts heat 

from the LT ambient through the desorption reaction of LTS and supplies heat via the adsorption 

reactions of both LTS and HTS at high temperatures (Figure 23). The ideal COP of a SRES cycle 

according to Equation 2) is calculated in Eq. (7) with all heat input and output based on 

chemisorption reaction heat [44, 51] [121]; the ideal heating COP of SRES is 2.0 [51].  

 𝐶𝑂𝑃ℎ𝑡,𝑆𝑅𝐸𝑆 =
𝑄ℎ𝑡

𝑄𝑖𝑛
=
𝑄𝑎𝑑𝑠,𝐻𝑇𝑆+𝑄𝑎𝑑𝑠,𝐿𝑇𝑆

𝑄𝑑𝑒𝑠,𝐻𝑇𝑆
≈ 1 +

Δ𝐻𝐿𝑇𝑆

Δ𝐻𝐻𝑇𝑆
 . (8) 

 

 

Figure 23. Single-effect resorption cycle. 

SRES cycles have been studied to produce high-temperature heating under subfreezing ambient 

conditions. However, because of the temperature and operating pressure limits on LTS, the 

minimum ambient temperature for resorption systems is usually above −10°C. Oliveira [146] 

calculated the heating COP of SRES using thermodynamic property data of several working pairs. 

For CaCl2-MgCl2 and ZnCl2-NiCl2 pairs, the heating COP was 1.75 and 1.79, respectively. For 
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CaCl2-CoCl2 working pair with simultaneous cooling at 5°C and heating at 65-75°C, the calculated 

cooling COP was 1.0 and heating COP was 2.9~3.3 depending on the heat source temperature.   

Pons et al. [24] simulated an SRES system using MnCl2-BaCl2 as the working pair, and the system 

supplying 40–55°C heat under 5°C ambient achieved a COP above 1.52 and an SHP of 370 W/kg. 

Vasiliev et al. [47] tested a resorption system using NiCl2 as the HTS and MnCl2 as the LTS. The 

system produced 50°C heating and cooling at 0°C with a heating COP of 1.44 and an SHP of 350 

W/kg. Xu et al. [48] tested MnCl2-NH4Cl resorption systems for heating above 70°C with only the 

HTS adsorption reaction, while the LTS desorption took heat from the 0°C ambient. With cycle 

times of more than 6 h, the chemisorption reactions approached completion, and the heating COPs 

with only HTS adsorption heat were above 0.92. Oliveira et al. [50] conducted similar tests with 

an MnCl2-NaBr pair with HTS adsorption producing heat at 55°C, and the heating COP was 0.9.  

 Double-Effect Cycles 

When salts with different operating temperatures are used with ammonia condensing and 

evaporating, a double-effect system can be formed by directing the adsorption heat of HTS to drive 

the desorption reaction of the medium-temperature salt (MTS), thereby reducing the heat demand 

from a high-temperature heat source and improving system COP. Double-effect cycles involve 

three different reactive materials; thus, their generic operations can be described on the Clapeyron 

chart, as in Figure 24, with LT representing the ammonia in adsorption cycles and the LTS in 

resorption cycles, with the other two equilibrium lines representing two different salts.  

 

Figure 24. Clapeyron chart of typical double-effect cycles. 
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Figure 24 illustrates the generic operation of double-effect cycles. The HTS and MTS in double-

effect cycles operate in opposite phases; that is, when the HTS desorbs ammonia by the heat from 

a high-temperature heat source, the MTS absorbs ammonia either from evaporation or desorption 

of LTS. Once the operating modes of the two salts are switched, the adsorption heat of the HTS, 

which is at higher temperature than the desorption threshold of the MTS, is used to directly drive 

ammonia out of the MTS.  

Therefore, with the same HTS desorption heat input from the heat source, double-effect cycles can 

produce heating with condensation and adsorption in multiple components, leading to an elevated 

thermal COP. The ideal heating COP of the double-effect separate condenser-evaporator (DSCE) 

and double-effect resorption (DRES) are calculated in Eq. (8) and Eq. (9) [121]: 

 𝐶𝑂𝑃ℎ𝑡,𝐷𝑆𝐶𝐸 =
𝑄ℎ𝑡

𝑄𝑖𝑛
=
𝑄𝑐𝑜𝑛𝑑,𝐻𝑇𝑆+𝑄𝑐𝑜𝑛𝑑,𝑀𝑇𝑆+𝑄𝑎𝑑𝑠,𝑀𝑇𝑆

𝑄𝑑𝑒𝑠,𝐻𝑇𝑆
≈ 1 +

2∙𝐻𝑓𝑔

Δ𝐻𝐻𝑇𝑆
 . (9) 

 𝐶𝑂𝑃ℎ𝑡,𝐷𝑅𝐸𝑆 =
𝑄ℎ𝑡

𝑄𝑖𝑛
=
𝑄𝑎𝑑𝑠,𝑀𝑇𝑆+𝑄𝑎𝑑𝑠,𝐿𝑇𝑆−𝐻𝑇𝑆+𝑄𝑎𝑑𝑠,𝐿𝑇𝑆−𝑀𝑇𝑆

𝑄𝑑𝑒𝑠,𝐻𝑇𝑆
≈ 1 +

2∙Δ𝐻𝐿𝑇𝑆

Δ𝐻𝐻𝑇𝑆
 . (10) 

However, because of the added system complexity, most studies on multiple-effect cycles are via 

the simulation approach, with only a few physical systems constructed and tested. The 

configuration of the double-effect corresponding cycles of DSCE and DRES are shown in Figure 

25. 

  

Figure 25. Configuration and operation of double-effect separate condenser-evaporator (left) and 

double-effect resorption (right). 
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Oliveira [146]calculated the heating COP of 2.27 for a DSCE system based on thermodynamic 

properties of CaCl2-FeCl2 working pair under supplying heat of 75-90°C and ambient of 25°C. 

Pons et al. [24] simulated the performance of a DSCE heat pump system using MnCl2 as the MTS 

and NiCl2 as the HTS. The system required a heat source above 280°C and achieved heating COP 

above 1.43. The temperatures of the heat rejection and cold ambient had little impact on the heating 

COP, while the colder ambient of −15°C compared with 5°C reduced the SHP from above 300 

W/kg to 140 W/kg. The SHP is about half of the SSCE system simulated under the −15°C ambient 

conditions. 

A DRES heat pump was also simulated by Pons et al. [24] for producing heating under 5°C ambient 

temperature. The DRES heat pump used NiCl2, MnCl2, and BaCl2 as the HTS, MTS, and LTS and 

achieved a heating COP of above 1.9. The SHP was also about half compared with SRES systems 

operating under similar conditions. 

The simulation and experimental studies on the CSHP heating systems are listed in Table 8 and 

Table 9.  

Table 8. Simulation studies of chemisorption heat pump heating systems by Pons et al. [24].  

Configuration Salt Temp [°C] Temp lift [°C] COP SHP [W/kg] 

SSCE SrCl2 

135/40/5 35 1.35 450 

170/40/−15 55 1.23 290 

135/55/5 60 1.31 430 

185/55/−15 70 1.21 290 

SRES MnCl2/BaCl2 

130/40/5 35 1.55 380 

150/55/5 60 1.52 370 

DSCE MnCl2-NiCl2 

280/40/5 35 1.45 350 

285/40/−15 55 1.44 140 

295/55/5 60 1.45 320 

290/55/−15 70 1.43 140 

DRES MnCl2-NiCl2/BaCl2 

230/40/5 35 1.92 220 

250/55/5 60 1.90 210 
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Table 9. Experimental studies of chemisorption heat pump heating systems.  

Reference Configuration Salt Temp [°C] Temp lift [°C] COP SHP [W/kg] 

Vasiliev 2001 [47] 

SSCE CaCl2 120/50/−18 68 1.43 850 

SRES NiCl2/BaCl2 140/50/0 50 1.44 — 

Xu 2011 [48] SRES MnCl2/NH4Cl 

140/75/0 75 0.95a 35 

145/75/0 75 0.95a 36 

140/80/0 80 0.92a 24 

140/70/−5 75 0.95a 29 

145/80/5 85 0.95a 35 

140/80/0  80 (11 h) 0.96a 16 

140/70/−5  75 (10 h) 0.95a 18 

Oliveira 2009 [50] SRES MnCl2/NaBr 165/50/−5 55 0.90a — 

a Considering only high-temperature salt adsorption heat 

The comparisons of COP and SHP in different studies are shown in Figure 26. For ambient 

temperatures below −10°C, only conventional adsorption configurations (i.e., SSCE and DSCE) 

are viable, with double-effect systems having a higher COP. At a higher ambient temperature 

around 0°C, resorption configurations (i.e., SRES and DRES) become available and achieve higher 

COP than adsorption configurations. The SHP, on the other hand, is affected by the temperature 

lift defined as the temperature difference between heat rejection and cold ambient. Generally, 

single-effect systems have higher SHPs than double-effect systems. The two adsorption systems 

(SSCE and DSCE) with a dip in SHP at 55°C and 70°C were simulated under −15°C, indicating 

that the SHP was also affected by the ambient temperature. 
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Figure 26. Coefficient of performance (COP; left) and specific heating power (SHP; right) of 

chemisorption heat pump heating systems under different ambient temperatures and temperature 

lifts.  

 Research Gap and Contribution of This Study 

The research gap for cold-climate chemisorption heat pump technology can be summarized at three 

levels: material, component, and system.  

On the material level, most of the existing studies of chemisorption reaction and materials focus 

on the salts suitable for refrigeration or heat transformation applications, i.e. the well-studied salts 

works well at either absorbing heat at low temperature and releasing heat at room temperature, or 

absorbing heat at room temperature and releasing heat at a very high temperature. Either of these 

are typical operating condition for cold-climate heating applications, which requires heat 

absorption at low temperature and release at high temperature. Therefore, multiple-stage reactions 

using the same salt across a wide temperature range with significantly higher specific sorption 

capacity are preferred for the heating application. Compared with widely studied CaCl2-8/4/2 

reactions, the LiCl-3/2/1/0 reactions can achieve lower evaporating temperature, has higher 

specific sorption capacity, but it has not been studied thoroughly, especially for the heating 

application. This study characterizes the chemical kinetic properties of the LiCl-based reactions 

with a series of specially designed experimental tests, and further investigates the transient 

behavior and performance of the LiCl-based system via both experiment and dynamic simulation. 

The methodology of identifying the chemical equilibrium and kinetic coefficients from test data 
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as well as the identified values in this study provide reference for future studies on this material. 

The measured and tested system operation of such as system fill the blank of LiCl-based system 

performance in the literature. 

On the component level, a novel adsorber based on a hybrid heat pipe plate heat exchanger is used 

in this study. Unlike conventional adsorbers with annular or tube/tube-fin heat exchangers, this 

new adsorber combines the benefit of plate heat exchanger and heat-pipe phase-change heat 

transfer for heat supply, while the heat extraction is done by switching to circulating water mode. 

Despite all the theoretical advantages of the plate heat pipe heat exchanger, few studies were found 

to report the performance of such design. In this work the actual performance of this novel adsorber 

is experimentally measured under different ambient temperature, heat input rate, heat pipe 

temperature, etc. for operating with chemisorption working pairs. Furthermore, a detailed dynamic 

model is developed and validated to describe the heat and mass transfer and chemical reaction in 

the adsorber as well as the interaction with the heat pipe steam. Parametric analysis was conducted 

using the model to identify optimal design parameters for the adsorber. The detailed dynamic 

adsorber model also offers a great tool to further investigate different design factors on the 

performance.  

On the system level: the performance of a CSHP system in cold-climate heating application has 

been modeled by several paper in the literature with promising COP, but the actual performance 

was not confirmed with experimental measurement. This study assembles a complete CSHP 

heating cycle and conducted multiple tests to measure the operation and performance. The 

dynamic system model is developed to extend the operating and design conditions to very low 

ambient temperature. The measured and simulated results points to the optimal design and control 

parameters. Furthermore, the configuration of paring the adsorber with a combined condenser-

evaporator which also works are the reservoir for the condensed ammonia liquid was much less 

studied in the literature especially via experiment. By using the test data and validated system 

dynamic model, the operation, performance, and potential improvement of the combined 

condenser-evaporator configuration can be identified and adding to the limited published results. 
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3. RESEARCH OBJECTIVES AND METHODOLOGY 

 Research Objectives and Approach 

The goal of this thesis study is to enhance the understanding of the multi-stage LiCl-ammonia 

chemisorption reactions and the dynamic of heat pump systems based on the reactions; identify 

optimal design and develop strategies to improve the performance for cold-climate heating 

applications. 

The goal is accomplished through modeling and experimental approaches on three levels: 

- Material level: experimentally test and identify chemical equilibrium and kinetic 

parameters of the multi-stage LiCl-ammonia reactions. 

- Component level: develop and validate dynamic model based on fundamental transfer 

equations and chemical kinetics, identify optimal component design. 

- System level: experimentally measure the system performance, develop, and validate 

dynamic system model to analyze energy flow and simulate system performance under 

cold climate conditions, identify optimal system design and strategy for COP improvement. 

 Thesis Organization 

Following the objectives of the study, the organization of the thesis study is illustrated in Figure 

27. 



 

70 

 

 

Figure 27 organization of the thesis study 

The following chapters will describe the experimental and modelling works that have been carried 

out to achieve the research objectives. Chapter four will introduce the experimental test of the 

prototype CSHP system. The prototype assembly as well as the test bench and apparatus will be 

described, followed by test result and data analysis. Chapter five will focus on development of the 

transient adsorber model. The finite-difference method is applied to simulate the time-dependent 

heat and mass transfer inside the sorbent block in the adsorber, coupled with the progression of 

the chemisorption reaction. The assumptions, governing equations, solving scheme, and results of 

the adsorber model will be introduced.  The key chemical equilibrium and kinetic coefficients are 

fitted using experiment data. The adsorber model will be validated against test data and used to 

analyze the impact of design parameters. Chapter six will introduce the transient system model 

developed based on the dynamic models of the adsorber as well as the other components in the 

system. The governing equations of key components are described, followed with validation and 

simulation results. Chapter seven summarizes the key findings and achievement in this thesis study, 

and lists the future work recommended to further the study. Chapter eight lists publications and 

publication plans based on the thesis research. Finally, all the references in the document can be 

found at the end of document.  

  



 

71 

 

4. EXPERIMENTAL TEST 

 Test Goal 

The goals of experimentally test include: 

(1) Experimentally investigate the performance of a prototype CSHP system. 

(2) Calibrate the component parameters for component and system model development and 

validation. 

The experimental tests were carried out on a prototype CSHP at ORNL. In this chapter, the test 

setup is first introduced, followed by the test design and performance metrics, and finally the test 

results are presented and analyzed.  

 Test Setup 

The test setup includes (1) the CSHP prototype, (2) the hydronic system, and (3) the DAQ and 

control system. Figure 28 illustrates the test setup in the environmental chamber at ORNL. The 

packaged CSHP prototype is located to the left, and the hydronic system kart is to the right carrying 

the heat transfer fluid (HTF) pumps, flow meters, heat exchangers, and motorized valves. The fan 

coil for exchanging heat between the HTF and the chamber air is connected to the hydronic kart 

and located next to it. The National Instrument DAQ modules and chassis along with the power 

supply and safety switches of the entire testbench are mounted at the front of the hydronic kart.  
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Figure 28 experimental setup in the environmental chamber at ORNL 

4.2.1 CSHP Prototype 

The CSHP prototype includes two identical sorption modules. Each sorption module comprises 

two pairs of adsorber-condenser/evaporators and a hybrid heat pipe system as shown in Figure 29. 

The adsorbers and condenser/evaporators are plate-shell heat exchangers enclosed in stainless-

steel pressure vessels. The hybrid heat pipe system includes a gas-fired steam generator, water 

pumps, a water tank, and a heat exchanger. The heat exchangers in the two adsorbers in the same 

module are connected to the hybrid heat pipe system located at the bottom of the sorption module. 

The heat exchanger in the condenser-evaporators are plumbed to the hydronic system. The 

adsorber contains the sorbent salt in between the heat exchanger plates. The adsorber and the 

condenser-evaporator are connected via an open vapor channel. The materials and masses of 

different parts in the CSHP system are listed in Table 10. 
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Figure 29 Photograph (left) and schematic (right) of one sorption module in the CSHP prototype 

 

Table 10 Material, mass, and thermal mass of the components in the CSHP prototype (2 sorption 

modules) 
Component Material Mass [kg] Specific heat [kJ/kg-K] Thermal mass [kJ/K] 

Sorbent Salt-in-carbon matrix 8.8 1.5 13.2 

Refrigerant   Ammonia  8.4 4.8 40.32 

Adsorber HX Stainless steel 32 0.5 16 

Adsorber Shell Stainless steel 96 0.5 48 

CE HX Stainless steel 32 0.5 16 

CE shell Stainless steel 96 0.5 48 

Heat pipe fluid  Water  16 4.18 66.88 

The CSHP operates in two alternating modes: desorption and sorption. In desorption mode, the 

hybrid heat pipe operates as a conventional heat pipe with natural gas combusted in the steam 

generator (burner) to boil water from the water tank and generate steam; the steam flows into the 

heat exchange plates in the adsorbers and condenses; the salt in the adsorber is heated and releases 

ammonia vapor which flows into the condenser-evaporator and condenses to finally providing heat 
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to the end use; the steam condensate in the adsorber plates accumulates and flows by gravity into 

the water tank at the bottom.  

The sorption mode starts with ammonia condensed in the condenser-evaporator and the salt in the 

adsorbers hot and “dry”. The burner is shut off, and the water pump is turned on to flood the steam 

channels in the adsorber heat exchange plates and circulate water between the adsorber and the 

heat exchanger; the salt is cooled by the circulating water and absorbs ammonia vapor, driving the 

liquid ammonia in the condenser-evaporator to evaporate and extract heat from cold ambient; The 

circulating water passes the sensible and absorption heat from the salt to the heat exchanger to 

provide heat to the end use. The system can switch back to desorption mode once the liquid 

ammonia in the condenser-evaporator is exhausted.  

4.2.2 Hydronic System 

As shown in Figure 30, the hydronic system consists of four heat exchangers (HX), two HTF 

pumps, check valves to switch between loops, as well as motorized and solenoid valves to 

modulate the pump flow directions and flow rates. The hydronic system can be divided into two 

loops: condenser-evaporator loop and heat load loop.  

The heat load loop runs through three HX and is also plumbed to the hybrid heat pipe in the CSHP 

prototype. The heat load HX simulates the heat load of the residential building by transferring heat 

from the CSHP-generated hot HTF to the city water. In desorption mode, valve-6 is closed, and 

valve-4 is open to direct the flow through the HX-1 and the HX-2. The HX-1 recovers heat from 

the flue generated by the burner during natural gas combustion. The HX-2 connects the heat load 

loop and the condenser-evaporator loop and operates during desorption mode of the CSHP system 

to pass the heat generated in the condenser-evaporator to the heat load. In sorption mode, valve-4 

is closed, and valve-6 is open, and the flow is circulated between the hybrid heat pipe in the CSHP 

and the heat load HX. The flow rate of this loop is modulated by valve-5 directly after the pump. 

The condenser-evaporator loop circulates HTF between the condenser-evaporators in the 

prototype CSHP system and the HX-2 in desorption mode and the fan coil in sorption mode. In 

desorption mode, valve-1 is open, and valve-2 is closed, and the condensing heat is transferred 

from the condenser through the HX-2 and eventually to the heat load HX. When the CSHP system 

is in sorption mode, velve-1 is closed, and valve-2 is opened. The HTF flows between the 
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condenser-evaporator and the fan-coil to extract heat form the chamber air. The flow rate of this 

loop is modulated by valve-3 on the by-pass line of the pump. 

 

Figure 30 picture and schematic of the hydronic system 

4.2.3 Setups and P&ID 

The prototype CSHP system was tested in three setup configurations under different operating 

conditions and controls. The P&ID of each of the four configurations and their testing purposes 

are briefly described below. 

• Setup #1  

Setup #1 was designed to investigate individual adsorber-condenser/evaporator pairs in the 

sorption module to acquire component-level data. The P&ID of Setup #1 as in Figure 31 includes 

one sorption module and the hydronic system with three heat exchangers. Setup #1 was operated 

at room temperature (23oC). 
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Figure 31 P&ID of setup #1 

• Setup #2 

Setup #2 as in Figure 32 added a flue gas heat exchanger to the hydronic system to recover the 

heat from the combustion flue gas and to pre-heat the pump-2 loop HTF at the start of the 

desorption mode. Setup #2 was operated at room temperature (23oC). 
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Figure 32 P&ID of setup #2 

• Setup #3  

Setup #3 as in Figure 33 includes two sorption modules with both plumbed to the hydronic system 

in parallel. Setup #3 is the baseline setup for cycle performance and was tested under cold 

temperature (8oC). 
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Figure 33 P&ID of setup #3 

4.2.4 Data Acquisition (DAQ) System 

Various sensors are mounted on the prototype system to measure the temperatures at different state 

points, pressures in each sorption module and heat pipe, flow rates of liquid as well as natural gas 

stream, and status of the ambient air. Most of the temperature measurements are thermal couples, 

and 6 RTDs are used to measure the key temperatures that are used to calculate the heat flux for 

performance evaluation. The locations of the sensors are indicated in Figure 34 and the summary 

of different types of sensors installed on the prototype are listed in Table 11. 
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Table 11 summary of sensors installed on the CSHP prototype testbench 

Measurement Sensor type Model Count Accuracy 

Temperature  Thermocouple Omega TMQSS 32 ±0.5°C 

Thermistor Vaisala HMP-60 2 ±0.6°C 

RTD Omega P-M-1 6 ±0.08°C 

Mass flow rate Magnetic Tek-Trol Tek-Flux 3 ±0.5% 

Volume flow rate Pulse counter Campbell Scientific 1 ±1% 

Ammonia Pressure Transducer Wika S-10 4 ±10.34 kPa 

Steam pressure Transducer Omega PX419 2 ±2.76 kPa 

Relative humidity Thermistor Vaisala HMP-60 2 ±3% 

 

Besides the sensors listed above, additional sensors were installed for safety protection (e.g. to 

make sure operation stays below the pre-set maximum temperature/pressure in streams as well as 

vessels), and they are not shown in the schematics. Furthermore, mechanical burst disks are 

installed in both the ammonia vessels and steam heat pipes as the last-resort safety insurance in 

case of over-pressure. Once burst, the hot steam will be vented into buckets near the prototype, 

while the ammonia will be directly vented outside of the building. 
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Figure 34 Sensor locations in the test bench 

All the sensors are wired to 8 National Instrument (NI) modules (3 NI-9214 TC temperature input 

modules, 1 NI-9226 RTD temperature input module, 1 NI-9207 pressure and flow rate input 

module, 2 NI-9401 digital output module, and 1 NI-9265 analog output module) on an NI chassis 

(NI-cDAQ 9189) and recorded in the LabVIEW program during operation. The LabVIEW system 

also outputs control signals to modulate and switch valves in the hydronic system. Figure 35 shows 

the screenshot of the main control panel of the LabVIEW program with real-time readings of key 

sensors as well as control buttons and dials for valves, pumps, and burners. Each of the two 

sorption modules is controlled by a Raspberry Pi (RPi) with the manufacture-tuned control logic. 

The LabVIEW program communicates with the RPi via ethernet, reads measured data on the 

sorption modules, and commands the operation of the burners and heat pipe pumps via the RPi. 
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Figure 35 Screenshot of the NI LabVIEW DAQ and control program interface 

The detailed temperature and pressure sensors list corresponding to Figure 34 are listed below. 

The three mass flow rate meters for the HTF are all inline to water pipes. 

Table 12 Summary of temperature sensors 

Sensor Numbering Internal/external medium Type accuracy 

T1-T10, T13, T14, T17, T18, T21-T26 Internal water TC 0.50C 

T15, T16, T35 Internal flue  TC 0.50C 

T11, T12, T19, T20 Internal water RTD 0.080C 

T27, T28 Internal salt TC 0.50C 

T29, T30 External  HX shell TC 0.50C 

T31-T34 External  steam/water TC 0.50C 
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Table 13 summary of pressure sensors 

Sensor Location Medium Accuracy  

P1 inside heat pipe-1 steam/water 2.76 kPa 

P2 inside condenser-1 ammonia 10.34 kPa 

P3 inside condenser-2 ammonia 10.34 kPa 

P4 inside heat pipe-2 steam/water 2.76 kPa 

P5 inside condenser-3 ammonia 10.34 kPa 

P6 inside condenser-4 ammonia 10.34 kPa 

 Operation Procedure and Performance Metrics 

With the multiple controlled component (pumps, burners, valves) the cyclic operation of the CSHP 

prototype along with the hydronic system is described below. The performance metrics of the 

tested system are formulated using the measurements taken from the system.  

4.3.1 Operation Procedure 

The operation procedure during the performance tests are illustrated using setup #3 as the example 

with desorption mode in Figure 36 and sorption mode in Figure 37. The illustrations of operation 

procedure of the other setups can be found in the appendix of this chapter. The active parts of the 

system are highlighted in both figures. Pump-1 and Pump-2 are turned on in both modes to drive 

the HTF loops carrying heat to the heat load HX and the condenser-evaporators. The flow rate of 

the heat load loop driven by Pump-1 is regulated with a motorized valve (valve-5) directly after 

the pump. The flow rate of the condenser-evaporator loop driven by Pump-2 is regulated with a 

motorized valve (valve-3) on the by-pass line parallel to the pump. A motorized valve (valve-7) 

controls the hot water flow rate that goes through the heat load HX to exchange heat with the cool 

city water, which therefore regulates the heating load of the HX or the hot water return temperature.  

In the desorption mode, Burner-1 and Burner-2 are both turned on and supply heat to the adsorbers, 

driving ammonia out of the sorbent salt to condense in the condenser-evaporators. With valve-1 

open and valve-2 closed, the HTF in the condenser-evaporator loop carries the condensation heat 

to HX-2. Meanwhile in the heat load loop, valve-4 is open, and valve-6 is closed to direct the heat 
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from HX-2 to the load HX. The heat in the flue gas from the two burners is recovered into the heat 

load loop through HX-1. At the start of the desorption mode the condensers are below the heat 

supply temperature, and the heat from the flue gas is transferred via HX-2 to pre-heat the 

condensers. Once the condensation and the flue gas heat up the condensers to the heat supply 

temperature, the heat flow direction in HX-2 is reversed so that heat is transferred from the 

condensers to the heat load loop. 

 

Figure 36 Active part of the system in desorption mode 

In the sorption mode, the two burners are turned off and the pump-3 and pump-4 are turned on to 

circulate water in the heat pipe and draw heat from the adsorbers and supply it to HX-3 and HX-

4. Valve-4 is now closed and valve-6 open to pass the heat from HX-3 and HX-4 to the heat load 

HX. Once the hot and “dry” sorbent salt is cooled, it starts to react with ammonia vapor and drive 

evaporation in the condenser-evaporator. The condenser-evaporator loop is directed towards the 

fan coil with valve-1 closed and valve-2 open, which allows low-temperature heat be extracted 
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from the ambient through the fan coil and supplied to the condenser-evaporator to support 

continuous evaporation.  

 

Figure 37 Active part of the system in sorption mode 

4.3.2 Performance Metrics 

The performance of the system is evaluated by the heating coefficient of performance (COP) and 

the specific heating power (SHP). The COP indicates the energy efficiency of the system, i.e. how 

much heat can be supplied under a given heat input over an entire desorption-sorption cycle. The 

SHP is the average heating power per unit mass of the sorbent salt throughout the entire operation 

period.  

Both the COP and the SHP are calculated from the heat load of the heat exchangers in the system, 

which are the time-integral of the instant heat flow based on the temperature and flow rate 

measurements of the heat transfer fluids. The correlations of the key heat flows and the 

measurements from the testbench are listed below for desorption and sorption modes: 
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 Desorption-condensation: 

 

 �̇�𝑐𝑜𝑛𝑑 = 𝐹1 ∙ 𝐶𝑝𝐻𝑇𝐹 ∙ (𝑇6 − 𝑇5) 
Equation 

11 

 �̇�𝐻𝑋−1 = 𝐹1 ∙ 𝐶𝑝𝐻𝑇𝐹 ∙ (𝑇17 − 𝑇18) 
Equation 

12 

 Sorption-evaporation: 

 

 �̇�𝑎𝑑𝑠 = �̇�𝐻𝑋−3 + �̇�𝐻𝑋−4 = 𝐹3 ∙ 𝐶𝑝𝐻𝑇𝐹 ∙ (𝑇14 − 𝑇13) + (𝐹2 − 𝐹3) ∙ 𝐶𝑝𝐻𝑇𝐹 ∙ (𝑇26 − 𝑇25) 
Equation 

13 

For the condensers in the desorption mode, the heat flow starts towards the condensers due to their 

lower temperature than the target heat supply temperature, until later it reverses to out towards the 

heat load loop when the condensers are warmed up. The energy input to the condensers are also 

counted as energy input to the system from gas. The heating COP of the CSHP cycle is defined as 

the ratio of the total heat supplied to the heat load over the heat entering the adsorber: 

 
𝐶𝑂𝑃𝑐𝑦𝑐 =

𝑄𝑜𝑢𝑡,𝑐𝑦𝑐
𝑄𝑖𝑛,𝑐𝑦𝑐

=
𝑄𝑐𝑜𝑛𝑑,𝑜𝑢𝑡 + 𝑄𝑎𝑑𝑠
𝑄𝑑𝑒𝑠 + 𝑄𝑐𝑜𝑛𝑑,𝑖𝑛

 

Equation 

14 

𝑄𝑐𝑜𝑛𝑑,𝑖𝑛 and 𝑄𝑐𝑜𝑛𝑑,𝑜𝑢𝑡 are the heat input and output of condenser during desorption mode; 𝑄𝑎𝑑𝑠 is 

the heat output of the reactor during sorption mode; and 𝑄𝑑𝑒𝑠 is the heat entering the adsorber 

through the heat pipe during the desorption mode. 𝑄𝑐𝑜𝑛𝑑 and 𝑄𝑎𝑑𝑠 can be calculated by integrating 

the measured heat flow. 𝑄𝑑𝑒𝑠 is correlated to the natural gas combustion rate in the burner, which 

is explained in detail in the Appendix. 

The SHP of the CSHP cycle indicates the average cyclic heating power generated by a unit mass 

of sorbent salt and is defined as equation (5). 𝑡𝑐𝑦𝑐 is the total operation time for one complete 

desorption-sorption cycle. 𝑚𝑠𝑎𝑙𝑡 is the mass of the sorbent salt. 
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𝑆𝐻𝑃 =

𝑄𝑜𝑢𝑡,𝑐𝑦𝑐
𝑡𝑐𝑦𝑐 ∙ 𝑚𝑠𝑎𝑙𝑡

 

Equation 

15 

 Test Program and Test Results 

4.4.1 Test Program  

Table 14 lists the operating conditions and controls of the experimental tests, which are categorized 

based on their purposes. The base case to evaluate the system rating performance was tested using 

setup #3 under 8oC ambient based on the AHRI standard 210/240 [147] rating condition for air-

source heat pumps. Following the base case, multiple test runs were carried out, and their results 

are compared to investigate the impact of key operating conditions and controls on the system 

performance. The groups of test runs are listed in Table 14 with regard to the initial (cold-start) 

and normal cycles, ambient temperature, heat rejection temperature, and burner firing rate.  

Table 14 test program of the prototype CSHP system 

Goal Run Insulation 
Cycle 

type 

Natural 

gas firing 

rate 

Ambient 

temp. 

[°C] 

Target water 

return temp. 

(T12) [°C] 

Target water 

supply temp. 

(T11) [°C] 

Base case BC Yes Normal High  ~8* 45 50 

Impact of heat 

rejection temp. 

(HT) 

HT-L No Initial High ~22 35 40 

HT-M No Initial High ~22 40 45 

HT-H No Initial High  ~22 45 50 

Impact of NG 

firing rate (FR) 

FR-L Yes Initial Low ~8 45 50 

FR-H Yes Initial High  ~8 45 50 
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Table 14 continued 

Impact of initial or normal cycle (IN) 

IN-I1 Yes Initial Low ~8 45 50 

IN-N1 Yes Normal Low  ~8 45 50 

IN-I2 Yes Initial Low ~22 45 50 

IN-N2 Yes Normal Low   ~22 45 50 

Impact of ambient temp. (AT) 

AT-H1 Yes Initial Low ~22 45 50 

AT-L1 Yes Initial Low  ~8 45 50 

AT-H2 Yes Normal Low ~22 45 50 

AT-L2 Yes Normal Low  ~8 45 50 

*rating condition (outdoor air temperature) for air-source heat pump according to AHRI standard 210/240 

The switching between the desorption and the sorption operation modes was controlled by 

monitoring the minimum heating output. During the desorption mode, the condensation heat 

supplied through the condenser declines towards the end of the desorption-condensation process, 

and once a preset threshold is reached and the system turn to sorption mode. Similarly, with the 

cooling down of the sorbent in the sorption mode, the heating power continues to decline until the 

system is switched to desorption mode again. In all the tests, the minimum heating output was set 

to 1kW per sorption module, i.e. 1kW for setup #1 and setup #2 with one sorption module, and 

2kW for setup #3 which runs two sorption modules simultaneously. 

The HTF flow rates in the condenser loop and the heat load loop were 0.13kg/s and 0.18kg/s for 

setup #1 and #2 where the system is running on one sorption module. The flow rates are increased 

to 0.2kg/s and 0.18kg/s for the two sorption modules in setup #3.  

4.4.2 Test Result Summary 

Some test runs in Table 14 can be used for more than one purposes and reveal the impact of 

different parameters when compared with various other runs. As a result, 10 test runs were carried 

out in this study to fulfill the 18-run list in Table 14. The list of the conducted test runs, and their 

corresponding run numbers are listed in Table 15 by the setup and test dates. The recorded 

measured parameters and calculated results include the ambient temperature, hot water (HW) 

return and supply temperatures, desorption and sorption cycle time, average natural gas (NG) firing 
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rate when the burner(s) are on, total NG consumption, heat of desorption, condensation, adsorption, 

the total useful heat produced, average heat production power, specific heating power (SHP), and 

the COP.  

 

 

  



8
9
 

Table 15 Summary of test results by test runs 

Run Setup Date 
Cycle 
type 

Insulation 
Tamb  
[°C] 

HW 
return 
temp. 
(T12) 
[°C] 

HW 
supply 
temp.  
(T11) 
[°C] 

Des. 
mode 
time 
[min] 

Sorp. 
mode 
time 
[min] 

Tot. 
cycle 
time 
[min] 

Avg. 
NG 

firing 
rate 

[cfm] 

Total 
NG 

usage 
[cf] 

Qdes 
[kJ] 

Qcond,in 
[kJ] 

Qcond,out 
[kJ] 

Qads 
[kJ] 

Qin 

[kJ] 
Qout 
[kJ] 

Avg. 
heating 
power 
[kW] 

SHP 
[W/kg] 

COP 
[-] 

HT-L 

#1 

9/5/18 Initial No 23.4 35.3 41.9 87.5 59.5 147.0 0.53 39.44 24967 0 5066 15468 24967 20534 2.33 529.5 0.82 

HT-M 9/7/18 Initial No 24.4 40.7 44.8 89.7 86.5 176.2 0.60 44.39 28100 0 4213 16846 28100 21059 1.99 452.3 0.75 

HT-H 

#2 

10/24/18 

Initial No 23.5 44.5 49.3 79.4 59.5 138.9 0.61 42.72 27043 708 3950 14391 27751 18341 2.09 475.0 0.66 

IS-N2 Normal No 30.2 45.0 50.7 76.6 60.9 137.5 0.54 38.21 24187 881 4426 15372 25068 19798 2.30 522.7 0.79 

AT-
H1, 

IN-I2 

10/29/18 

Initial Yes 25.1 44.3 50.0 99.1 57.8 156.9 0.46 36.20 22916 796 4109 18560 23712 22669 2.33 529.5 0.96 

AT-
H2, 

IN-N2 
Normal Yes 30.0 44.1 50.2 90.0 51.1 141.1 0.45 29.88 18913 530 4042 18570 19443 22612 2.60 590.9 1.16 

AT-
L1, 

FR-L, 
IN-I1 

#3 

11/02/18 

Initial Yes 8.0 43.6 48.2 83.9 62.1 146.0 0.91 70.19 44428 863 4667 29617 45291 34284 3.77 428.4 0.76 

IN-N1 Normal Yes 7.9 44.4 49.7 66.0 58.1 124.1 0.92 50.74 32119 1229 2619 28119 33348 30738 3.91 444.3 0.92 

FR-H 

11/14/18 

Initial Yes 7.9 44.3 49.4 61.6 59.5 121.1 1.12 62.92 39830 1430 4576 27209 41260 31785 4.18 475.0 0.77 

BC, 

AT-L2 

Normal Yes 8.0 45.5 50.9 66.0 58.2 124.2 0.99 51.48 32585 1840 4056 27828 34425 31884 3.99 453.4 0.93 
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4.4.3 Base Case (BC) Performance Results 

The test to evaluate the system heating performance under cold ambient was carried out using 

setup #3 in a psychrometric chamber. The chamber was pre-conditioned and kept at 8°C (47°F) 

according to the rating condition of air-source heat pumps by AHRI standard 210/240. According 

to the test program in Table 14, the hot water return temperature was set to 45°C, and the target 

hot water supply temperature was 50°C. The two burners (burner-1 and burner-2) and pumps 

(pump-3 and pump-4) in the two sorption modules in setup #3 were controlled separately to 

synchronize temperatures of the steam or water in the heat pipes. The base case cycle is a normal 

cycle, that is, it follows previous cycles with the components and materials in the system already 

warmed up. The difference between initial (cold-start) cycles and normal cycles is discussed in 

more details in the later parametric study section.  

The key operation parameters of the base case are illustrated in Figure 38 to Figure 40. To filter 

out the temperature fluctuation due to the closed heat load loop, the HTF temperatures in Figure 

39 and Figure 40 are moving average of 10 seconds. The heat flow fluctuation due to the heat pipe 

response is also filtered by taking the moving average of 2 minute.   

As shown in Figure 38, the desorption mode follows four stages after the burners are turned on: 

the first stage is to pre-heat the salt from about 50°C up to the desorption equilibrium temperature 

of about 90°C. No desorption of ammonia from the sorbent occurs before the salt reaches the 

equilibrium temperature, which corresponds to the saturation temperature in the condenser. The 

second stage starts as the salt temperature exceeds the equilibrium and starts desorbing ammonia. 

The endothermic desorption process took significant amount of heat, and therefore the salt 

temperature increase rate dropped upon the start of the desorption. The desorbed ammonia vapor 

condenses in the condenser/evaporator to pre-heat the heat exchanger metal up to the heat supply 

temperature of 50°C. During the first two stages, the CSHP takes in the natural gas combustion 

heat through the heat pipe; meanwhile it does not reject heat to outside the system.  
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Figure 38 BC desorption mode temperatures and heat flow 

The third stage begins when the condenser reaches the target heat supply temperature and starts to 

produce useful heat to the condenser/evaporator HTF loop. Then once the salt temperature 

approaches the safety limit of 200°C, the last desorption stage starts, and the burner power is 

gradually reduced to maintain the high salt temperature and support continued desorption and 

condensation. Eventually, the burner reaches the turndown limit and shuts off, and the condensing 

heat rejection declines as the ammonia in the salt is exhausted. The desorption mode terminates 

when the condensing heat rejection rate drops below the preset minimum heating power, which is 

2 kW for the BC cycle. 

The heat input to the adsorber in the desorption mode is generated by combusting natural gas in 

the boiler and supplied to the adsorber through the heat pipe, which is correlated to the measured 

natural gas input and a constant boiler steam generation efficiency (see appendix for the detailed 

calculation). Meanwhile, heat from the flue gas from HX-1 is added to the system to pre-heat the 

condenser. The heat output in the desorption mode is through the condenser HTF loop, which is 

calculated based on the measured HTF inlet and outlet temperatures and flow rate.  
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In the measured BC cycle, 32585 kJ of heat was supplied to the adsorber to heat up the salt to 

about 200°C and support desorption of ammonia for condensation. An additional 1840 kJ of heat 

was recovered from the flue gas and supplied to the condenser at stage 1 and 2 of the desorption 

mode. As a result, both the adsorber and the condenser got heated up, and the condenser supplied 

4056 kJ of heat at around 50°C to the heat load lop during stage 3 and 4 of the desorption mode 

through the condenser HTF loop. 

The sorption mode starts with the water circulating pumps of the heat pipe systems (pump-3 and 

pump-4) being turned on. The circulating water flows through the adsorber heat exchangers and 

transfers heat from the hot sorbent to the HTF in the heat load loop. As shown in Figure 39, the 

sorption mode has two stages. In the first stage, the circulated water cools the sorbent salt to below 

the sorption equilibrium temperature and drives the sorption reaction. The salt bonds with the 

ammonia vapor, and the reduction of vapor pressure in turn drives evaporation of the liquid 

ammonia accumulated in the condenser-evaporator. The evaporation takes heat from the 

condenser/evaporator, pre-cooling it down to the cold ambient temperature. The evaporated 

ammonia vapor continuously re-combines with the salt and releasing large amount of sorption heat 

in the process. 
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Figure 39 BC sorption mode time series plot of temperature and heat flow 

The second stage of sorption mode starts when the condenser/evaporator is colder than the ambient, 

and the system starts to extract heat from the ambient air through the fan-coil unit through the 

condenser/evaporator HTF loop. The salt continues being cooled and supplying its sensible heat 

along with the sorption heat to the end-use. The heating power produced by circulating water in 

the adsorber starts high and fluctuating when the salt is very hot (e.g. >100°C) and the sorption-

evaporation process is strong. This power declines quickly once the salt is cooled towards the heat 

supply temperature of 50°C, and the liquid ammonia in the evaporator is exhausted. The sorption 

mode terminates when the minimum heating power threshold is reached. 

The overall cycle operation is illustrated in Figure 40 combining Figure 38 and Figure 39. The 

desorption mode consumes a significant amount of heat (𝑄𝑑𝑒𝑠 and 𝑄𝑐𝑜𝑛𝑑,𝑖𝑛) to heat the salt in the

adsorbers and the heat exchanger metal in the condenser/evaporators. As the salt temperature 

(using the heat pipe temperature as the proxy) rises, ammonia is desorbed from the salt and 

condenses in the condenser/evaporators to also heats up the heat exchanger metal. Eventually the 

condenser/evaporators reach the heat supply temperature and supplies heat to the end use at the 

target temperature of 50°C (𝑄𝑐𝑜𝑛𝑑,𝑜𝑢𝑡). The high-temperature heat input into the system stops once
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the boiler is turned off, and heat flow in the adsorber reverses as a significant amount of heat (𝑄𝑎𝑑𝑠)

is produced by cooling the hot salt. The sorption-evaporation proceeds with temperature decrease 

in both the adsorber and the condenser/evaporator. Low-temperature heat starts to flow into the 

system at later stage of the sorption mode when the evaporator temperature is lower than the cold 

ambient. At the end of the sorption mode, the components in the system resumes their initial 

temperature with heat supply temperature of 50°C in the adsorber and around ambient temperature 

of 8°C in the condenser/evaporator. 

Figure 40 BC overall time series plot of temperature and heat flow 

The cumulative high-temperature heat input and useful heat output in the BC cycle are illustrated 

in Figure 41. Unlike heating systems such as furnaces and conventional heat pumps that directly 

convert the energy input (fuel, electricity, etc.) to thermal energy and output the heat instantly, 

there is a considerable lag between the energy input to the CSHP system and the heat output. The 

temporal difference between heat input and heat output is an inherent feature of adsorption heat 

pump systems, where the alternating thermal-chemical energy conversions act in the place of 

mechanical compressors. Much of the significant heat input to the CSHP system in the desorption 

mode is used to desorb ammonia from the salt and is thus converted to chemical potential. The 
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conversion (desorption) process also generates heat at the target supply temperature via 

condensation. The rest of the heat input is stored as the sensible heat of various components and 

materials in the system as both the adsorber and the condenser/evaporator temperature rises. Most 

of the heat output occurs when the system is switched to the sorption mode, where both the sensible 

heat in the materials and the chemical potential of the sorbent-ammonia working pair are supplied 

as heat to the end use.  

Figure 41 Cumulative heat input and useful heat output of the BC 

Based on the cycle cumulative heat flow and Equation (4) and (5), the COP of the BC cycle is 

0.922, the average heating power is 3.99kW. Based on the 8.4 kg sorbent in the system, the SHP 

is 453.4 W/kg. The one-minute average of key temperatures, HTF flow rates, and heat flows of 

the base case are listed in Table 16. 
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Table 16 Key operation and performance parameters of the BC 

Time [min] 
T31 
[°C] 

T34 
[°C] 

T5 
[°C] 

T6 
[°C] 

T13 
[°C] 

T14 
[°C] 

T25 
[°C] 

T26 
[°C] 

T11 
[°C] 

T12 
[°C] 

F1 
[kg/s] 

F2 
[kg/s] 

F3 
[kg/s] 

NG 
rate 

[cfm] 

Qdes 
[kW] 

Cumulative 
Qin [kJ] 

Qads 
[kW] 

Qcond 
[kW] 

Qevap 
[kW] 

Cumulative 
Qout [kJ] 

1 53.3 51.3 14.9 9.8 36.1 40.2 37.1 36.7 18.3 18.7 0.162 0.225 0.000 0.763 8.3 495.1 0.0 0.0 0.0 0.0 

2 62.1 62.0 14.6 12.7 34.2 39.8 36.6 34.4 13.6 13.8 0.231 0.239 0.000 0.840 9.1 1040.1 0.0 0.0 0.0 0.0 

3 70.3 70.9 15.0 13.6 32.6 38.8 35.8 32.4 14.0 14.1 0.230 0.234 0.000 0.957 10.4 1661.2 0.0 0.0 0.0 0.0 

4 78.6 79.6 16.2 14.8 31.2 37.6 34.8 30.7 15.1 15.1 0.228 0.226 0.000 1.000 10.8 2310.0 0.0 0.0 0.0 0.0 

5 86.3 87.5 17.4 15.9 29.9 36.4 33.9 29.1 16.2 16.2 0.225 0.220 0.000 1.102 11.9 3025.0 0.0 0.0 0.0 0.0 

6 91.7 92.8 18.8 17.2 28.7 35.3 33.1 27.7 17.4 17.4 0.221 0.214 0.000 1.120 12.1 3751.7 0.0 0.0 0.0 0.0 

7 94.2 95.0 20.1 18.4 27.6 34.3 32.4 26.4 18.7 18.6 0.217 0.208 0.000 1.108 12.0 4470.4 0.0 0.0 0.0 0.0 

8 96.5 97.2 21.3 19.7 26.6 33.4 31.7 25.1 19.9 19.8 0.213 0.203 0.000 1.100 11.9 5184.1 0.0 0.0 0.0 0.0 

9 98.7 99.4 22.6 21.2 25.6 32.6 31.2 24.0 21.2 21.1 0.210 0.199 0.000 1.065 11.5 5875.3 0.0 0.0 0.0 0.0 

10 100.6 101.4 23.9 22.5 24.7 31.9 30.6 22.9 22.6 22.4 0.207 0.197 0.000 1.060 11.5 6563.1 0.0 0.0 0.0 0.0 

11 102.5 103.3 25.2 23.9 23.9 31.2 30.0 21.9 23.9 23.7 0.205 0.194 0.000 1.097 11.9 7274.6 0.0 0.0 0.0 0.0 

12 104.5 105.3 26.5 25.2 23.1 30.5 29.5 21.0 25.2 25.0 0.203 0.194 0.000 1.100 11.9 7988.3 0.0 0.0 0.0 0.0 

13 106.3 107.2 27.8 26.5 22.4 30.0 29.0 20.1 26.4 26.3 0.202 0.191 0.000 1.100 11.9 8702.0 0.0 0.0 0.0 0.0 

14 108.3 109.3 29.0 27.7 21.7 29.5 28.6 19.4 27.7 27.5 0.200 0.190 0.000 1.100 11.9 9415.7 0.0 0.0 0.0 0.0 

15 110.7 111.8 30.1 29.0 21.1 29.0 28.2 18.7 28.9 28.7 0.199 0.191 0.000 1.142 12.3 10156.5 0.0 0.0 0.0 0.0 

16 113.5 114.8 31.4 30.3 20.5 28.6 27.8 18.0 30.1 29.9 0.197 0.191 0.000 1.140 12.3 10896.2 0.0 0.0 0.0 0.0 

17 116.6 117.9 32.6 31.6 19.9 28.2 27.5 17.4 31.4 31.2 0.196 0.191 0.000 1.140 12.3 11635.8 0.0 0.0 0.0 0.0 

18 119.8 121.3 33.9 32.9 19.4 27.9 27.2 16.9 32.7 32.5 0.195 0.191 0.000 1.140 12.3 12375.5 0.0 0.0 0.0 0.0 

19 123.0 124.6 35.1 34.3 18.9 27.6 26.9 16.3 34.0 33.7 0.194 0.191 0.000 1.140 12.3 13115.1 0.0 0.0 0.0 0.0 

20 126.2 127.8 36.4 35.6 18.4 27.4 26.7 15.8 35.3 35.0 0.194 0.191 0.000 1.140 12.3 13854.8 0.0 0.0 0.0 0.0 

21 129.3 131.1 37.7 36.9 17.9 27.2 26.5 15.4 36.5 36.3 0.193 0.191 0.000 1.120 12.1 14581.5 0.0 0.0 0.0 0.0 

22 132.5 134.2 38.8 38.1 17.5 27.0 26.3 14.9 37.7 37.5 0.193 0.190 0.000 1.100 11.9 15295.2 0.0 0.0 0.0 0.0 

23 135.7 137.6 39.9 39.3 17.1 26.8 26.1 14.5 38.9 38.6 0.192 0.188 0.000 1.100 11.9 16008.9 0.0 0.0 0.0 0.0 

24 139.1 141.0 41.0 40.4 16.6 26.6 25.8 14.2 40.0 39.7 0.191 0.188 0.000 1.100 11.9 16722.6 0.0 0.0 0.0 0.0 

25 142.7 144.7 42.0 41.6 16.2 26.5 25.6 13.8 41.1 40.8 0.191 0.188 0.000 1.082 11.7 17424.6 0.0 0.0 0.0 0.0 

26 146.3 148.4 43.1 42.7 15.9 26.4 25.5 13.5 42.2 41.9 0.191 0.189 0.000 1.080 11.7 18125.4 0.0 0.0 0.0 0.0 

27 150.0 152.1 44.1 43.7 15.5 26.2 25.3 13.2 43.2 42.9 0.191 0.188 0.000 1.080 11.7 18826.1 0.0 0.0 0.0 0.0 

28 153.6 155.8 45.0 44.7 15.1 26.1 25.2 12.9 44.2 43.9 0.191 0.188 0.000 1.080 11.7 19526.8 0.0 0.0 0.0 0.0 

29 157.3 159.6 45.9 45.7 14.8 26.0 25.0 12.7 45.1 44.8 0.190 0.188 0.000 1.080 11.7 20227.6 0.0 0.0 0.0 0.0 

30 161.0 163.4 46.9 46.6 14.5 25.9 24.8 12.5 46.0 45.7 0.190 0.189 0.000 1.080 11.7 20928.3 0.0 0.0 0.0 0.0 

31 164.8 167.2 47.7 47.5 14.2 25.8 24.6 12.2 46.8 46.6 0.189 0.189 0.000 1.080 11.7 21629.0 0.0 0.0 0.0 0.0 

32 168.7 171.2 48.0 48.3 13.9 25.6 24.5 12.0 46.5 47.4 0.189 0.188 0.000 1.080 11.7 22329.7 0.0 0.3 0.0 14.6 

33 172.4 174.9 47.4 48.8 13.7 25.5 24.3 11.9 45.2 47.8 0.189 0.188 0.000 1.080 11.7 23030.5 0.0 1.1 0.0 75.1 

34 176.0 178.5 46.6 48.9 13.5 25.4 24.2 11.8 44.2 47.8 0.189 0.188 0.000 1.080 11.7 23731.2 0.0 1.8 0.0 174.9 

35 179.3 181.8 46.0 48.7 13.3 25.1 24.0 11.7 43.5 47.5 0.189 0.188 0.000 1.080 11.7 24431.9 0.0 2.1 0.0 292.5 

36 182.6 185.1 45.6 48.4 13.1 24.9 23.8 11.6 43.2 47.2 0.190 0.188 0.000 1.080 11.7 25132.7 0.0 2.2 0.0 415.2 

37 185.8 188.3 45.4 48.2 12.9 24.7 23.6 11.5 43.0 47.0 0.189 0.189 0.000 1.011 10.9 25788.4 0.0 2.2 0.0 538.6 

38 188.8 191.3 45.1 48.1 12.7 24.4 23.4 11.4 42.8 46.9 0.189 0.188 0.000 0.972 10.5 26419.1 0.0 2.3 0.0 667.6 

39 190.5 192.7 45.1 48.5 12.5 24.2 23.2 11.3 43.0 47.0 0.189 0.188 0.000 0.897 9.7 27001.1 0.0 2.7 0.0 815.6 

40 191.4 193.5 45.3 48.8 12.4 24.0 23.1 11.2 43.2 47.3 0.189 0.188 0.000 0.880 9.5 27572.0 0.0 2.8 0.0 969.7 

41 192.3 194.2 45.4 49.1 12.2 23.8 22.9 11.1 43.5 47.6 0.189 0.188 0.000 0.865 9.4 28133.1 0.0 2.9 0.0 1127.9 

42 193.2 195.1 45.6 49.4 12.0 23.6 22.7 11.0 43.7 47.8 0.190 0.188 0.000 0.860 9.3 28691.0 0.0 2.9 0.0 1290.2 
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Table 16 continued 
43 194.3 196.1 45.8 49.6 11.9 23.5 22.6 10.9 43.9 48.1 0.189 0.188 0.000 0.829 9.0 29229.1 0.0 3.0 0.0 1456.0 

44 194.9 196.7 45.9 49.8 11.7 23.3 22.4 10.8 43.9 48.3 0.189 0.188 0.000 0.775 8.4 29732.0 0.0 3.1 0.0 1627.9 

45 195.6 197.3 45.6 49.8 11.6 23.2 22.3 10.7 43.5 48.2 0.190 0.188 0.000 0.743 8.0 30214.1 0.0 3.3 0.0 1810.9 

46 196.3 197.9 45.2 49.6 11.5 23.1 22.2 10.7 43.2 48.1 0.190 0.188 0.000 0.695 7.5 30665.0 0.0 3.4 0.0 2001.2 

47 196.5 198.0 44.9 49.3 11.3 22.9 22.1 10.6 43.0 47.8 0.190 0.188 0.000 0.619 6.7 31066.6 0.0 3.5 0.0 2192.9 

48 196.5 197.9 44.4 48.8 11.2 22.8 22.0 10.5 42.7 47.4 0.190 0.189 0.000 0.600 6.5 31455.9 0.0 3.5 0.0 2384.2 

49 197.0 198.4 44.1 48.4 11.1 22.7 21.9 10.4 42.4 47.0 0.189 0.188 0.000 0.600 6.5 31845.2 0.0 3.4 0.0 2572.2 

50 195.9 196.9 43.8 47.9 11.0 22.5 21.7 10.4 42.6 46.6 0.189 0.188 0.000 0.600 6.5 32234.5 0.0 3.3 0.0 2754.1 

51 192.0 192.3 43.5 47.3 10.8 22.7 21.6 10.6 42.7 46.1 0.188 0.188 0.000 0.540 5.8 32584.9 0.0 3.0 0.0 2918.2 

52 189.1 189.5 42.2 46.7 10.2 28.6 17.8 18.2 42.1 44.5 0.100 0.166 0.000 0.000 0.0 32584.9 0.0 2.0 0.0 3028.1 

53 187.4 187.8 43.0 45.9 10.2 27.1 19.8 16.1 43.0 44.8 0.202 0.203 0.000 0.000 0.0 32584.9 0.0 2.4 0.0 3162.6 

54 186.1 186.5 43.1 45.5 10.2 26.1 19.7 15.5 43.0 44.5 0.202 0.198 0.000 0.000 0.0 32584.9 0.0 2.0 0.0 3274.5 

55 184.9 185.3 43.0 45.1 10.1 25.2 19.5 15.0 42.9 44.2 0.201 0.195 0.000 0.000 0.0 32584.9 0.0 1.8 0.0 3375.2 

56 183.7 184.1 42.9 44.8 10.1 24.4 19.2 14.6 42.9 44.0 0.199 0.193 0.000 0.000 0.0 32584.9 0.0 1.6 0.0 3464.4 

57 182.7 183.0 42.7 44.5 10.0 23.6 19.0 14.1 42.9 43.7 0.198 0.192 0.000 0.000 0.0 32584.9 0.0 1.4 0.0 3544.2 

58 181.7 182.1 42.7 44.2 10.0 23.0 18.9 13.7 42.9 43.5 0.197 0.190 0.000 0.000 0.0 32584.9 0.0 1.3 0.0 3614.8 

59 180.8 181.2 42.5 44.0 10.0 22.4 18.7 13.3 42.8 43.2 0.196 0.190 0.000 0.000 0.0 32584.9 0.0 1.2 0.0 3678.3 

60 179.9 180.3 42.4 43.7 9.9 21.9 18.6 12.9 42.7 43.0 0.160 0.190 0.000 0.000 0.0 32584.9 0.0 0.9 0.0 3726.1 

61 179.2 179.6 40.3 42.1 16.3 24.2 22.7 19.3 37.8 37.9 0.000 0.194 0.029 0.000 0.0 32584.9 0.0 0.0 0.0 3726.1 

62 176.1 175.7 37.2 39.4 40.2 51.6 41.7 39.9 42.7 42.4 0.000 0.221 0.102 0.000 0.0 32584.9 4.0 0.0 0.0 3963.2 

63 173.7 173.7 34.5 36.5 49.0 52.3 49.0 49.4 48.9 50.7 0.000 0.252 0.117 0.000 0.0 32584.9 1.8 0.0 0.0 4069.5 

64 171.4 169.5 32.4 33.6 43.2 52.1 43.3 44.1 43.3 47.4 0.000 0.265 0.123 0.000 0.0 32584.9 4.8 0.0 0.0 4357.9 

65 168.1 166.8 31.0 31.3 45.2 57.3 45.5 47.7 45.7 51.1 0.000 0.274 0.126 0.000 0.0 32584.9 7.4 0.0 0.0 4804.0 

66 166.1 165.7 29.8 29.6 42.2 49.5 42.1 45.6 42.1 47.3 0.000 0.278 0.127 0.000 0.0 32584.9 5.8 0.0 0.0 5151.8 

67 163.5 163.0 29.0 28.2 44.5 55.4 44.5 47.8 44.7 50.4 0.000 0.281 0.130 0.000 0.0 32584.9 7.6 0.0 0.0 5608.3 

68 160.8 160.3 28.2 26.7 43.4 53.3 43.7 47.1 43.7 49.7 0.000 0.282 0.130 0.000 0.0 32584.9 7.2 0.0 0.0 6042.5 

69 158.6 158.2 27.6 25.4 43.2 51.6 43.2 47.6 43.3 49.0 0.000 0.282 0.130 0.000 0.0 32584.9 7.0 0.0 0.0 6464.9 

70 155.7 155.5 26.9 24.2 44.6 54.3 44.7 49.0 44.6 51.2 0.000 0.282 0.130 0.000 0.0 32584.9 7.7 0.0 0.0 6927.9 

71 153.3 152.7 26.3 23.0 43.5 54.3 43.6 47.5 43.6 50.1 0.000 0.282 0.130 0.000 0.0 32584.9 8.0 0.0 0.0 7406.9 

72 150.3 149.2 25.6 21.9 44.1 55.5 44.3 48.3 44.4 51.0 0.000 0.281 0.130 0.000 0.0 32584.9 8.4 0.0 0.0 7908.8 

73 147.3 145.7 24.8 20.9 44.8 55.4 44.7 49.0 44.7 51.8 0.000 0.282 0.130 0.000 0.0 32584.9 8.1 0.0 0.0 8396.6 

74 145.3 144.4 24.0 20.0 43.0 51.8 43.0 46.9 43.0 49.0 0.000 0.281 0.130 0.000 0.0 32584.9 6.9 0.0 0.0 8812.2 

75 141.1 140.9 23.1 19.1 43.6 56.1 43.7 47.2 43.8 50.6 0.000 0.282 0.130 0.000 0.0 32584.9 8.6 0.0 0.0 9330.7 

76 138.5 137.3 22.2 18.4 43.6 54.1 43.6 47.4 43.6 50.0 0.000 0.281 0.129 0.000 0.0 32584.9 7.8 0.0 0.0 9798.0 

77 135.8 133.7 21.3 17.7 43.0 53.7 43.1 47.2 43.1 49.6 0.000 0.281 0.130 0.000 0.0 32584.9 8.0 0.0 0.0 10279.9 

78 132.7 130.9 20.4 17.1 43.2 52.8 43.5 50.4 43.6 50.4 0.000 0.281 0.130 0.000 0.0 32584.9 9.2 0.0 0.0 10832.9 

79 131.5 129.6 19.5 16.5 46.8 55.9 46.8 53.2 46.8 54.4 0.000 0.280 0.129 0.000 0.0 32584.9 8.6 0.0 0.0 11346.9 

80 129.7 127.6 18.8 16.0 43.7 52.6 43.8 52.3 43.9 51.1 0.000 0.279 0.129 0.000 0.0 32584.9 9.7 0.0 0.0 11926.7 

81 125.5 125.4 18.1 15.4 48.3 55.0 48.6 61.1 48.8 57.8 0.000 0.279 0.128 0.000 0.0 32584.9 11.0 0.0 0.0 12586.8 

82 123.8 122.6 17.6 15.0 50.3 58.4 50.5 60.9 50.6 59.0 0.000 0.281 0.130 0.000 0.0 32584.9 10.5 0.0 0.0 13217.1 

83 121.5 119.8 17.1 14.5 47.4 55.4 47.3 50.7 47.2 53.0 0.000 0.282 0.130 0.000 0.0 32584.9 6.2 0.0 0.0 13588.9 

84 117.6 110.1 16.7 14.1 44.4 60.5 44.7 51.9 44.9 54.2 0.000 0.282 0.130 0.000 0.0 32584.9 12.7 0.0 0.0 14350.5 

85 111.4 108.9 16.3 13.8 50.6 58.4 50.5 54.0 50.5 56.5 0.000 0.282 0.131 0.000 0.0 32584.9 6.2 0.0 0.0 14724.1 

86 108.4 101.2 15.9 13.5 46.7 65.4 47.0 49.2 47.1 55.9 0.000 0.282 0.131 0.000 0.0 32584.9 11.1 0.0 0.0 15391.2 
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Table 16 continued 
87 103.3 96.1 15.4 13.3 51.6 64.1 52.0 62.6 52.3 62.1 0.000 0.283 0.131 0.000 0.0 32584.9 12.9 0.0 0.0 16164.2 

88 102.7 100.5 14.8 13.1 51.9 52.4 51.8 65.0 51.8 58.9 0.000 0.282 0.131 0.000 0.0 32584.9 8.2 0.0 0.0 16655.7 

89 101.9 96.9 14.3 12.8 49.7 58.7 49.9 62.0 50.0 59.4 0.000 0.283 0.131 0.000 0.0 32584.9 12.1 0.0 0.0 17380.4 

90 97.6 91.7 10.0 10.5 54.7 66.8 55.0 65.2 55.3 65.0 0.142 0.283 0.131 0.000 0.0 32584.9 12.5 0.0 0.6 18127.6 

91 95.5 90.3 9.2 8.0 55.4 66.2 55.6 64.4 55.7 64.7 0.201 0.283 0.131 0.000 0.0 32584.9 11.0 0.0 -1.0 18788.9 

92 95.3 89.6 8.1 7.1 53.7 63.3 53.8 62.4 53.9 62.3 0.202 0.283 0.131 0.000 0.0 32584.9 10.2 0.0 -0.9 19402.2 

93 94.1 88.5 7.4 6.4 52.3 61.6 52.4 60.9 52.5 60.8 0.201 0.282 0.130 0.000 0.0 32584.9 10.1 0.0 -0.8 20005.9 

94 93.7 87.6 7.1 5.9 51.4 60.6 51.5 60.2 51.6 59.8 0.201 0.282 0.131 0.000 0.0 32584.9 10.1 0.0 -1.0 20609.5 

95 92.9 86.9 6.9 5.6 50.9 59.9 51.0 60.1 51.1 59.4 0.201 0.282 0.130 0.000 0.0 32584.9 10.3 0.0 -1.0 21225.5 

96 92.3 86.7 6.7 5.4 51.4 60.2 51.5 61.3 51.7 60.1 0.201 0.283 0.130 0.000 0.0 32584.9 10.5 0.0 -1.1 21857.5 

97 91.5 86.2 6.6 5.3 51.2 60.0 51.3 60.2 51.4 59.5 0.201 0.282 0.131 0.000 0.0 32584.9 10.0 0.0 -1.1 22458.4 

98 91.0 85.7 6.6 5.2 50.5 59.3 50.6 59.0 50.7 58.6 0.201 0.282 0.130 0.000 0.0 32584.9 9.7 0.0 -1.2 23040.0 

99 90.4 85.2 6.6 5.2 49.8 58.7 49.9 57.8 49.9 57.7 0.201 0.282 0.130 0.000 0.0 32584.9 9.4 0.0 -1.2 23605.5 

100 89.8 84.6 6.6 5.2 48.9 57.9 49.0 56.4 49.1 56.6 0.201 0.283 0.131 0.000 0.0 32584.9 9.2 0.0 -1.2 24156.3 

101 89.2 84.1 6.6 5.2 48.1 57.1 48.2 55.1 48.3 55.6 0.201 0.282 0.131 0.000 0.0 32584.9 8.9 0.0 -1.2 24688.2 

102 88.5 83.3 6.6 5.3 47.3 56.4 47.4 53.9 47.4 54.5 0.201 0.282 0.130 0.000 0.0 32584.9 8.7 0.0 -1.1 25207.4 

103 87.6 82.2 6.6 5.4 46.6 55.5 46.6 52.7 46.7 53.6 0.200 0.282 0.130 0.000 0.0 32584.9 8.3 0.0 -1.0 25707.0 

104 85.8 80.6 6.7 5.5 44.4 53.9 44.3 46.1 44.3 49.7 0.200 0.281 0.130 0.000 0.0 32584.9 6.0 0.0 -1.0 26069.0 

105 82.7 76.7 6.8 5.7 41.7 53.0 41.7 43.5 41.7 47.5 0.199 0.281 0.129 0.000 0.0 32584.9 7.0 0.0 -0.9 26486.6 

106 80.0 72.2 6.8 5.8 42.1 56.1 42.2 43.3 42.3 48.7 0.199 0.281 0.130 0.000 0.0 32584.9 7.9 0.0 -0.8 26961.5 

107 76.2 67.9 6.8 6.0 42.9 55.8 43.1 46.7 43.1 50.1 0.199 0.281 0.130 0.000 0.0 32584.9 8.9 0.0 -0.7 27494.2 

108 71.5 60.2 6.9 6.1 45.6 55.5 45.8 52.1 45.9 53.0 0.198 0.282 0.130 0.000 0.0 32584.9 9.0 0.0 -0.6 28031.8 

109 62.4 56.4 7.0 6.3 45.5 54.4 45.6 51.2 45.6 52.2 0.197 0.281 0.130 0.000 0.0 32584.9 8.1 0.0 -0.6 28516.3 

110 59.0 54.0 7.1 6.4 44.0 52.1 44.0 48.5 44.0 49.9 0.197 0.281 0.130 0.000 0.0 32584.9 6.9 0.0 -0.5 28930.2 

111 56.4 52.0 7.1 6.6 42.4 50.6 42.4 46.9 42.4 48.3 0.196 0.281 0.129 0.000 0.0 32584.9 7.0 0.0 -0.5 29348.3 

112 54.6 50.3 7.3 6.8 40.9 48.8 40.9 44.9 40.9 46.3 0.196 0.281 0.129 0.000 0.0 32584.9 6.5 0.0 -0.5 29737.5 

113 53.4 48.4 7.5 7.0 39.5 46.8 39.5 44.0 39.5 44.8 0.195 0.280 0.129 0.000 0.0 32584.9 6.5 0.0 -0.5 30127.8 

114 52.5 47.8 7.5 7.1 40.0 46.5 40.1 45.8 40.1 45.7 0.195 0.275 0.127 0.000 0.0 32584.9 6.6 0.0 -0.3 30526.1 

115 51.5 46.4 7.5 7.1 38.8 45.0 38.8 44.0 38.8 44.1 0.194 0.256 0.118 0.000 0.0 32584.9 5.7 0.0 -0.3 30869.2 

116 50.1 44.9 7.6 7.2 37.6 43.5 37.7 42.5 37.6 42.6 0.194 0.240 0.111 0.000 0.0 32584.9 5.1 0.0 -0.3 31176.0 

117 48.9 43.8 7.8 7.3 37.5 42.8 37.7 41.7 37.7 41.8 0.194 0.228 0.105 0.000 0.0 32584.9 4.2 0.0 -0.4 31426.0 

118 48.1 43.5 7.9 7.5 39.1 43.0 39.4 42.0 39.5 41.9 0.136 0.163 0.075 0.000 0.0 32584.9 2.2 0.0 -0.3 31557.5 
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4.4.4 Parametric Studies  

4.4.4.1 Ambient Temperature 

The impact of the ambient temperature on the system performance was investigated by comparing 

the test results under two different ambient temperatures as listed in Table 17. The AT-H1 and 

AT-H2 tests were conducted under high ambient temperatures of 25°C and 30C, respectively. AT-

H1 test is an initial cycle using setup #2, where the system cold-started from 25°C. AT-H2 is a 

normal cycle using setup #2, and the system was already warmed up following the previous 

sorption-evaporation mode. The AT-L1 and AT-L2 tests were both using setup #3 conducted under 

low ambient temperature of 8°C with AT-L1 the initial cycle and AT-L2 the normal cycle. 

Therefore, the impact of different ambient temperatures can be observed by comparing the 

performances of AT-H1 and AT-L1, as well as AT-H2 and AT-L2. 

Table 17 Performance comparison of test runs under different ambient temperatures 
Run AT-H1 AT-L1 AT-H2 AT-L2 

Setup #2 #3 #2 #3 

Insulation Yes Yes Yes Yes 

Cycle Type Cold-start Cold-start Pre-heated Pre-heated 

Tamb  [°C] 25.1 8 30 8 

HW Return Temp. (T12) [°C] 44.3 43.6 44.1 45.5 

HW Supply Temp.   (T11) [°C] 50 48.2 50.2 50.9 

Des. Mode Time [min] 99.1 83.9 90 66 

Sorp. Mode Time [min] 57.8 62.1 51.1 58.2 

Tot. Cycle Time [min] 156.9 146 141.1 124.2 

Avg. Ng Firing Rate [cfm] 0.46 0.91 0.45 0.99 

Total Ng Usage [cf] 36.2 70.19 29.88 51.48 

Qdes [kJ] 22916 44428 18913 32585 

Qcond,In [kJ] 796 863 530 1840 

Qcond,Out [kJ] 4109 4667 4042 4056 

Qads [kJ] 18560 29617 18570 27828 

Qin [kJ] 23712 45291 19443 34425 

Qout [kJ] 22669 34284 22612 31884 

𝑸𝒅𝒆𝒔/𝑸𝒂𝒅𝒔 1.500 1.234 1.142 1.171 

𝑸𝒄𝒐𝒏𝒅,𝒏𝒆𝒕/𝑸𝒂𝒅𝒔 0.128 0.181 0.063 0.080 

Avg. Heating Power [kW] 2.33 3.77 2.6 3.99 

SHP [W/kg] 529.5 428.4 590.9 453.4 

COP [-] 0.96 0.76 1.16 0.93 

 

To compare the heat production and energy consumption of setup #2 with one sorption module 

and setup #3 with two sorption modules, the desorption and condensation heat in each test are 

normalized based on the adsorption heat of that test to eliminate the difference of system sizes. 
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The adsorption heat is chosen as the basis because all adsorption processes start at the sorbent at 

about 200°C and ends with sorbent at about 50°C regardless of the ambient temperature. The 

desorption heat inputs and condensation heat outputs compared with the adsorption heat output for 

the four tests are also listed in Table 17. The desorption heat input is considerably lower for high-

ambient-temperature cases. Between initial (cold-start) cycles of AT-H1 and AT-L1, a higher 

starting temperature leads to lower energy needed to heat up the adsorber thermal mass. Normal 

(pre-heated) cycles of AT-H2 and AT-L2 show higher COP compared with the cold-start cycles 

under the same ambient temperature as the thermal masses of the adsorber has already been 

warmed up, and thus the heat input is used more effectively to generate useful heating. The 

comparison is illustrated in Figure 42. 

 

Figure 42 Measured system COP under different ambient temperatures 

Meanwhile, the condensation heat output is lower for low-ambient-temperature cases largely due 

to the increased temperature swing that the thermal mass of condensers experience in a cycle. The 

evaporation temperature is much lower under cold ambient conditions, and therefore the 

condensers in AT-L1 and AT-L2 started at a much lower temperature than the high-ambient cases 

and required more energy to be heated up to the heat-supply temperature. 

Comparing the initial and normal cycles under cold ambient, the cold-start cycle takes more 

desorption heat while also producing slightly more in condensation. The former is due to the much 

larger temperature lift in the adsorber for cold-start and for a cycle following a sorption process. 
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The latter can be attributed to the condenser/evaporator temperature at the start of the normal cycle 

being lower than the ambient due to evaporation. The impact of initial/normal cycles will be 

discussed in later sections in more detail. Here the comparisons are mostly focused within the same 

cycle type. 

Due to the increased desorption heat input and reduced condensation heat output, the system COPs 

under low ambient temperatures are lower than those at high ambient temperatures. With similar 

cycle times, the specific heating power (SHP) also see a decrease at the low ambient temperature. 

In comparison, a conventional vapor compression heat pump can achieve electric COP above 4.0 

at 25°C ambient, while at 8°C the electric COP drops to below 3.0 ([148]). When converted to 

source energy using the factors in [22], the source energy COP (comparable with gas COP) of 

electric heat pumps are about 1.7 under 25°C and about 0.95 under 8°C.   

4.4.4.2 Heat Rejection Temperature 

The impact of the heat rejection temperature was investigated by comparing three cycle operations 

that produces heat at different temperature levels with a similar temperature lift. The heat rejection 

temperatures of HT-L, HT-M, and HT-H are 40°C, 45°C, and 50°C, and the temperature difference 

of the hot water supply and demand were 5°C for all three cases. The ambient temperature of all 

three cases were about 23°C. HT-L and HT-M were using setup #1 and HT-H was using setup #2, 

all of which had one sorption module. The test results of the test runs with the three different heat 

rejection temperatures a summarized in Table 18 and illustrated in Figure 43. 
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Table 18 Performance comparison of tests with different heat rejection temperatures 
Run HT-L HT-M HT-H 

Setup #1 #1 #2 

Insulation No No No 

Cycle Type Initial Initial Initial 

Tamb  [°C] 23.4 24.4 23.5 

HW Return Temp. (T12) [°C] 35.3 40.7 44.5 

HW Supply Temp.   (T11) [°C] 41.9 44.8 49.3 

Des. Mode Time [min] 87.5 89.7 79.4 

Sorp. Mode Time [min] 59.5 86.5 59.5 

  Tot. Cycle Time [min] 147.0 176.2 138.9 

Avg. Ng Firing Rate [cfm] 0.53 0.6 0.61 

Total Ng Usage [cf] 39.44 44.39 42.72 

Qdes [kJ] 24967 28100 27043 

Qcond,In [kJ] 0 0 708 

Qcond,Out [kJ] 5066 4213 3950 

Qads [kJ] 15468 16846 14391 

Qin [kJ] 24967 28100 27751 

Qout [kJ] 20534 21059 18341 

Avg. Heating Power [kW] 2.33 1.99 2.09 

SHP [W/kg] 529.5 452.3 475 

COP [-] 0.82 0.75 0.66 

 

 

Figure 43 Heating COP under different hot water supply temperatures 

The condensation heat outputs decrease with the increase of the heat rejection temperature. On the 

other hand, the desorption heat input of three cases were similar, with HT-L about 11% lower than 

the other two due to slightly lower firing rate. The adsorption heat outputs of the three cases were 

similar as well. As a result, the COP drops from 0.82 to 0.65 as the heat rejection temperature 

increases from 40°C to 50°C. The increase of the condensation heat output can be attributed to the 

0.4

0.5

0.6

0.7

0.8

0.9

1

40 42 44 46 48 50

H
ea

ti
n

g
 C

O
P

Hot Water Supply Temperature [C]



 

103 

 

lower heat supply temperature, which in turn required less condensation heat for heating up the 

condenser/evaporator thermal mass.  

4.4.4.3 Burner Firing Rate 

The impact of the burner firing rate was investigated by comparing two tests: FR-L and FR-H. As 

shown in Table 19 and illustrated in Figure 44, the two cases were operated under the same ambient 

temperature, with similar hot water inlet return temperatures. FR-L had an average natural gas 

consumption rate of 0.91 cfm during burner operation; FR-H operated at a 23% higher average 

rate of 1.12 cfm. Based on the correlation of natural gas consumption and heat input to the adsorber 

via the heat pipe (see appendix), the average heat input of the two cases were 16.0kW and 19.7kW. 

 

Table 19 Performance comparison of tests under different burner firing rates 
Run FR-L FR-H 

Setup #3 #3 

Insulation Yes Yes 

Cycle Type Initial Initial 

Tamb  [°C] 7.9 8 

HW Return Temp. (T12) [°C] 44.3 43.6 

HW Supply Temp.   (T11) [°C] 49.4 48.2 

Des. Mode Time [min] 61.6 83.9 

Sorp. Mode Time [min] 59.5 62.1 

Tot. Cycle Time [min] 121.1 146 

Avg. Ng Firing Rate [cfm] 1.12 0.91 

Total Ng Usage [cf] 62.92 70.19 

Qdes [kJ] 39830 44428 

Qcond,In [kJ] 1430 863 

Qcond,Out [kJ] 4576 4667 

Qads [kJ] 27209 29617 

Qin [kJ] 41260 45291 

Qout [kJ] 31785 34284 

Avg. Heating Power [kW] 4.18 3.77 

SHP [W/kg] 475 428.4 

COP [-] 0.77 0.76 
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Figure 44 COP and SHP under different firing rate 

As described in the operation procedure, the cyclic mode-switching was controlled by the 

minimum heat production rate. Therefore, FR-H with the higher heat input rate reached exhaustion 

of ammonia in the adsorber faster, and thus the desorption mode lasted for only 61.6 min before 

the system was switched to the sorption mode. The desorption mode for FR-L, in contrast, lasted 

for 20 min or 34% longer due to the slower input of heat into the adsorber. Meanwhile, the sorption 

mode of the two cycles took similar amount of time. Thus, the overall shortened cycle time for the 

higher-firing-rate case overwhelmed the slight increase of condensation and sorption heat output 

from more complete desorption, and therefore the average heating power of FR-H is 10% higher 

than that of FR-L. 

On the other hand, the COP difference between the two cases is not significant. To exhaust the 

same amount of ammonia in the adsorber towards the minimum heat rejection rate, a similar 

amount of heat is needed. The total heat input can be achieved with either a higher input rate and 

a shorter cycle time, as in the case of FR-H; or a lower input rate and a longer cycle time, as in the 

case of FR-L. The slight increase of heat input as well as heat output in both condensation and 

sorption under a lower firing rate as shown by comparing FR-L and FR-H indicates a more 

complete desorption process at a slower heating rate. With 4598 kJ or 11% more heat input, the 

longer cycle got 22% more condensing heat and 9% more sorption heat, or a total of 3071 kJ in 
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return. As the result, within the heat input rate of these two cases, the trade-off of a higher cyclic 

total heat output and a higher average heat output rate does not affect the COP much.  

4.4.4.4 Initial cycle vs. normal cycle 

The differences between an initial (cold-start) cycle and a normal cycle were investigated by 

comparing two pairs of cycles of each type. IN-I1 and IN-N1 (also as the BC cycle) were setup #3 

tested under 8°C ambient temperature. IN-I2 and IN-N2 were setup #2 systems tested under 25°C 

and 30°C.  

Table 20 Performance comparison of tests of different cycle types 
Run IN-I1 IN-N1 IN-I2 IN-N2 

Setup #3 #3 #2 #2 

Insulation Yes Yes Yes Yes 

Cycle Type Initial Normal Initial Normal 

Tamb  [°C] 8 7.9 25.1 30 

HW Return Temp. (T12) [°C] 43.6 44.4 44.3 44.1 

HW Supply Temp.   (T11) [°C] 48.2 49.7 50 50.2 

Des. Mode Time [min] 83.9 66 99.1 90 

Sorp. Mode Time [min] 62.1 58.1 57.8 51.1 

Tot. Cycle Time [min] 146 124.1 156.9 141.1 

Avg. Ng Firing Rate [cfm] 0.91 0.92 0.46 0.45 

Total Ng Usage [cf] 70.19 50.74 36.2 29.88 

Qdes [kJ] 44428 32119 22916 18913 

Qcond,In [kJ] 863 1229 796 530 

Qcond,Out [kJ] 4667 2619 4109 4042 

Qads [kJ] 29617 28119 18560 18570 

Qin [kJ] 45291 33348 23712 19443 

Qout [kJ] 34284 30738 22669 22612 

Avg. Heating Power [kW] 3.77 3.91 2.33 2.6 

SHP [W/kg] 428.4 444.3 529.5 590.9 

COP [-] 0.76 0.92 0.96 1.16 

 

As shown in Table 20, the most important difference of the two type of cycles is with the required 

heat input and condensation heat output. As analyzed with the AT-L1 and AT-L2 cycle, the energy 

input required to heat the adsorber up to the desorption temperatures is more significant for cold-

start cycles. This is again manifested by comparing the cyclic energy changes of thermal masses 

in the two types of cycles in Table 21 and Table 22. The initial heat-up of the adsorber and the 

condenser takes about 20% of the total heat input into the system, with the heat pipe water, the 

adsorber shell, and the ammonia in the sorbent the major contributors. 



 

106 

 

Table 21 Cyclic energy change of thermal masses in an initial (IN-I1) cycle 

Component/material 
Thermal mass 

[kJ/K] 

Starting 

temperature [C] 

Ending 

temperature [C] 

Change in 

energy [kJ] 

% of 

Qdes 

Sorbent/salt + carbon 13.2 7.9 45.8 500.28 1.13 

Ammonia  40.32 7.9 45.8 1528.13 3.44 

Adsorber HX/SS 16 7.9 45.8 606.40 1.36 

Adsorber Shell/SS 48 7.9 79.5 3436.80 7.74 

CE HX/SS 16 8.0 7.8 -3.20 -0.01 

CE shell/SS 48 8.0 11.9 187.20 0.42 

Water in heat pipe 66.88 7.9 45.8 2534.75 5.71 

Total     8790.36 19.79 

 

In contrast, the temperatures of each component and material in the system at the start of the normal 

cycle is close to their temperatures at the end of the cycle, and therefore the heat loss associated 

with heating up the thermal masses from the ambient temperature, especially those in the adsorber, 

is eliminated. The heat-up energy only takes less than 0.4% of the total heat input. As a result, the 

COP of the normal cycle is 23% higher than the initial cycle under the same operating condition. 

Table 22 Cyclic energy change of thermal masses in a normal (IN-N1) cycle 

Component/material 
Thermal mass 

[kJ/K] 

Starting 

temperature [C] 

Ending 

temperature [C] 

Change in 

energy [kJ] 

% of 

Qdes 

Sorbent/salt + carbon 6.6 45.9 46.6 4.6 0.014 

Ammonia  20.16 45.9 46.6 14.1 0.043 

Adsorber HX/SS 8 45.9 46.6 5.6 0.017 

Adsorber Shell/SS 24 79.4 81.4 48.0 0.147 

CE HX/SS 8 7.8 7.7 -0.8 -0.002 

CE shell/SS 24 10.3 11.5 28.8 0.088 

Hot water  33.44 45.9 46.6 23.4 0.072 

Total     123.7 0.380 
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5. ADSORBER MODELLING 

In this chapter, the dynamic model of the salt-containing adsorber is introduced. First, the geometry 

of the modelled control volume is described, followed by general model assumption. Then the 

governing equations describing the transient heat and mass transfer as well as chemical reaction 

in the modelled control volume are derived from fundamental correlations. To solve the governing 

differential equations, finite-difference method is applied to discretize the equations for numerical 

solution. Finally, the results of the adsorber model are illustrated, and the adsorber performance 

characteristic under different design parameters and operating conditions are discussed. 

 Adsorber Component Geometry  

As shown in the schematic of the adsorber in Figure 45, the adsorber is built around a stack of salt 

matrix – heat pipe plates, with steam/water connection of the heat pipe plates to the burner or 

reservoir tank, and ammonia vapor connection to the condenser/evaporator.  

 

Figure 45 schematic of the adsorber 
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The CAD drawing of the adsorber in the prototype system is shown in Figure 46. There are 56 

composite sorbent disks in the adsorber between the heat exchanger plates. Each of the sorbent 

disk has an outer diameter of 150 mm and a thickness of 10 mm. 

 

Figure 46 schematic and dimension of the adsorber heat exchanger and the sorbent matrix 

There is a hollow center through all the salt and heat pipe plates from top to bottom, providing 

extra passage for ammonia vapor to flow in and out of the salt in the center of the plate. Each piece 

of the salt plate contains around 1 mole or 42g of LiCl salt, which is impregnated in the porous 

carbon matrix material.  

During operation, the heat pipe plates conducts heat to or from the salt plates, leading to the endo- 

or exothermic chemical reaction between the salt and ammonia vapor to occur. The pores where 

salt grains reside are inter-connected to allow ammonia vapor to flow into and through for reaching 

the salt. With the proceeding of the reaction, the molar concentration in the local pore changes, 

creating a driving force for the ammonia vapor in the local pore to flow.  
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Figure 47 schematic illustration of the adsorber in desorption mode 

During desorption mode as shown in Figure 47, the ammonia vapor accumulated in the interior of 

the salt plate eventually arrives at the inner or external perimeter of the salt plate and gets released 

into the adsorber chamber. During sorption mode as in Figure 48, ammonia vapor from evaporator 

seeps into the salt plates from the perimeter to get adsorbed by the dry salts. 

 

Figure 48 schematic illustration of adsorber in sorption model 

In addition to the sorbent disks, the envelope shell of the adsorber vessel is also exchanging heat 

with the heat pipe and the ambient and is included in the adsorber dynamic model. For the shell, 
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the temperature of the steam or water in the heat pipe is used to calculate their heat exchange with 

the heat pipe (𝑄𝑠ℎ𝑒𝑙𝑙). Meanwhile, since the shell is exposed to the ambient, its heat loss via 

convection and radiation heat transfer is calculated based on the temperatures of the shell and the 

surrounding ambient. 

 Sorbent Model Description 

5.2.1 Differential Control Volume 

The coupled heat mass transfer and chemical reaction cannot be analytically studied. Instead, these 

transient processes in the adsorber are numerically investigated in detail by dividing the salt into 

differential control volumes (c.v.). The governing equation of the processed in a differential c.v. 

can be derived and solved, and eventually the status of the entire adsorber can be described as the 

summation of the differential c.v. 

 

Figure 49 simplification of the sorbent disk geometry 

In the actual adsorber heat exchanger there are two vertical pipes going through all the salt and 

heat pipe disks as the steam flow channel. To simplify calculation, both the sorbent disk and the 

heat pipe plates in the model are solid with only the center ammonia vent. Such simplification 

leads to 2.8% of total heat exchange surface area increase, and 8.8% sorbent volume increase 

compared with the actual dimensions as illustrated in Figure 49. With the effective diameter of the 

steam flow channel large sufficiently large, all the heat pipe plates are assumed to share the same 

steam pressure. The condensation heat transfer onto the heat pipe plate surface above the salt (roof) 
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and below the salt (ceiling) are calculated using empirically fitted correlation of Nusselt number 

for upward and downward flat disks.  

The salt disk is a typical cylindrical geometry that can be divided into differential “rings” as shown 

in Figure 50. The cross-section of the ring is rectangular, and by using a cylindrical coordination 

𝑧 − 𝑟 the differential c.v. can be described as below: 

 

Figure 50 control volume division of the salt disk 

c.v. P is a representative c.v., with the adjacent c.v. termed east/west/north/south. The distance 

between the center of adjacent c.v. in the radial direction is defined as 𝑑𝑟, and in the vertical 

direction as 𝑑𝑧. Obviously, the dimensions of the c.v. are determined by the number of c.v. created 

as well as the absolute radius from the c.v. center to the center line of the cylinder. 

5.2.2 Key Assumptions 

To describe the transient processes in the salt disk, following simplifying assumptions are made: 

• The disk geometry is simplified as solid disk with a center vent. 

• Uniform steam pressure across all heat pipe plates and the steam is at saturation state. 

• Uniform ammonia pressure across the adsorber. 

• Neglect convection and radiation heat transfer between the ammonia vapor and the sorbent. 

Therefore, only one disk needs to be modeled to be representative of all the sorbent disks in the 

adsorber, and the overall adsorber performance can be calculated based on the modeled disk 

operation parameters. 
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5.2.3 Governing Equations 

5.2.3.1 Heat Transfer and Energy Balance 

In a c.v. the energy balance equation can be written as: 

𝛥𝑄𝑖𝑛𝑡 = �̇�𝑧 + �̇�𝑟 + �̇�𝑐ℎ𝑒𝑚 Equation 

16 

Where 𝛥𝑄𝑖𝑛𝑡 is the change of internal energy, �̇�𝑧 is the net heat inflow in vertical direction, 

�̇�𝑟 is the net heat inflow in radial direction, and �̇�𝑐ℎ𝑒𝑚 is the reaction heat.  

For heat transfer between adjacent c.v., Fourier’s law applies:  

�̇� = −𝐾 ∙ 𝛻𝑇 Equation 

17 

For the net inflow in vertical direction: 

�̇�𝑧 = �̇�𝑛 − �̇�𝑠 =
𝑑�̇�𝑧 ∙ 𝐴𝑧
𝑑𝑧

∙ 𝑑𝑧 =
𝜕

𝜕𝑧
(𝐾𝑇 ∙

𝜕𝑇

𝜕𝑧
∙ 𝑟 ∙ 2𝜋 ∙ 𝑑𝑟) ∙ 𝑑𝑧 

= 𝐾𝑇 ∙
𝜕2𝑇

𝜕𝑧2
∙ 𝑑𝑟 ∙ 𝑟 ∙ 2𝜋 ∙ 𝑑𝑧 

Equation 

18 

Where 𝐾𝑇 is the thermal conductivity, and �̇�𝑛 and �̇�𝑠 are heat conduction with the two vertically 

adjacent c.v. 𝐴𝑧 is the top-bottom surface area of the c.v. 

Similarly, for heat conduction in radial direction: 

�̇�𝑟 = �̇�𝑒 − �̇�𝑤 =
𝑑�̇�𝑟 ∙ 𝐴𝑟
𝑑𝑟

∙ 𝑑𝑟 =
𝜕

𝜕𝑟
(𝐾𝑇 ∙

𝜕𝑇

𝜕𝑟
∙ 𝑟 ∙ 2𝜋 ∙ 𝑑𝑧) ∙ 𝑑𝑟 

Equation 

19 
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= 𝐾𝑇 ∙
𝜕2𝑇

𝜕𝑟2
∙ 𝑑𝑧 ∙ 𝑟 ∙ 2𝜋 ∙ 𝑑𝑟 + 𝐾𝑇 ∙

𝜕𝑇

𝜕𝑟
∙ 𝑑𝑧 ∙ 2𝜋 ∙ 𝑑𝑟 

�̇�𝑒 and �̇�𝑤 are heat conduction with the two radially adjacent c.v. 𝐴𝑟 is the radial surface area of 

the c.v. And finally, for chemical reaction heat in the c.v.: 

�̇�𝑐ℎ𝑒𝑚 = 𝑆𝑣,𝑞 ∙ 𝑉 = 𝛴
𝑑𝑁𝑁𝐻3,𝑖 ∙ 𝛥𝐻𝑟,𝑖

𝑑𝑡
∙ 𝑛𝑠𝑎𝑙𝑡 ∙ 𝑑𝑧 ∙ 𝑑𝑟 ∙ 𝑟 ∙ 2𝜋 

Equation 

20 

Where 𝑁𝑁𝐻3,𝑖 is the ammonia change associated with reaction, Δ𝐻𝑟,𝑖 is the reaction heat, and 𝑛𝑠𝑎𝑙𝑡 

is the volumetric mole density of salt in the c.v. 

The change of internal energy can be expressed with specific heat as:  

𝛥𝑄𝑖𝑛𝑡 = 𝜌 ∙ 𝐶𝑝 ∙
𝜕𝑇

𝜕𝑡
∙ 𝑑𝑧 ∙ 𝑟 ∙ 2𝜋 ∙ 𝑑𝑟 

Equation 

21 

Where 𝜌 and 𝐶𝑝 are the apparent density and specific heat of the c.v. Substitute Eqn. (15-18) into 

Eqn. (13) and cancel out the volume of the c.v., the energy balance governing equation is: 

𝜌 ∙ 𝐶𝑝 ∙
𝜕𝑇

𝜕𝑡
= 𝐾𝑇 ∙ (

𝜕2𝑇

𝜕𝑧2
+
𝜕2𝑇

𝜕𝑟2
+
1

𝑟
∙
𝜕𝑇

𝜕𝑟
) + 𝑆𝑣,𝑞 

Equation 

22 

5.2.3.2 Mass Transfer and Local Ammonia Vapor Mass Balance  

Like heat conduction between adjacent c.v., ammonia vapor in the interconnected pores flows 

across the boundary of c.v. through diffusion driven by the molar concentration difference. The 

mass balance is: 
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𝛥𝑁 = 𝐽𝑧 + 𝐽𝑟 + 𝐽𝑐ℎ𝑒𝑚 Equation 

23 

Where 𝑁 is the total amount of ammonia vapor in the pores of the c.v., 𝐽𝑧 is net mass inflow flux 

in the vertical direction, 𝐽𝑟  for radial direction, and 𝐽𝑐ℎ𝑒𝑚 is the ammonia vapor change due to 

chemical reaction. According to Fick’s first law the diffusion the molar flow flux can expressed 

as: 

𝐽 = 𝐷 ∙ 𝛻𝑛 Equation 

24 

𝐷 is the diffusivity and 𝑛 is the volumetric molar density. For diffusion Darcy’s law can be used 

to calculate the diffusivity based on permeability: 

𝑢 = −
𝐾𝑀
𝜇
∙ 𝛻𝑃 

Equation 

25 

𝑢  is the Darcy velocity caused by the pressure difference, 𝐾𝑀  the permeability of the porous 

material, and 𝜇 the dynamic viscosity of the fluid. By associating the flow velocity and the flux, 

the molar flow flux using the Darcy’s law is: 

𝐽 = 𝑢 ∙ 𝑛𝑡𝑜𝑡 = −
𝐾𝑀
𝜇
∙ 𝛻𝑃 ∙

𝑃𝑝
𝑅 ∙ 𝑇𝑝

∙ 𝜑 
Equation 

26 

Where 𝜑 is the porosity and 𝑅 the gas constant. Eqn. (23) can be derived from below using the 

porosity definition: 
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𝑃𝑝
𝑅 ∙ 𝑇𝑝

= 𝑛𝑝𝑜𝑟𝑒 =
𝑁

𝑉𝑝𝑜𝑟𝑒
=
𝑁

𝑉𝑡𝑜𝑡
∙
1

𝜑
=
𝑛𝑡𝑜𝑡
𝜑

 
Equation 

27 

Therefore, the diffusivity of slip flow can be written as: 

𝐷 = −
𝐾𝑀
𝜇
∙ 𝑃𝑝 ∙ 𝜑 

Equation 

28 

With the diffusivity, the net inflow fluxes in both vertical and radial direction can be written as 

Eqn. (25) and (26): 

𝐽𝑧 = 𝐽𝑛 − 𝐽𝑠 =
𝜕

𝜕𝑧
(𝐷 ∙

𝜕𝑛

𝜕𝑧
∙ 𝑟 ∙ 2𝜋 ∙ 𝑑𝑟) ∙ 𝑑𝑧 

= 𝐷 ∙
𝜕2𝑛

𝜕𝑧2
∙ 𝑑𝑟 ∙ 𝑟 ∙ 2𝜋 ∙ 𝑑𝑧 

Equation 

29 

𝐽𝑟 = 𝐽𝑒 − 𝐽𝑤 =
𝜕

𝜕𝑟
(𝐷 ∙

𝜕𝑛

𝜕𝑟
∙ 𝑟 ∙ 2𝜋 ∙ 𝑑𝑧) ∙ 𝑑𝑟 

= 𝐷 ∙ (
𝜕2𝑛

𝜕𝑟2
∙ 𝑟 ∙ 1 ∙ 𝑑𝑧 +

𝜕𝑛

𝜕𝑟
∙ 𝑑𝑧 ∙ 2𝜋) ∙ 𝑑𝑟 

Equation 

30 

Finally, for chemical reaction the ammonia generation flux is: 

𝐽𝑐ℎ𝑒𝑚 = 𝑆𝑣,𝑛 ∙ 𝑉 = 𝛴
𝑑𝑁𝑁𝐻3,𝑖
𝑑𝑡

∙ 𝑛𝑠𝑎𝑙𝑡 ∙ 𝑑𝑧 ∙ 𝑑𝑟 ∙ 𝑟 ∙ 2𝜋 
Equation 

31 

Substituting Eqn. (25-27) into Eqn. (20) and cancelling out volume term we have: 
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𝜕𝑛

𝜕𝑡
= 𝐷 ∙ (

𝜕2𝑛

𝜕𝑧2
+
𝜕2𝑛

𝜕𝑟2
+
1

𝑟
∙
𝜕𝑛

𝜕𝑟
) + 𝑆𝑣,𝑞 

Equation 

32 

5.2.3.3 Chemical Reaction 

The chemical reactions used in the studied system are: 

𝐿𝑖𝐶𝑙 ∙ 3𝑁𝐻3(𝑠) → 𝐿𝑖𝐶𝑙 ∙ 2𝑁𝐻3(𝑠) + 𝑁𝐻3(𝑔) 

𝐿𝑖𝐶𝑙 ∙ 2𝑁𝐻3(𝑠) → 𝐿𝑖𝐶𝑙 ∙ 1𝑁𝐻3(𝑠) + 𝑁𝐻3(𝑔) 

𝐿𝑖𝐶𝑙 ∙ 1𝑁𝐻3(𝑠) → 𝐿𝑖𝐶𝑙(𝑠) + 𝑁𝐻3(𝑔) 

The equilibrium state of each chemisorption reaction can be described using the van’t Hoff 

equations: 

𝑙𝑛(𝑃𝑒𝑞/𝑃0) = −
𝛥𝐻𝑟
𝑅𝑇𝑠𝑎𝑙𝑡

+
𝛥𝑆𝑟
𝑅

 
Equation 

33 

With Δ𝐻𝑟  and Δ𝑆𝑟  the enthalpy and entropy change associated with the reaction. The reaction 

kinetics of chemisorption reaction is expressed in Eqn. (30) as the change rate of the reaction 

progression.   

𝑑𝑋

𝑑𝑡
= (1 − 𝑋)𝑛 ∙ 𝑠 ∙ 𝑒𝑥𝑝 (

𝐸𝑎
𝑅𝑇
) ∙ 𝑙𝑛 (

𝑃𝑒𝑞(𝑇𝑠𝑎𝑙𝑡)

𝑃𝑙𝑜𝑐𝑎𝑙
) 

Equation 

34 

The 𝑛 in Eqn. (30) is the pseudo-order of the reaction and is experimentally determined. 𝑋 is the 

reaction progression defined as in Eqn. (31), where 𝛾 is the stochastic ratio of the reaction product 

and the reactant. In the case of the reaction used in this study, the stochastic ratio is 1:1.  
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𝑋 =
𝛾 ∙ 𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑡
𝑁𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡,0

=
𝛾 ∙ 𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑡

𝛾 ∙ 𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑡 +𝑁𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡,𝑡

=
𝑁𝐿𝑖𝐶𝑙∙(𝑛−1)𝑁𝐻3

𝑁𝐿𝑖𝐶𝑙∙𝑛𝑁𝐻3 +𝑁𝐿𝑖𝐶𝑙∙(𝑛−1)𝑁𝐻3
=

𝑁𝑁𝐻3
𝑁𝐿𝑖𝐶𝑙∙𝑛𝑁𝐻3 +𝑁𝐿𝑖𝐶𝑙∙(𝑛−1)𝑁𝐻3

 

Equation 

35 

The second term in Eqn. (30) is the Arrhenius term 𝐴𝑟 = 𝑠 ∙ exp (
𝐸𝑎

𝑅𝑇
) describing the influence of 

temperature on the reaction rate. In the Arrhenius term 𝑠  is the pre-exponential constant 

determined from experiment data, and 𝐸𝑎  is the effective activation energy associated to the 

reaction. Although the Arrhenius term is a function of the salt temperature, it was deemed as 

constants in literature for desorption and adsorption assuming the effect of temperature variation 

during the process is neglectable. In this study the Arrhenius terms are deemed as constants that 

are curve-fitted from specially contrived experimental tests to acquire them.  

Taking time derivative of Eqn. (31), the ammonia generation rate can be correlated to the chemical 

reaction rate in Eqn. (32): 

𝑑𝑁𝑁𝐻3,𝑖
𝑑𝑡

=
𝑑𝑋𝑖
𝑑𝑡
∙ (𝑁𝐿𝑖𝐶𝑙∙𝑖𝑁𝐻3 + 𝑁𝐿𝑖𝐶𝑙∙(𝑖−1)𝑁𝐻3) 

Equation 

36 

5.2.4 Discretization and Solving Scheme  

To solve the spatial differential equations (heat and mass transfer) numerically, the differential 

equations need to be discretized over the simulated control volume (half plate). Meanwhile, since 

there is also a temporal derivative in both the energy and substance balance equations, different 

approaches can be used to discretize the time-derivative terms over the simulation time step and 

calculate the next moment values based on the previous moment values. 

5.2.4.1 Explicit Approach 

The explicit approach assumes all target values (temperature in energy equation and molar density 

in substance equation) remains at the previous values until the end of a time step. Therefore, the 

heat and mass transfer are calculated based on the previous moment target values.  
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Discretize both the first and second order spatial derivatives using central-difference method to 

achieve second-order truncating error; discretize the first order temporal derivatives using forward-

difference method with first-order truncating error. Then the energy and substance balance 

equations (Equation 33 and Equation 34)can be written as below with explicit discretization 

approach: 

1

𝛼
∙
𝑇𝑟,𝑧
1 − 𝑇𝑟,𝑧

0

𝛥𝑡
=
𝑇𝑟,𝑧+1
0 + 𝑇𝑟,𝑧−1

0 − 2𝑇𝑟,𝑧
0

(𝛥𝑧)2
+
𝑇𝑟+1,𝑧
0 + 𝑇𝑟−1,𝑧

0 − 2𝑇𝑟,𝑧
0

(𝛥𝑟)2

+
𝑇𝑟+1,𝑧
0 − 𝑇𝑟−1,𝑧

0

2𝛥𝑟 ∙ 𝑟
+
1

𝐾𝑇
∙ 𝑆𝑣,𝑞 

 

Equation 37 

𝑛𝑟,𝑧
1 − 𝑛𝑟,𝑧

0

Δ𝑡
= D ∙ (

𝑛𝑟,𝑧+1
0 + 𝑛𝑟,𝑧−1

0 − 2𝑛𝑟,𝑧
0

(Δ𝑧)2
+
𝑛𝑟+1,𝑧
0 + 𝑛𝑟−1,𝑧

0 − 2𝑛𝑟,𝑧
0

(Δ𝑟)2

+
𝑛𝑟+1,𝑧
0 − 𝑛𝑟−1,𝑧

0

2Δ𝑟 ∙ 𝑟
) + 𝑆𝑣,𝑛 

 

Equation 38 

𝑇𝑟,𝑧  and 𝑛𝑟,𝑧are the temperature and molar density of DCV at the 𝑟𝑡ℎ  radial and 𝑧𝑡ℎ  vertical 

position; Δ𝑧 and Δ𝑟 are the height and radial width of the DCV; the relative locations of adjacent 

c.v. are noted with subscript, under the same cylindrical coordination introduced. Superscript 0 

and 1 means the previous-moment and current-moment values. 

In Equation 37 and Equation 38, all but one current-moment values are known, and therefore the 

equations can be directly solved with previous-moment values. The advantage of the explicit 

approach is simplicity in implementation. On the other hand, it also has the risk of introducing 

numeric oscillation that might cause the solution to diverge [149]. Therefore, criteria for selecting 

the cell size (Δ𝑧, Δ𝑟) as well as the time step (Δ𝑡) need to be applied to ensure stability of explicitly 

solved equation. 
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1 −
2𝛼𝛥𝑡

(𝛥𝑧)2
−
2𝛼𝛥𝑡

(𝛥𝑟)2
> 0, 𝛥𝑡 <

1

2𝛼
∙ (

1

(𝛥𝑧)2
+

1

(𝛥𝑟)2
) 

 

Equation 39 

1 −
2𝐷𝛥𝑡

(𝛥𝑧)2
−
2𝐷𝛥𝑡

(𝛥𝑟)2
> 0, 𝛥𝑡 <

1

2𝐷
∙ (

1

(𝛥𝑧)2
+

1

(𝛥𝑟)2
) 

 

Equation 40 

The actual time step used in simulation needs to be smaller than the minimum of the two. When 

the DCV is small, as implied in these two equations, the maximum time step could be very small, 

leading to many computation steps and long computation time. For instance, dividing a sorbent 

plate of 1 cm thick and 15 / 1.5 cm of outer and inner radii into 3 vertical by 5 radial DCVs and 

with representative diffusivities, the stability criterion for energy equation requires the time step 

to be smaller than 0.0914 s, while that for the substance balance equation is 7.5e-5 s, which is not 

practical for simulation of cycles with time span of over 1-2 hours. 

5.2.4.2 Implicit Approach 

Another approach to solve the discretized differential equation is the implicit approach. Instead of 

correlating the current-moment parameter to that of adjacent DCVs in the previous-moment, the 

implicit approach assumes the changes of target values (temperature, molar density) due to transfer 

phenomena occur at the start of the time step. Therefore, the spatial transfer in the balance 

equations instead correlates 𝑇𝑟,𝑧
1  and 𝑛𝑟,𝑧

1  directly with the current-moment values at adjacent 

DCVs, leaving the only known in the equation to be the previous-moment temperature and molar 

density at the target DCV. Following the implicit approach, the energy and substance balance 

equations Equation 41 and Equation 42 are again discretized with central-difference in space and 

forward-difference in time into:  
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1

𝛼
∙
𝑇𝑟,𝑧
1 − 𝑇𝑟,𝑧

0

𝛥𝑡
=
𝑇𝑟,𝑧+1
1 + 𝑇𝑟,𝑧−1

1 − 2𝑇𝑟,𝑧
1

(𝛥𝑧)2
+
𝑇𝑟+1,𝑧
1 + 𝑇𝑟−1,𝑧

1 − 2𝑇𝑟,𝑧
1

(𝛥𝑟)2

+
𝑇𝑟+1,𝑧
1 − 𝑇𝑟−1,𝑧

1

2𝛥𝑟 ∙ 𝑟
+
1

𝐾
∙ 𝑆𝑣,𝑞
1  

 

Equation 41 

𝑛𝑟,𝑧
1 − 𝑛𝑟,𝑧

0

𝛥𝑡 ∙ 𝐷
=
𝑛𝑟,𝑧+1
1 + 𝑛𝑟,𝑧−1

1 − 2𝑛𝑟,𝑧
1

(𝛥𝑧)2
+
𝑛𝑟+1,𝑧
1 + 𝑛𝑟−1,𝑧

1 − 2𝑛𝑟,𝑧
1

(𝛥𝑟)2

+
𝑛𝑟+1,𝑧
1 − 𝑛𝑟−1,𝑧

1

2𝛥𝑟 ∙ 𝑟
+
1

𝐷
∙ 𝑆𝑣,𝑛 

 

Equation 42 

Equation 41 and Equation 42 can be re-arranged so that the current-moment values are at the left-

hand side and the previous-moment values as well as the source terms are at the right-hand side: 

(
1

𝛥𝑡𝛼
+
2

𝛥𝑧2
+
2

𝛥𝑟2
) 𝑇𝑟,𝑧

1 −
1

𝛥𝑧2
𝑇𝑟,𝑧+1
1 −

1

𝛥𝑧2
𝑇𝑟,𝑧−1
1 − (

1

𝛥𝑟2
+

1

2𝑟𝛥𝑟
) 𝑇𝑟+1,𝑧

1

− (
1

𝛥𝑟2
−

1

2𝑟𝛥𝑟
) 𝑇𝑟−1,𝑧

1 =
1

𝐾
∙ 𝑆𝑣,𝑞
1 +

1

𝛥𝑡𝛼
𝑇𝑟,𝑧
0  

 

Equation 43 

(
1

𝛥𝑡𝐷
+
2

𝛥𝑧2
+
2

𝛥𝑟2
) 𝑛𝑟,𝑧

1 −
1

𝛥𝑧2
𝑛𝑟,𝑧+1
1 −

1

𝛥𝑧2
𝑛𝑟,𝑧−1
1 − (

1

𝛥𝑟2
+

1

2𝑟𝛥𝑟
) 𝑛𝑟+1,𝑧

1

− (
1

𝛥𝑟2
−

1

2𝑟𝛥𝑟
) 𝑛𝑟−1,𝑧

1 =
1

𝐷
∙ 𝑆𝑣,𝑛
1 +

1

𝛥𝑡𝐷
𝑛𝑟,𝑧
0  

 

Equation 44 

Then the Equation 43 and Equation 44 of all DCVs form a system of linear equations of the current-

moment temperatures and molar densities that can be solved numerically for all the current values 

and source terms. The system of equations built from Eqn. (30) is explained in the following. First, 
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create a matrix with 𝑧 rows and 𝑟 columns corresponding to the discretization scheme, and fill the 

matrix with the current-moment temperatures at each corresponding DCV as T; rearrange the 

matrix into a 1-D array 𝒙: 

{𝑇} = (

𝑇𝑟1,𝑧1 𝑇𝑟2,𝑧1 … 𝑇𝑟𝑛,𝑧1
𝑇𝑟1,𝑧2 𝑇𝑟2,𝑧2 … 𝑇𝑟𝑛,𝑧2
⋮ ⋮ ⋮ ⋮

𝑇𝑟1,𝑧𝑚 𝑇𝑟2,𝑧𝑚 … 𝑇𝑟𝑛,𝑧𝑚

)

𝑚×𝑛

, 𝒙 =

(

 
 
 
 
 

𝑇𝑟1,𝑧1
1

𝑇𝑟2,𝑧1
1

⋮
𝑇𝑟𝑛,𝑧1
1

𝑇𝑟1,𝑧2
1

⋮
𝑇𝑟𝑛,𝑧𝑚
1 )

 
 
 
 
 

 Equation 45 

Similarly build the 1-D array 𝒃 of previous-moment values and source terms corresponding to 

each DCV: 

𝒃 =

(

 
 
 
 
 
 
 
 
 
𝑆𝑣,𝑞,𝑟1,𝑧1
1 +

1

Δ𝑡𝛼
𝑇𝑟1,𝑧1
0

𝑆𝑣,𝑞,𝑟2,𝑧1
1 +

1

Δ𝑡𝛼
𝑇𝑟2,𝑧1
0

⋮

𝑆𝑣,𝑞,𝑟𝑛,𝑧1
1 +

1

Δ𝑡𝛼
𝑇𝑟𝑛,𝑧1
0

𝑆𝑣,𝑞,𝑟1,𝑧2
1 +

1

Δ𝑡𝛼
𝑇𝑟1,𝑧2
0

⋮

𝑆𝑣,𝑞,𝑟𝑛,𝑧𝑚
1 +

1

Δ𝑡𝛼
𝑇𝑟𝑛,𝑧𝑚
0

)

 
 
 
 
 
 
 
 
 

 Equation 46 

Let: 

𝑎 =
1

𝛥𝑡𝛼
+
2

𝛥𝑧2
+
2

𝛥𝑟2
 

Equation 47 

𝑏 = 𝑐 = −
1

Δ𝑧2
 

Equation 48 
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𝑑 =
−1

Δ𝑟2
+
−1

2𝑟Δ𝑟
 

Equation 49 

𝑒 =
−1

Δ𝑟2
+

1

2𝑟Δ𝑟
 

Equation 50 

Then the left-hand side of Equation 43 becomes: 

𝑎 ∙ 𝑇𝑟,𝑧
1 + 𝑏 ∙ 𝑇𝑟,𝑧+1

1 + 𝑐 ∙ 𝑇𝑟,𝑧−1
1 + 𝑑 ∙ 𝑇𝑟+1,𝑧

1 + 𝑒 ∙ 𝑇𝑟−1,𝑧
1  Equation 51 

The operator matrix 𝐴 is built as: 

𝐴

=

(

 
 
 
 
 
 
 
 
 

𝑎𝑟1,𝑧1 𝑑𝑟1,𝑧1 0 0 … 0 0 0 𝑏𝑟1,𝑧1 0 0 … 0 0 0

𝑒𝑟2,𝑧1 𝑎𝑟2,𝑧1 𝑑𝑟2,𝑧1 0 … 0 0 0 0 𝑏𝑟2,𝑧1 0 … 0 0 0

0 𝑒𝑟3,𝑧1 𝑎𝑟3,𝑧1 𝑑𝑟3,𝑧1 … 0 0 0 0 0 𝑏𝑟3,𝑧1 … 0 0 0
⋮ ⋮ ⋮ ⋮ … ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ … ⋮ ⋮ ⋮
0 0 0 0 … 𝑒𝑟𝑛−1,𝑧1 𝑎𝑟𝑛−1,𝑧1 𝑑𝑟𝑛−1,𝑧1 0 0 0 … 0 0 0

0 0 0 0 … 0 𝑒𝑟𝑛,𝑧1 𝑎𝑟𝑛,𝑧1 0 0 0 … 0 0 0

𝑐𝑟1,𝑧2 0 0 0 … 0 0 0 𝑎𝑟1,𝑧2 𝑑𝑟1,𝑧2 0 … 0 0 0

0 𝑐𝑟2,𝑧2 0 0 … 0 0 0 𝑒𝑟2,𝑧2 𝑎𝑟2,𝑧2 𝑑𝑟2,𝑧2 … 0 0 0

⋮ ⋮ ⋮ ⋮ … ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ … ⋮ ⋮ ⋮
0 0 0 0 … 0 0 0 0 𝑐𝑟𝑛−1,𝑧𝑚 0 … 𝑒𝑟𝑛−1,𝑧𝑚 𝑎𝑟𝑛−1,𝑧𝑚 𝑑𝑟𝑛−1,𝑧𝑚
0 0 0 0 … 0 0 0 0 0 𝑐𝑟𝑛,𝑧𝑚 … 0 𝑒𝑟𝑛,𝑧𝑚 𝑎𝑟𝑛,𝑧𝑚 )

 
 
 
 
 
 
 
 
 

(𝑛×𝑚)×(𝑛×𝑚)

 
Equatio

n 52 

  

With each DCV having a corresponding 𝑎~𝑒 values in the operator matrix. 𝐴 has five diagonals 

of elements, each corresponding to the coefficient of current-moment temperatures in the re-

arranged left-hand side above.  

Finally, the system of equations can be written and solved as Equation 53: 

𝐴 ∙ 𝒙 = 𝒃 → 𝒙 = 𝐴−1 ∙ 𝒃 

 

Equation 

53 
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The same operator matrix can be used for the substance balance equation (Equation 44), with the 

unknown array and the known/source term array written as below and solved similarly with 

Equation 44: 

𝒙 =

(

 
 
 
 
 

𝑛𝑟1,𝑧1
1

𝑛𝑟2,𝑧1
1

⋮
𝑛𝑟𝑛,𝑧1
1

𝑛𝑟1,𝑧2
1

⋮
𝑛𝑟𝑛,𝑧𝑚
1 )

 
 
 
 
 

, 𝒃 =

(

 
 
 
 
 
 
 
 
 
𝑆𝑣,𝑛,𝑟1,𝑧1
1 +

1

𝛥𝑡𝐷
𝑛𝑟1,𝑧1
0

𝑆𝑣,𝑛,𝑟2,𝑧1
1 +

1

𝛥𝑡𝐷
𝑛𝑟2,𝑧1
0

⋮

𝑆𝑣,𝑛,𝑟𝑛,𝑧1
1 +

1

𝛥𝑡𝐷
𝑛𝑟𝑛,𝑧1
0

𝑆𝑣,𝑛,𝑟1,𝑧2
1 +

1

𝛥𝑡𝐷
𝑛𝑟1,𝑧2
0

⋮

𝑆𝑣,𝑛,𝑟𝑛,𝑧𝑚
1 +

1

𝛥𝑡𝐷
𝑛𝑟𝑛,𝑧𝑚
0

)

 
 
 
 
 
 
 
 
 

 Equation 54 

The implicit approach guarantees solution stability with the cost of additional equation system 

solving in implementation [149]. Therefore, the implicit approach is implemented in the MATLAB 

code for solving the differential equations. 

There are other approaches to discretize the temporal differential equations besides the explicit 

and implicit approaches. The Crank-Nicolson (C-N) approach discretizes the temporal term at the 

half time step between previous and current moment using central-difference method and results 

in an improved second-order truncate error in the temporal domain. Meanwhile, although 

mathematically guaranteed stable, C-N approach has the risk of coming up with results that are 

not physically feasible, and therefore its time step also needs to be constrained, albeit with much 

looser limit [149]. 

5.2.5 Boundary Conditions 

The previous section gives the general equations of energy and substance balance in a typical DCV 

inside the sorbent plate. However, the transfer conditions are different for DCVs at the boundary 

of the plate, and therefore special treatments need to be applied in the system of equations for those 

DCVs. 



 

124 

 

5.2.5.1 Heat Transfer 

All heat and mass transfer and chemical reaction in the c.v. inside the salt plate can be described 

using the general governing equations listed above. Meanwhile, for those c.v. located at the 

boundary of the plate, i.e. the top/bottom and inner/outer perimeter, they are subjected to different 

conditions than the inside c.v. 

 

Figure 51 Upper and lower boundary c.v. in the salt disk 

For heat transfer at the top and bottom layer shown in Figure 51, half c.v.’s are used to be in direct 

contact with the heat pipe metal. Therefore, instead of heat conduction with the same medium 

previously described by the thermal conductivity 𝐾𝑇, the heat flow is described with a heat transfer 

coefficient ℎ𝐻𝑃, and the corresponding terms in the discretized equation are changed to: 

𝑇𝑟,𝑧+1
0 + 𝑇𝑟,𝑧−1

0 − 2𝑇𝑟,𝑧
0

(𝛥𝑧)2
 →

𝑇𝑟,𝑧+1
0 − 𝑇𝑟,𝑧

0

(𝛥𝑧)2
+ 2

𝑇𝐻𝑃 − 𝑇𝑟,𝑧
0

(𝛥𝑧)2
 

Equation 

55 

Where 𝑇𝑠𝑡𝑒𝑎𝑚 is the temperature of the steam in the heat pipe.  

The overall heat transfer coefficient between the boundary layer sorbent and the steam/water in 

the heat pipe is a combination of the condensation (steam) or convection (water) on the heat pipe 

inner side and the heat conduction through the heat pipe wall. For the heat pipe wall to the top of 
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the sorbent disk, the Nusselt number for the film condensation heat transfer on upward horizontal 

disk described in Bejan 1991 [150] is used. For the bottom heat pipe wall, the Nusselt number for 

laminar film condensation heat transfer on downward horizontal plate described in Gerstmann and 

Griffith 1967 [151] is used. 

𝑁𝑢𝑡𝑜𝑝 = 1.368 ∙ [
𝐷3 ∙ 𝑔 ∙ ℎ𝑓𝑔

′ ∙ (𝜌𝑙 − 𝜌𝑣)

𝑘𝑙 ∙ 𝜈𝑙 ∙ (𝑇𝑠𝑎𝑡 − 𝑇𝑤)
]

1
5

 
Equation 

56 

ℎ𝐻𝑃,𝑐𝑜𝑛𝑑,𝑡𝑜𝑝 = 𝑁𝑢𝑡𝑜𝑝 ∗
𝑘𝑙
𝐷

 
Equation 

57 

𝑅𝑎𝑏𝑜𝑡𝑡𝑜𝑚 =
𝑔 ∙ 𝜌 ∙ (𝜌𝑙 − 𝜌𝑣) ∙ ℎ𝑓𝑔
𝜇𝑙 ∙ (𝑇𝑠 − 𝑇𝑤) ∙ 𝑘𝑙

∙ (
𝜎

𝑔 ∙ (𝜌𝑙 − 𝜌𝑣)
)

3
2
 

Equation 

58 

𝑁𝑢𝑏𝑜𝑡𝑡𝑜𝑚 = 0.81 ∙ (𝑅𝑎𝑏𝑜𝑡𝑡𝑜𝑚)
0.193 Equation 

59 

ℎ𝐻𝑃,𝑐𝑜𝑛𝑑,𝑏𝑜𝑡𝑡𝑜𝑚 = 𝑁𝑢𝑏𝑜𝑡𝑡𝑜𝑚 ∗
𝑘𝑙

(
𝜎

𝑔 ∙ (𝜌𝑙 − 𝜌𝑣)
)

1
2

 
Equation 
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The heat conduction through the stainless-steel heat pipe wall is: 

ℎ𝑐𝑜𝑛𝑑 = 𝜆𝑆𝑆/𝑥𝑤𝑎𝑙𝑙 Equation 

61 
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During sorption mode when liquid water is circulated in the heat pipe, the convective heat transfer 

coefficient is set to ℎ𝐻𝑃,𝑐𝑜𝑛𝑣 = 3000𝑊/(𝑚
2 ∙ 𝐾) . Then the overall heat transfer coefficient 

between the sorbent and the heat pipe medium is: 

ℎ𝐻𝑃 = 1/(
1

ℎ𝐻𝑃,𝑐𝑜𝑛𝑑/𝑐𝑜𝑛𝑣
+

1

ℎ𝑐𝑜𝑛𝑑
) 

Equation 

62 

In the radial direction it was assumed that there is no heat transfer between the solid sorbent and 

the free vapor in the adsorber chamber as shown in Figure 52. 

 

Figure 52 heat transfer at radial boundaries 

Therefore, the DCVs at the inner and outer rim layer has only two-point heat transfer with the 

adjacent DCV in the sorbent plate. Their energy balance equations become: 

1

𝛼
∙
𝑇𝑟,𝑧
1 − 𝑇𝑟,𝑧

0

𝛥𝑡
=
𝑇𝑟,𝑧+1
1 + 𝑇𝑟,𝑧−1

1 − 2𝑇𝑟,𝑧
1

(𝛥𝑧)2
+
𝑇𝑟+1,𝑧
1 − 𝑇𝑟,𝑧

1

(𝛥𝑟)2
+
1

𝐾
∙ 𝑆𝑣,𝑞
1  

 

Equation 63 
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1

𝛼
∙
𝑇𝑟,𝑧
1 − 𝑇𝑟,𝑧

0

Δ𝑡
=
𝑇𝑟,𝑧+1
1 + 𝑇𝑟,𝑧−1

1 − 2𝑇𝑟,𝑧
1

(Δ𝑧)2
+
𝑇𝑟−1,𝑧
1 − 𝑇𝑟,𝑧

1

(Δ𝑟)2
+
1

𝐾
∙ 𝑆𝑣,𝑞
1  

 

Equation 64 

For the “corner” DCVs at the intersection of top/bottom and inner/outer rims, the treatments of 

both vertical and radial boundaries are applied: 

1

𝛼
∙
𝑇𝑟,𝑧
1 − 𝑇𝑟,𝑧

0

𝛥𝑡
=
𝑇𝑟,𝑧+1
1 − 𝑇𝑟,𝑧

1

(𝛥𝑧)2
+
𝑻𝑯𝑷 − 𝑇𝑟,𝑧

1

𝛥𝑧
+
𝑇𝑟+1,𝑧
1 − 𝑇𝑟,𝑧

1

(𝛥𝑟)2
+
1

𝐾
∙ 𝑆𝑣,𝑞
1  

 

Equation 65 

1

𝛼
∙
𝑇𝑟,𝑧
1 − 𝑇𝑟,𝑧

0

Δ𝑡
=
𝑇𝑟,𝑧+1
1 − 𝑇𝑟,𝑧

1

(𝛥𝑧)2
+
𝑻𝑯𝑷 − 𝑇𝑟,𝑧

1

𝛥𝑧
+
𝑇𝑟−1,𝑧
1 − 𝑇𝑟,𝑧

1

(Δ𝑟)2
+
1

𝐾
∙ 𝑆𝑣,𝑞
1  

 

Equation 66 

1

𝛼
∙
𝑇𝑟,𝑧
1 − 𝑇𝑟,𝑧

0

𝛥𝑡
=
𝑇𝑟,𝑧−1
1 − 𝑇𝑟,𝑧

1

(𝛥𝑧)2
+
𝑇𝑟+1,𝑧
1 − 𝑇𝑟,𝑧

1

(𝛥𝑟)2
+
1

𝐾
∙ 𝑆𝑣,𝑞
1  

 

Equation 67 

1

𝛼
∙
𝑇𝑟,𝑧
1 − 𝑇𝑟,𝑧

0

𝛥𝑡
=
𝑇𝑟,𝑧−1
1 − 𝑇𝑟,𝑧

1

(𝛥𝑧)2
+
𝑇𝑟−1,𝑧
1 − 𝑇𝑟,𝑧

1

(𝛥𝑟)2
+
1

𝐾
∙ 𝑆𝑣,𝑞
1  

 

Equation 68 

Equation 52~Equation 68 lead to different values of 𝑎~𝑒 in the operator matrix 𝐴. 



 

128 

 

5.2.5.2 Mass transfer  

In the vertical direction, the two boundary surfaces see no vapor flow across, and therefore the 

mass transfer of DCVs on these two layers is only two-point transfer with the inner adjacent DCV, 

as shown in Figure 53. 

 

Figure 53 mass transfer at vertical boundaries 

Their implicitly discretized substance balance Equation 42 becomes Equation 69 for top and 

Equation 70 for bottom layer DCVs: 

𝑛𝑟,𝑧
1 − 𝑛𝑟,𝑧

0

𝛥𝑡 ∙ 𝐷
=
𝑛𝑟,𝑧+1
1 − 𝑛𝑟,𝑧

1

(𝛥𝑧)2
+
𝑛𝑟+1,𝑧
1 + 𝑛𝑟−1,𝑧

1 − 2𝑛𝑟,𝑧
1

(𝛥𝑟)2
+
𝑛𝑟+1,𝑧
1 − 𝑛𝑟−1,𝑧

1

2𝛥𝑟 ∙ 𝑟
+
1

𝐷

∙ 𝑆𝑣,𝑛 

 

Equation 69 
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𝑛𝑟,𝑧
1 − 𝑛𝑟,𝑧

0

𝛥𝑡 ∙ 𝐷
=
𝑛𝑟,𝑧−1
1 − 𝑛𝑟,𝑧

1

(𝛥𝑧)2
+
𝑛𝑟+1,𝑧
1 + 𝑛𝑟−1,𝑧

1 − 2𝑛𝑟,𝑧
1

(𝛥𝑟)2
+
𝑛𝑟+1,𝑧
1 − 𝑛𝑟−1,𝑧

1

2𝛥𝑟 ∙ 𝑟
+
1

𝐷

∙ 𝑆𝑣,𝑛 

 

Equation 70 

In the radial direction, the inner and outer perimeter of the sorbent plate is open to the free vapor 

in the adsorber chamber. It is assumed that the free vapor adjacent to the perimeter DCVs have the 

same temperature as the DCVs, and that the apparent vapor pressure of the free vapor in the 

adsorber are the same (𝑃𝑐𝑜𝑛𝑠) as in Figure 54. Therefore, the diffusion between the perimeter DCV 

and the free vapor can be expressed given the constraint vapor pressure and the DCV sorbent 

temperature.  

 

Figure 54 mass transfer at radial boundaries 

The molar density of the free vapor adjacent to the DCV is calculated using Equation 71, and the 

substance balance equations for inner and outer perimeters become Equation 72-Equation 73: 
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𝒏𝒄𝒐𝒏𝒔 =
𝑷𝒄𝒐𝒏𝒔
𝑅 ∙ 𝑇𝑟,𝑧

 

 

Equation 71 

𝑛𝑟,𝑧
1 − 𝑛𝑟,𝑧

0

𝛥𝑡 ∙ 𝐷
=
𝑛𝑟,𝑧+1
1 + 𝑛𝑟,𝑧−1

1 − 2𝑛𝑟,𝑧
1

(𝛥𝑧)2
+
𝑛𝑟+1,𝑧
1 − 𝑛𝑟,𝑧

1

(𝛥𝑟)2
+
𝒏𝒄𝒐𝒏𝒔 − 𝑛𝑟,𝑧

1

𝛥𝑟 ∙ 𝛥𝑟/2
+
1

𝐷
∙ 𝑆𝑣,𝑛 

 

Equation 72 

𝑛𝑟,𝑧
1 − 𝑛𝑟,𝑧

0

Δ𝑡 ∙ 𝐷
=
𝑛𝑟,𝑧+1
1 + 𝑛𝑟,𝑧−1

1 − 2𝑛𝑟,𝑧
1

(Δ𝑧)2
+
𝑛𝑟−1,𝑧
1 − 𝑛𝑟,𝑧

1

(Δ𝑟)2
+
𝒏𝒄𝒐𝒏𝒔 − 𝑛𝑟,𝑧

1

Δ𝑟 ∙ Δ𝑟/2
+
1

𝐷
∙ 𝑆𝑣,𝑛 

 

Equation 73 
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 Calibration of Chemical Equilibrium and Kinetic Coefficients 

5.3.1 Test Setup to Acquire Calibration Data  

 

Figure 55 Test setup to calibrate chemical kinetic coefficients 

The test setup to acquire the calibration data is shown in Figure 55. The system was operated with 

low burner and pump setting to slow down the heating and cooling process of the sorbent salt, so 

that the different chemical reaction stages can be separated and individually studied. 

5.3.2 Calibrating the Chemical Equilibrium Coefficients  

The chemical equilibrium equation is written as: 

ln (
𝑃𝑒𝑞
𝑃0
) = −

Δ𝐻

𝑅 ∙ 𝑇𝑠𝑎𝑙𝑡
+
Δ𝑆

𝑅
 

Equation 74 
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Ideally the two coefficients in the equation Δ𝐻 and Δ𝑆 correspond to the enthalpy and entropy of 

the reaction. Collins and Cameron 1928 [152] observed LiCl-4, LiCl-3, and LiCl-1 complexes. 

Bevers et al. 2006 [38] had the same observation. Van der Pal et al. 2010 [153] observed an 

intermediate phase of LiCl-2 under higher ammonia pressure (5.5 bar instead of 3 bar). Collins 

and Cameron used pressure scan at constant temperature. Bevers et al. 2006 used a differential 

scanning calorimeter (DSC) to for temperature scan under constant pressure. Van der Pal et al. 

used temperature scan for high and low temperature reactions (1/0 and 4/3) and applied both 

temperature and pressure scans to medium temperature reaction. In this work we observed three 

stages of reactions, i.e. LiCl-3/2, LiCl-2/1, and LiCl-1/0. The equilibrium of the LiCl-3/2 reaction 

is fitted using test date since the test results contradict with the equilibrium data reported in the 

literature. The equilibrium reported for LiCl-2/1 also varies a lot in the literature and therefore is 

fitted using test data in this study. The equilibrium LiCl-1/0 reaction reported from different data 

sources matches well, and therefore is directly used in this study. Table 23 lists the summary. 

Table 23 Chemical equilibrium coefficients for LiCl ammonia reactions 

Reaction  𝚫𝑯 [J/mol] 𝚫𝑺 [J/mol.K] Reference 

LiCl 4→3 
36792 126.60 Bevers 2006[38] 

37461 128.90 Van der Pal 2010[153] 

LiCl 3→4 
30431 109.44 Bevers 2006[38] 

30859 110.80 Van der Pal 2010[153] 

LiCl 3→1 
49098 146.58 Bevers 2006[38] 

55267 163.90 Van der Pal 2010[153] 

LiCl 1→3 
43681 132.62 Bevers 2006[38] 

45822 138.36 Van der Pal 2010[153] 

LiCl 3→2 

62534 184 Van der Pal 2010[153] 

44780 113.97* Berthiaud 2007 [154] 

54433 161.8* This work 

LiCl 2→3 
75629 222 Van der Pal 2010[153] 

44780 113.97* Berthiaud 2007[154] 

LiCl 2→1 

18935 64 Van der Pal 2010[153] 

48128 134.77* Berthiaud 2007[154] 

47894 131.77* This work 

LiCl 1→2 
22415 74 Van der Pal 2010[153] 

48128 134.77* Berthiaud 2007[154] 

LiCl 1→0 

60494 159.43 Bevers 2006[38] 

49338 133.46 Van der Pal 2010[153] 

51894 138.57* SaltX measurement 

LiCl 0→1 
40470 114.76 Bevers 2006[38] 

41298 117.05 Van der Pal 2010[153] 

*This work uses 1 Pa as the reference pressure. To convert to 1 atm reference pressure in the literature the offset is 

ln(101325)*8.314=95.828. 
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Fitting the equilibrium equation requires accurate account of 𝑃𝑒𝑞 and 𝑇𝑠𝑎𝑙𝑡. Data is available from 

performance tests and contrived tests. The value of 𝑃𝑒𝑞 can be identified at the observed starting 

point of the reaction where it exceeds the measured chamber pressure. Then 𝑃𝑒𝑞 stays above the 

chamber pressure for continuous reaction, which is used as an inequality condition to the fitting 

optimization. The 𝑇𝑠𝑎𝑙𝑡 was directly measured during the four contrived tests. The ideal start-up 

process is shown in Figure 56: 

 

Figure 56 Progression of key parameters during an ideal desorption mode startup  

As the salt is heated up, the ammonia vapor in the chamber is heated up as well. During stage #1, 

the chamber pressure increases slowly due to the heating-up, and no ammonia is generated from 

the salt. Stage #2 starts when the reaction equilibrium pressure exceeds the chamber pressure, and 

additional ammonia is released into the chamber to quickly push up the pressure. The molarity of 

vapor increases as well. Stage #3 starts when the chamber pressure passes the saturation pressure 

in the condenser and turns stable, while heat flow can be observed in the condenser. The starting 

point of the reaction can be identified as the turning point of the chamber pressure and the vapor 

molarity as the operation switch from stage #1 to stage #2.  
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Figure 57 Measured reaction starting stage on 8/28/2019 

Figure 57 shows the data from 8/28/2019, the pressures and the molarity of vapor ammonia. The 

turning point is around 460 s. The corresponding salt temperature and pressure are 94.49 C and 

515.8 kPa. The cumulative heat in the condenser HX from the turning point to the starting point 

of condensation (1100 s) is 58.4 kJ. Mere sensible heat of ammonia vapor is not enough to explain 

such heat, especially the increasing heat flow after 800 s (49.6 kJ). One possible explanation is 

capillary condensation in the porous matrix in the condenser HX leading to a lower saturation 

point. Similar identification was done for the test data from the other three days as in Table 24. 

Table 24 salt temperature and ammonia pressure at the transition point of first stage reaction 

Date Module# Transition time [s] 
Salt temperature 

@transition [C] 

Pressure @transition 

[kPa] 

8/20/19 4 3000 94.5 507.1 

8/23/19 4 2130 94.3 507.5 

8/27/19 4 -* 96.5* 558.7* 

8/28/19 4 460 94.5 515.8 

*reaction already started when data was recorded, no transition identified. Equilibrium point is below the data starting point  

Fitting is carried out for the two equilibrium coefficients so that the equilibrium pressure curve (1) 

crosses the reaction start point identified above, and (2) stays above the chamber pressure after the 
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reaction start point. Based on data from the four contrived tests, the optimized result of Δ𝐻 and Δ𝑆 

are 54433 J1mol-1 and 257.7 J1mol-1K-1.  

The calibration for the second desorption reaction equilibrium coefficients was based on the 

transition point observed at the end of the first stage reaction. The reversal of flow occurred only 

on 8/28/19 at around 146.4°C and 894 kPa and 150°C and 888 kPa. The actual equilibrium point 

should be slightly before the first point as the 1st stage was still going, and the same goes for the 

second point. 8/23/19 has an almost-zero point corresponding to 147.2°C and 882 kPa. Assuming 

the equilibrium line passes that point, the relationship of dH and dS is established, and the values 

identified as 47894 J1mol-1 and 227.6 J1mol-1K-1. For the last desorption reaction and the other 

three sorption reactions, the experimental data was not sufficient to carry out calibration as 

accurate as the first desorption reaction. Fortunately, the data reported in the literature from 

difference sources for those four reactions are in reasonably good agreement, and therefore they 

are directly used in this study.  

5.3.3 Calibrating the Chemical Kinetic Coefficients 

Lebrun 1990 summarized the studies on the model for chemical kinetics. In a general rate of 

chemical reaction as below, the specific rate 𝑘(𝑃, 𝑇)  represents the influence of the reaction 

equilibrium, and 𝑓(𝑋) represents the reactivity. 

𝑣 =
𝑑𝑋

𝑑𝑡
= 𝑘(𝑃, 𝑇) ∙ 𝑓(𝑋) 

Equation 

75 

Spinner and Rheault (1985) [155] reviewed kinetic models for the specific rate and identified the 

equation proposed by Tykodi (1967, 1979) [156, 157]to be the most suitable (Lebrun 1990)[158]. 

The chemical kinetic equation is as below. The deviation from equilibrium is logarithmic ratio of 

equilibrium pressure and the reaction site, if porous reactants such as graphite can guarantee 

sufficient mass transfer and the limiting factor is the reaction rate instead of the mass transfer in 

vapor or through sorbent.  
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𝑑𝑋

𝑑𝑡
= (1 − 𝑋)𝑛 ∙ 𝑠 ∙ 𝑒𝑥𝑝 (

−𝐸

𝑅 ∙ 𝑇𝑠𝑎𝑙𝑡
) ∙ 𝑙𝑛 (

𝑃𝑒𝑞(𝑇𝑠𝑎𝑙𝑡)

𝑃𝑙𝑜𝑐𝑎𝑙
) 

Equation 

76 

With 𝑛, 𝑠, 𝐸 the coefficients. Despite the physical meaning behind the coefficients, e.g. 𝐸 is the 

activation energy of the reaction, these values are fitted empirically. In addition to the equation 

form shown in Eq. (76), several other kinetic equation forms were found to lead to good fitting 

results in the literature as well. An et al. 2020 [159] used an exponential kinetic equation as in Eq. 

(77), which doesn’t deal with driving force reversal properly: 

𝑑𝑋

𝑑𝑡
= (1 − 𝑋)𝑛 ∙ 𝐾 ∙ exp (𝑚 ∙

𝑃𝑒𝑞 − 𝑃𝑐
𝑃𝑐

) 
Equation 

77 

Instead, when Peq=Pc, the reaction rate should be zero. Adjustment is made in this study: 

𝑑𝑋

𝑑𝑡
= (1 − 𝑋)𝑛 ∙ 𝐾 ∙ (exp (𝑚 ∙

𝑃𝑒𝑞 − 𝑃𝑐
𝑃𝑐

) − 1) 
Equation 

78 

The experimental data used to fit the equilibrium and kinetic correlations is based on special tests 

with controlled constant salt temperature and ammonia pressure to calibrate these values for each 

reaction stage as shown in Figure 58. The salt temperature was carefully controlled between the 

equilibrium temperatures of two reactions for as long as possible to exhaust the ammonia 

corresponding to that stage. The heat flow in the condenser-evaporator side is recorded for 

calculating the ammonia flow from the phase change heat. 
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Figure 58 Result of specially designed test for chemical parameter calibration 

The reaction progression and reaction rate are both calculated from the measured condensing heat 

output: 

𝑑𝑋

𝑑𝑡
=
𝑑(
𝑁𝑁𝐻3,𝑐𝑜𝑛𝑑
𝑁𝑁𝐻3,𝑡𝑜𝑡

)

𝑑𝑡
=

1

𝑚𝑁𝐻3,𝑡𝑜𝑡
∙
𝑑𝑚𝑁𝐻3,𝑐𝑜𝑛𝑑

𝑑𝑡
=

1

𝑚𝑁𝐻3,𝑡𝑜𝑡
∙

𝑑 (
𝑄𝐶𝑊
ℎ𝑓𝑔,𝑁𝐻3

)

𝑑𝑡
=

�̇�𝐶𝑊
𝑚𝑁𝐻3,𝑡𝑜𝑡 ∙ ℎ𝑓𝑔,𝑁𝐻3

 
Equation 
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𝑋 = ∫
𝑑𝑋

𝑑𝑡
∙ 𝑑𝑡 =

𝑄𝐶𝑊
𝑚𝑁𝐻3,𝑡𝑜𝑡 ∙ ℎ𝑓𝑔,𝑁𝐻3

𝑡=𝑛

𝑡=0

 
Equation 

80 

The influence of sensible heat of ammonia vapor can be corrected out of the condensing heat by 

adjusting the ℎ𝑓𝑔: 

�̇�𝐶𝑊 = 𝑚𝑁𝐻3 ∙ ℎ𝑓𝑔 +𝑚𝑁𝐻3 ∙ 𝐶𝑝𝑣𝑎𝑝 ∙ Δ𝑇𝑁𝐻3 = 𝑚𝐶𝑊 ∙ 𝐶𝑝𝐶𝑊 ∙ Δ𝑇𝐶𝑊 Equation 

81 
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𝑚𝑁𝐻3 =
�̇�𝐶𝑊

ℎ𝑓𝑔 + 𝐶𝑝𝑣𝑎𝑝 ∙ Δ𝑇𝑁𝐻3
 

Equation 

82 

The adjusted ℎ𝑓𝑔 depends on the vapor temperature difference, which is within the temperature 

difference between the salt and the condensing water inlet. In this study, correction is applied 

assuming the vapor temperature changes from the average salt temperature to the mean 

temperature of condenser cooling water inlet and outlet. The condenser heat output is calculated 

using the temperatures and flow rate of the cooling water going through the two sorption modules.  

�̇�𝐶𝑊 = 𝐶𝑝𝐶𝑊 ∙ �̇�𝐶𝑊 ∙ (𝑇𝐶𝑊,𝑜𝑢𝑡 − 𝑇𝐶𝑊,𝑖𝑛) Equation 

83 

Meanwhile, since the temperature of the salt is relatively constant during such test period, the 

temperature gradient within the entire salt stack is neglected, and the mean temperature measured 

in the salt and the heat pipe during the selected period is used as the salt temperature. 

Using the time-series 
𝑑𝑋

𝑑𝑡
 and 𝑋  data for each reaction stage  calculated from the measured 

condenser-evaporator heat flow, the optimal combination of the coefficients k, n, and m in Eq. (78) 

can be identified using the non-linear curve fit routine “lsqcurvefit” in MATLAB. The fitting of 

the first-stage reaction using the test data from four different days are listed in Table 25: 

Table 25 kinetic fitting coefficients for stage 1 
 date  time mNH3 (m0) N K M R2 RMSE 

8/20/19 4200-6610 0.7362 6.5 0.0014 3.64 0.9617 1.17e-5 

8/23/19 3800-5900 0.7287 7.1 0.0021 3.25 0.9646 1.27e-5 

8/27/19 500-6500 0.7278 6.8 0.0011 3.72 0.9363 2.89e-5 

8/28/19 1500-3500 0.7742 6.8 0.0020 3.72 0.9139 2.27e-5 

7/20/18 4750-5450 0.71 6.7 0.0012 3.30 0.9234 1.05e-5 

Avg.   6.78 0.00156 3.526   
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The calibrated equilibrium and fitted kinetic coefficients of the 1st stage is used to calculate the 

ammonia flow associated with that stage of reaction, which is later subtracted from the total 

ammonia flow to get the value for the next stage reaction. Following the same approach and using 

the equilibrium previously identified, the kinetic coefficients for the rest of the reaction stages 

were identified. The only exception is the last sorption stage, where the ammonia low was not 

accurately reflected by the measured evaporator heat flow in all test data. For that stage, nominal 

values in the same order of magnitude as the identified coefficients are used in the model. 

The result of the calculated ammonia flow associated with each reaction stage compared with the 

total ammonia flow calculated from the measured condenser heat flow during desorption is 

illustrated below in Figure 59. 

 

Figure 59 comparison of calculated ammonia flow based on fitted coefficients and measured heat 

flow 

Table 26 lists the final calibrated chemical equilibrium and kinetic coefficients, with the first two 

desorption equilibrium fitted, and the third desorption equilibrium taken from the literature. The 

sorption reaction equilibrium uses the corresponding desorption reaction equilibrium assuming no 

hysteresis. The kinetic last sorption reaction (LiCl-2→3) was not fitted because the current 

testbench was not able to capture the ammonia evaporation during that stage.  
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Table 26 Calibrated chemical equilibrium and kinetic coefficients 

Reaction 
Equilibrium Kinetics (exponential correlation) 

Source dH dS Source n K (x104) m 

LiCl-3/2 Fitted from test data 54433 257.6 
Fitted from test 

data 
6.8 16 3.53 

LiCl-2/1 Fitted from test data 47894 227.6 
Fitted form test 

data 
1.8 5.6 3.15 

LiCl-1/0 Pal 2010, Bevers 2006 50616 231.3 
Fitted form test 

data 
3.8 5.8 2.44 

LiCl-0/1 Assuming no hysteresis  50616 231.3 
Fitted from test 

data 
1.15 18.9 4.86 

LiCl-1/2 Assuming no hysteresis 47894 227.6 
Fitted from test 

data 
0.49 7.8 3.12 

LiCl-2/3 Assuming no hysteresis 54433 257.6 
Not enough data 

for fitting 
3* 5* 3* 

*nominal values in the same magnitude as the fitted coefficients 

 Model Validation 

The validation is carried out by comparing the ammonia flow calculated from the measured 

condenser-evaporator heat flux and the ammonia flow simulated by the dynamic model. The 

experimental data of configuration #1 with only skid #1 operational is used. The thermodynamic 

and transfer properties of the sorbent salt are provided by the manufacturer. Due to the incomplete 

evaporation heat recorded from the evaporator heat flux, the validation only takes data for the 

desorption reaction stages and the first two sorption stages. The measured steam temperature and 

the ammonia chamber pressure from the test data are used as the input to the adsorber model. The 

validation calculations start by setting the temperature, pressure, and composition of the sorbent 

salt to the initial condition of the test data and run the simulation.  

The ammonia vapor flow into and out of the adsorber is used as the indicator of the adsorber 

operation and performance. The ammonia flow is calculated based on the heat flow at the 

condenser-evaporator water side: 

 �̇�𝑐𝑜𝑛𝑑 = �̇�𝑁𝐻3 × ℎ𝑓𝑔,𝑁𝐻3 = �̇�𝑐𝑤 × 𝐶𝑝𝑐𝑤 × (𝑇𝑤,𝑜 − 𝑇𝑤,𝑖) Equation 

84 

The comparison for the four days’ test are shown in Figure 60 to Figure 63. 
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Figure 60 comparison of adsorber ammonia flow using 8/15 data 
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Figure 61 comparison of adsorber ammonia flow using 8/27 data 
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Figure 62 comparison of adsorber ammonia flow using 9/5 data 
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Figure 63 comparison of adsorber ammonia flow using 9/7 data 

Table 27 compares the cumulative ammonia vapor flow from the adsorber calculated by the 

adsorber model and that calculated from measured heat flow in the condenser-evaporator. The high 

R2 and relatively low RMSE value indicates that the adsorber model with the calibrated chemical 

coefficients can accurately simulate the operation of the adsorber component throughout the 

desorption and sorption cycle. 

Table 27 comparison of calculated and measured ammonia vapor flow from adsorber 
Date R2 RMSE RMSE% of maximum 

8/15/2018 0.9761 3.7749 3% 

8/27/2018 0.9662 7.0378 6% 

9/5/2018 0.9909 3.8223 3% 

9/7/2018 0.9821 5.4033 4% 

 Parametric Study 

With both the geometry of the sorbent disk and the sorbent properties taken into account, the 

adsorber model can be used to study the sensitivity of the ammonia desorption and sorption 
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performance to these parameters to identify possible pathway for improvement of the adsorber and 

sorbent design.  In this parametric study section, only one of these parameters is changed at a time 

to investigate its effect on the adsorber performance. The boundary conditions applied to the 

adsorber model are the steam temperature and the ammonia chamber pressure. In the desorption 

mode, the steam temperature is always 2°C higher than the average salt temperature. In the sorption 

mode, the heat pipe is filled with circulated water at 1°C lower than the average salt temperature. 

The ammonia pressure is fixed at the saturation pressure of 40°C  

5.5.1 Sorbent Disk Thickness 

The original thickness of the sorbent disk is 10 mm with 56 disks and 57 heat pipe plates in the 

adsorber. With thicker sorbent disks, the heat exchanger would require less plates to hold the same 

amount of sorbent in the container, while also offering less heat transfer area between the heat pipe 

medium and the salt sorbent.  

Figure 64 shows the comparison of the cumulative ammonia outflow between sorbent disk 

thickness of 5mm, 10mm, and 15mm. The thin-disk scenario has the highest cumulative outflow 

with the same boundary conditions thanks to the short heat transfer path length and thorough 

heating. The thickest disk at 20 mm is twice as thick as the original salt disk, and its longer heat 

transfer path length leads to slower heating of the salt, which eventually leads to about 13% less 

ammonia desorption. 
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Figure 64 cumulative ammonia flow under different sorbent disk thicknesses 

Figure 65 shows the comparison of the salt state progression in the disks. With thin thickness, the 

heat propagation across the salt disk is faster than in thick disks, and therefore the salt is more 

thoroughly heated and cooled, leading to faster overall ammonia generation and sorption rates and 

consequently higher cumulative ammonia flow.  
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Figure 65 comparison of salt state progression in 5mm and 15mm thick disks 

5.5.2 Sorbent Porosity 

A higher porosity is usually from the loose arrangement of the sorbent material, while a low 

porosity indicates the sorbent been compressed and compacted. The thermal conductivity and 

permeability of the sorbent material are also affected by the compactness of the sorbent material. 

However, due to the lack of measured data for the sorbent material under difference levels of 

compactness, this study uses the range of thermal conductivity and permeability of the expanded 

graphite from the literature to qualitatively investigate the impact of the sorbent porosity on the 

adsorber performance due to the heat and mass transfer property change. 

Figure 66 shows the cumulative ammonia flow under porosity of the sorbent from 0.2 to 0.7. The 

impact of the lowering the porosity is not manifested until the porosity get below 0.3, and when 

the porosity is 0.2 the ammonia sorption capacity is considerably reduced. 
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Figure 66 ammonia sorption under different porosity of the salt disk 

 Discussion and Conclusion 

In this chapter the dynamic model for the chemisorption adsorber is developed, validated, and used 

to investigate the influence of the adsorber design parameters on the component performance. The 

dynamic adsorber model is centered around the heat and mass transfer as well as the chemical 

reaction inside the sorbent salt disk, which is modelled using the finite-difference method. The 

coefficients for the chemical equilibrium and the semi-empirical chemical kinetic equations are 

identified for the multiple-stage reactions involved in the adsorber operation. Using the calibrated 

parameters, the adsorber model is validated by comparing the simulated ammonia generation and 

sorption and those values calculated from experimental test results. The dynamic adsorber model 

can capture the transient adsorber operation under varying operating conditions, and therefore it 

can be used in the dynamic system simulation in the next chapter. 
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The chemical reaction coefficients are important parameters in the simulation. The identification 

of chemical equilibrium and kinetic coefficients can be found in several recent published studies. 

However, for multiple-stage reactions such as the LiCl-3/2/1/0 used in this study, the separation 

of the reaction stages is very important during the measuring test for both equilibrium and kinetic 

coefficients. Furthermore, there are several semi-empirical equation forms reported in the literature 

for the chemical kinetics, and this study used a modified exponential equation.  

The parametric study results show the effect of adding the heat transfer area by using thinner 

sorbent disks. Doubling the current thickness leads to about 13% loss in ammonia sorption and 

desorption capacity under similar operating conditions. On the other hand, doubling the number 

of heat pipe plates and halving the sorbent disk thickness leads to faster sorption and desorption 

rate with limited increase of the total sorption capacity. The thickness of 15 mm is recommended 

for requiring less heat exchanger surface and thermal mass while not compromising the heat 

transfer performance.  

 The compactness of the sorbent disk is an important parameter that affects the porosity, thermal 

conductivity, and permeability of the sorbent. The parametric calculation using expanded graphite 

properties shows that there is a lower threshold for the porosity after which the adsorber 

performance is considerably affected. The porosity of below 0.3 leads to considerable performance 

decline, and therefore the optimal porosity of the sorbent is around 0.3. 
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6. SYSTEM MODELLING 

The goal of the system modeling is to develop and validate a dynamic system model capable of 

accurately simulating the transient evolution of the system operation and calculate the overall 

system performance under various operating conditions and control strategies. The system model 

is used to extend the investigation of system performance under low ambient temperatures and to 

identify improvement method by studying the energy flow during operation.  

In this chapter, the configuration and measured operation of the CSHP system are first introduced. 

Then the heat transfer and thermodynamic governing equations for each key component in the 

system are described. The system model is assembled with the key component models and 

validated by comparing the simulation results with the test data. Finally, simulations results are 

presented and discussed to study the system performance under various operating conditions and 

to identify further improvement of the system operation and control. 

 System Configuration and Operation Data Used for Model Validation. 

The system under investigation is one of the four adsorber-condenser/evaporator modules in the 

same configuration as the experiment configuration #3 introduced in Chapter 4. The tested system 

consists of an adsorber and a combined condenser-evaporator. The heat exchanger in the adsorber 

is a hybrid heat pipe which includes a natural gas burner for steam generation, as well as a reservoir 

water tank and water pump for heat transfer via water circulation. The heat pipe system is also 

connected to a plate-type heat exchanger to pass the heat from circulated water to the external heat 

transfer fluids (cooling water). The adsorber and the condenser-evaporator are two connected 

vessels filled with ammonia vapor, and there is no check valve between them. The investigated 

adsorber-condenser/evaporator module is one of the two modules served by the same hybrid heat 

pipe.  

To capture the change of energy in the heat pipe as well as the thermal masses in the component 

shells, the water reservoir tank, and the natural gas burner during the transient operation, several 

additional temperature sensors are installed as well. The configuration and sensors of the simulated 
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system are illustrated in Figure 67. The sensors measuring key system operating parameters are 

listed in Table 28. 

 

Figure 67 System configuration and additional sensor location 

 

Table 28 Sensors in the tested system 

Name Sensor 
Internal 

/external 
Location Medium Parameter 

𝑇𝐻𝑃,𝑡𝑜𝑝 Thermocouple External Top of the heat pipe 
Stainless 

steel 

Heat pipe external 

temperature 

𝑇𝑠ℎ𝑒𝑙𝑙,𝑡𝑜𝑝 Thermocouple External Top ¼ of the adsorber vessel 
Stainless 

steel 
Shell temperature 

𝑇𝑠ℎ𝑒𝑙𝑙,𝑏𝑜𝑡 Thermocouple External Bottom ¼ of the adsorber vessel 
Stainless 

steel 
Shell temperature 

𝑇𝑠𝑎𝑙𝑡,𝑡𝑜𝑝 Thermocouple Internal 
Top ¼ of the adsorber heat 

exchanger stack 
Sorbent salt Salt temperature 

𝑇𝑠𝑎𝑙𝑡,𝑏𝑜𝑡 Thermocouple Internal 
Bottom ¼ of the adsorber heat 

exchanger stack 
Sorbent salt Salt temperature 

𝑇𝑏𝑢𝑟𝑛𝑒𝑟  Thermocouple External Outside burner envelope 
Stainless 

steel 
Burner shell temperature 

𝑇𝐻𝑃,𝑏𝑜𝑡 Thermocouple External 
Bottom of adsorber heat pipe 

return to the water tank 

Stainless 

steel 

Heat pipe external 

temperature 

𝑇𝑡𝑎𝑛𝑘,𝑏𝑜𝑡 Thermocouple External Bottom of the water tank shell 
Stainless 

steel 
Water temperature 

𝑇𝑡𝑎𝑛𝑘,𝑚𝑖𝑑 Thermocouple External 
Middle level of the water tank 

shell 

Stainless 

steel 
Water temperature 

𝑇𝐻𝑇𝐹,𝐻𝑃,𝑖𝑛 RTD Internal 
In the HTF flow into the heat pipe 

HX 
Water 

HTF inlet temperature during 

sorption mode 
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Table 28 continued 

𝑇𝐻𝑇𝐹,𝐻𝑃,𝑜𝑢𝑡 RTD Internal 
In the HTF low out of the heat 

pipe HX 
Water 

HTF outlet temperature during 

sorption mode 

𝑇𝐻𝑇𝐹,𝐶𝐸,𝑜𝑢𝑡 RTD Internal 
In the HTF flow out of the 

condenser-evaporator 
Water 

HTF outlet temperature during 

desorption mode 
𝑇𝐻𝑇𝐹,𝐶𝐸,𝑖𝑛 RTD Internal In the HTF flow into the 

condenser-evaporator 

Water HTF inlet temperature during 

desorption mode 

𝑇𝐶𝐸𝐻𝑋,𝑠ℎ𝑒𝑙𝑙 Thermocouple  External On the condenser-evaporator 

vessel wall in the middle 

Stainless 

steel 

Condenser-evaporator shell 

temperature  

𝑇𝐶𝐸𝐻𝑋,𝑡𝑜𝑝 Thermocouple  Internal Top ¼ inside the condenser-

evaporator heat exchanger 

Ammonia Heat exchanger (and ammonia 

condensate) temperature  

𝑇𝐶𝐸𝐻𝑋,𝑏𝑜𝑡 Thermocouple  Internal Bottom ¼ inside the condenser-

evaporator heat exchanger 

Ammonia Heat exchanger (and ammonia 

condensate) temperature 

𝑃𝑠𝑡𝑒𝑎𝑚 Pressure 

transducer 

Internal  Top of the heat pipe Water/steam Heat pipe steam pressure 

𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟  Pressure 

transducer 

Internal Top of the condenser-

evaporator vessel 

Ammonia Sorption module ammonia 

pressure 

Experimental test of the above configuration was carried out on 6/7/2019 in an unconditioned 

environment chamber. The ambient temperature was around 20°C. The target heat supply 

temperature (cooling water temperature leaving the heat pump system) was set to be 43°C. 

The operation started with the desorption mode where the burner was turned on to generate steam 

for the hybrid heat pipe. The steam condensed in the heat pipe heat exchanger in the adsorber to 

heat up the salt, driving ammonia out of the salt. With an increasing amount of ammonia released 

by the salt, ammonia started to condense in the condenser-evaporator heat exchanger (CEHX) and 

raised the temperature of the CEHX. Meanwhile, the pump on the cooling water line through the 

CEHX was kept off until the temperature of the CEHX reached the target supply temperature. 

Once the temperature of CEHX reached the supply temperature, cooling water was pump through 

the CEHX to extract the ammonia condensation heat until the ammonia in the salt was exhausted 

and the desorption mode is ended by turning off the burner and the cooling water circulation 

through the CEHX. 

The sorption mode following the end of the desorption model started with the pump in the hybrid 

heat pump turned on to circulate water in the heat pipe to draw heat from the hot salt in the 

adsorbers. The cooling water was pumped through the heat pipe HX to extract the sorption heat 

from the circulated water in the heat pipe. Upon cooling the hot and “dry” sorbent salt, ammonia 

vapor started to be absorbed by the salt, lowering the ammonia vapor pressure in the adsorber-CE 

chamber, which further drove the liquid ammonia condensate in the CEHX to evaporate. The 

evaporation absorbed heat and cooled the thermal mass of the CEHX until its temperature went 

below the ambient temperature when the external HTF was once again circulated through the 
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CEHX to supply extra heat for evaporation. The sorption mode ended when the liquid ammonia 

in the CEHX all evaporated and the temperature of the hot water supply through the heat pipe HX 

drops below the target value. 

The operating temperatures of the salt and supplied hot water, as well as the energy input and 

output to the system are summarized in Table 29 and illustrated in Figure 68. Like the experimental 

study in Chapter 4, the heat input during the desorption mode by the steam generation of the burner 

is estimated by the measured natural gas flow and the empirically calibrated steam generation 

thermal efficiency. The details of the estimation process can be found in the appendix in Chapter 

4. 

Table 29 Key operating condition and performance summary for test on 6/7/2019 

Tamb  

[°C] 

HW 

return 

temp. 

[°C] 

HW 

supply 

temp.   

[°C] 

Des. 

mode 

time 

[min] 

Sorp. 

mode 

time 

[min] 

Tot. 

cycle 

time 

[min] 

Qdes 

[kJ] 

Qcond 

[kJ] 

Qads 

[kJ] 

Qevap 

[kJ] 

Qin 

[kJ] 

Qout 

[kJ] 

Avg. 

heating 

power 

[kW] 

COP 

[-] 

21.4 35.3 43.9 83.4 73.1 156.5 8909 1377 6732 817 9726 8109 0.817 0.91 

 

As shown in Figure 68, the desorption mode started with heat input into the adsorber for desorption 

(𝑄𝑑𝑒𝑠) from the natural gas burner. The heat pipe temperature increased steadily with the continual 

steam generation in the burner. Meanwhile, the condenser HTF outlet remained at the room 

temperature as the HTF pump was not turned on at first. Once the CEHX temperature reached the 

target heating supply temperature of 43.9°C, the condenser side HTF pump was turned on, and 

condensing heat was supplied at the desired temperature. The desorption mode ended when the 

burner was turned down as eventually off to maintain the heat pipe temperature around the 

maximum operating temperature of 200°C. A total of 8909kJ heat was supplied to the system via 

steam generation during the desorption mode. The condensing heat output was turned off at the 

same time with the heat supplied summed up to 1377kJ at above 43.9°C.  
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Figure 68 Time-series of key operating temperature and heat flow for 6/7/2019 test 

The sorption mode started with the heat pipe pump turned on and heat extracted from the hot salt, 

leading to drastic drop of the heat pipe temperature. The water circulated in the heat pipe passed 

the heat to the cooling water side via the heat pipe HX, leading to the HTF temperature at the heat 

pipe HX outlet increasing quickly past the target heating temperature. Meanwhile, the HTF pump 

at the condenser-evaporator side was kept off to let the evaporation cool the thermal mass of the 

C-E first. Once the CEHX is cooled to below the ambient temperature, the CE side pump was 

turned on, and the HTF supplies ambient-temperature heat to support the continual evaporation. 

The sorption mode was eventually ended when the salt temperature dropped to around the heating 

supply temperature, when the heat pipe water circulation and cooling water pump were both turned 

off. The heat supply by cooling the salt during the sorption mode added up to 6732kJ, and the total 

heat input at the ambient temperature in the evaporator was 817kJ. 

Based on the system heat input and output measured during the operation, the average heating 

power of this single adsorber-condenser/evaporator module was 0.817kW, and the heating COP is 

0.91. The total heat input is 1617kJ higher than the total heat output, and this difference can be 
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attributed to the increase of the temperature in the thermal masses in various components in the 

system. These operation data and system performance are later used to calibrate parameters in the 

key component models described below, and further used to validate the complete system model.  

 Key System Component Models 

As shown in the system configuration in Figure 67, the CSHP system comprises several 

interconnected components, and each component undergoes transient operation with the varying 

system energy input and output during desorption and sorption modes. Therefore, to accurately 

capture the dynamic behavior of the system, transient models for the key system components are 

first developed.  

The system dynamic model is consisted of three key components: the salt-containing adsorber, the 

hybrid heat pipe which includes the burner, the reservoir water tank, and the heat pipe heat 

exchanger, and the combined condenser-evaporator. Each component model is developed 

independently. Figure 69 and Figure 70 illustrate the data flow of the three component models 

interaction during desorption and sorption mode.  

 

Figure 69 Structure and data flow of the system dynamic model (in desorption mode) 
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Figure 70 Structure and data flow of the system model (in sorption mode) 

The arrows in the two figures indicates the data flow into and out of each component model. The 

colored arrows such as 𝑄𝑔𝑎𝑠 and 𝑇𝑎𝑚𝑏 for the gas heat input and the ambient temperature are given 

by the operating condition. The greyed arrows such as 𝑇𝑠𝑡𝑒𝑎𝑚 and 𝑃𝑣𝑎𝑝 indicating the heat pipe 

steam temperature and ammonia vapor pressure are intermediate parameters between the three key 

components. These intermediate parameters are calculation results of one component and is used 

as the calculation input of another component.  

6.2.1 Dynamic Model of Adsorber 

The dynamic model of the adsorber has been introduced in detail in Chapter 5. The data flow of 

the adsorber model is illustrated in Figure 71. Inside the adsorber, the salt is subjected to the 

ammonia vapor pressure in the chamber of both the adsorber and the condenser-evaporator. With 

the heat pipe temperature supplied by the hybrid heat pipe model and the ammonia vapor pressure 

supplied by the condenser-evaporator model, the sorbent dynamic model can calculate the heat 

exchange with the heat pipe medium ( 𝑄𝐻𝑃→𝑠𝑎𝑙𝑡 ) and the total amount of ammonia 

released/absorbed by the salt (𝑛𝑁𝐻3), which are in turn passed to the heat pipe model and the 

condenser-evaporator model as their calculation inputs. 
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Figure 71 Structure and data flow in the adsorber model 

In addition to the transient sorbent salt conditions, i.e. its temperature and the remaining amount 

of ammonia absorbed by it, the adsorber model also keeps track of the temperature of the adsorber 

shell thermal mass. The change of energy in them are calculated for every time step. 

6.2.2 Dynamic Models for the Hybrid Heat Pipe 

The hybrid heat pipe comprises the heat pipe heat exchanger connected to the sorbent salt and shell 

of the adsorber, the natural gas boiler, the water reservoir tank, and the heat pipe heat exchanger 

connected to the cooling water loop. These sub-components operate differently in the desorption 

and sorption modes, leading to different energy conservation equations.  
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Figure 72 Structure and data flow of the hybrid heat pipe model 

In the desorption mode, steam is generated by combusting natural gas to boil water in the burner. 

The steam fills all the empty volume of the heat pipe and thus is assumed to be at a uniform 

saturation state across the entire heat pipe. Based on the steam temperature, the heat transfer 

between the heat pipe and the adsorber salt and shell, as well as the heat loss through the heat pipe 

and burner exposed to the ambient can be calculated. Meanwhile, the majority of the 4kg of water 

in the system stays in the liquid form inside the reservoir tank. During desorption mode the water 

in the reservoir tank is in contact with the hot steam while also receiving hot condensate return 

from the heat pipe to replenish the water boiled in the burner. The water is likely to be stratified in 

the tank. However, due to lack of temperature sensor in the reservoir tank (one on the middle-

height), the water temperature is assumed to be uniform to simplify calculation. The heat exchange 

between the liquid water and the steam can be simplified into a UA-type heat transfer problem. 

Similarly, the heat transfer between the heat pipe and the adsorber shell is also simplified into a 

UA-type heat transfer problem with uniform-temperature assumption applied also to the adsorber 

shell. 
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 �̇�𝐻𝑃→𝑤𝑎𝑡𝑒𝑟 = (𝑇𝑠𝑡𝑒𝑎𝑚 − 𝑇𝑤𝑎𝑡𝑒𝑟) × 𝑈𝐴𝐻𝑃→𝑤𝑎𝑡𝑒𝑟  Equation 

85 

 �̇�𝐻𝑃→𝑠ℎ𝑒𝑙𝑙 = (𝑇𝑠𝑡𝑒𝑎𝑚 − 𝑇𝑠ℎ𝑒𝑙𝑙) × 𝑈𝐴𝐻𝑃→𝑠ℎ𝑒𝑙𝑙 Equation 

86 

 

With the measured steam and water temperature, the 𝑈𝐴𝐻𝑃→𝑤𝑎𝑡𝑒𝑟 is calibrated to be 0.01 kW/K. 

Based on the water temperature, the heat loss of the reservoir tank can then be calculated. The 

exposed heat pipe and the reservoir tank are both horizontal cylinders, and their convective and 

radiation heat exchange with the ambient can be calculated as below. Similarly, the 𝑈𝐴𝐻𝑃→𝑠ℎ𝑒𝑙𝑙 is 

identified to be 0.006 kW/K to make the shell temperature match the experimental measurement. 

The heat loss through the burner, which can be deemed as a vertical cylinder, can be calculated 

using the same equations for the adsorber shell with the dimension of the burner and the steam 

temperature. 

 
𝑅𝑎 =

𝑔𝛽𝐿3Δ𝑇 ∙ 𝑃𝑟

𝑣2
 

Equation 
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𝑄𝑐𝑜𝑛𝑣 = 𝑁𝑢 ∙

𝐾

𝐿
∙ 𝐴 ∙ Δ𝑇 Equation 

89 

 �̇�𝑟𝑎𝑑 = 𝐴 ∙ 𝜀 ∙ 𝜎 ∙ (𝑇
4 − 𝑇4) Equation 

90 
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For the steam in the heat pipe heat exchanger, the energy conservation equation is below. With the 

saturation assumption, both the specific enthalpy and the mass of the steam in the fix-volume heat 

pipe are functions of the steam temperature. Therefore, the steam temperature becomes the only 

variable in the equation and can be determined by solving the energy balance equation of the steam 

for each time step. The volume of the heat pipe is estimated to be 3.2L based on the dimensions of 

the heat pipe heat exchanger inside the adsorber as well as the part of heat pipe outside the adsorber. 

 𝑑(Hsteam ×𝑚𝑠𝑡𝑒𝑎𝑚)

𝑑𝑡
= �̇�𝑔𝑎𝑠 + �̇�𝐻𝑃→𝑠𝑎𝑙𝑡 + �̇�𝐻𝑃→𝑠ℎ𝑒𝑙𝑙 + �̇�𝑙𝑜𝑠𝑠,𝐻𝑃 + �̇�𝑙𝑜𝑠𝑠,𝑏𝑢𝑟𝑛𝑒𝑟 + �̇�𝐻𝑃→𝑤𝑎𝑡𝑒𝑟 

Equation 
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𝐻𝑠𝑡𝑒𝑎𝑚 ×𝑚𝑠𝑡𝑒𝑎𝑚 = 𝑓(𝑇𝑠𝑡𝑒𝑎𝑚) = 𝐻𝑠𝑎𝑡,𝑠𝑡𝑒𝑎𝑚(𝑇𝑠𝑡𝑒𝑎𝑚) ×

𝑉𝐻𝑃
𝑣𝑠𝑎𝑡,𝑠𝑡𝑒𝑎𝑚(𝑇𝑠𝑡𝑒𝑎𝑚)

 Equation 
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In the sorption model, the burner is turned off and the water in the reservoir tank is circulated 

through the heat pipe plates and tubes. The heated water is brought in contact with the external 

heat transfer fluid (HTF) to release the heat to the end-use. Due to the lack of temperature sensors 

across the heat pipe and the fast dynamic of the heat transfer between the hot salt, the circulated 

water, and the external HTF, the temperature of the liquid water is assumed to be uniform 

throughout the heat pipe and the water tank. As a result, the heat transfer between the heat pipe 

and other parts of the system can be written as a function of the water temperature, and thus the 

water temperature can be determined by solving the energy balance equation. And the heat transfer 

between the heat pipe water and the external HTF described with the UA-LMTD method. 

 
𝐶𝑝 ∙ 𝑚𝑤𝑎𝑡𝑒𝑟 ∙

𝑑Twater
𝑑𝑡

= �̇�𝐻𝑃→𝑠𝑎𝑙𝑡 + �̇�𝐻𝑃→𝑠ℎ𝑒𝑙𝑙 + �̇�𝑙𝑜𝑠𝑠,𝐻𝑃 + �̇�𝐻𝑃→𝑜𝑢𝑡 
Equation 

93 

  

6.2.3 Dynamic Model for the Condenser-evaporator  

The condenser-evaporator (C-E) model describes the state of the ammonia in the empty volume of 

the sorption module as well on the heat exchanger and shell of the C-E vessel. The ammonia vapor 
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is subjected to the ammonia release and absorption via the chemisorption reaction in the adsorber 

as well as the phase change on the C-E heat exchanger and shell. The C-E is also a reservoir of the 

condensed liquid ammonia, and depending on the location of condensation, the accumulated liquid 

is associated with either the heat exchanger or the shell. The C-E model is linked to the adsorber 

model with the ammonia vapor pressure and flow associated with the chemical reaction with the 

salt.  

 

Figure 73 Structure and data flow of the condenser-evaporator model 

The state of the ammonia vapor is calculated using the ideal gas law. The number of moles in 

vapor (𝑛𝑣𝑎𝑝) is calculated by the mass balance between the vapor ammonia change associated with 

the chemisorption reaction and the phase change as below. The temperature of the vapor ammonia 

(𝑇𝑣𝑎𝑝) is calculated by the energy balance equation of the vapor ammonia as below under the 

assumption that the heat transfer between the ammonia vapor and the adsorber salt and shell are 

negligible, and that only condensation and evaporation heat transfer occurs between the vapor and 

the C-E heat exchanger and shell. The fixed empty volume of the adsorber-condenser/evaporator 

chamber is estimated to be 42.1L based on the dimension of the adsorber and C-E vessels as well 

as the internal heat exchanger dimensions. 

 𝑃𝑣𝑎𝑝 ∙ 𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟 = 𝑛𝑣𝑎𝑝 ∙ 𝑅 ∙ 𝑇𝑣𝑎𝑝 Equation 

94 

 
𝑑𝑛𝑣𝑎𝑝
𝑑𝑡

= �̇�𝑁𝐻3,𝐻𝑋 + �̇�𝑁𝐻3,𝑠ℎ𝑒𝑙𝑙 + �̇�𝑁𝐻3,𝑠𝑎𝑙𝑡 
Equation 
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In the energy balance equation, when the ammonia vapor flow is towards salt (i.e. sorption reaction) 

or liquid ammonia (i.e. condensation), the exiting energy is calculated using the ammonia 

temperature. Otherwise the entering energy with the ammonia vapor inflow is calculated using the 

temperature of the corresponding sources. 

 

�̇�𝑣𝑎𝑝,𝐻𝑋 = 𝐶𝑝𝑣𝑎𝑝 ∙ 𝑀𝑁𝐻3 ∙ �̇�𝑁𝐻3 ,𝐻𝑋 ∙ 𝑇𝐶𝐸,𝐻𝑋, �̇�𝑁𝐻3,𝐻𝑋 > 0 

�̇�𝑣𝑎𝑝,𝐻𝑋 = 𝐶𝑝𝑣𝑎𝑝 ∙ 𝑀𝑁𝐻3 ∙ �̇�𝑁𝐻3 ,𝐻𝑋 ∙ 𝑇𝑣𝑎𝑝, �̇�𝑁𝐻3,𝐻𝑋 < 0 

Equation 
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�̇�𝑣𝑎𝑝,𝑠ℎ𝑒𝑙𝑙 = 𝐶𝑝𝑣𝑎𝑝 ∙ 𝑀𝑁𝐻3 ∙ �̇�𝑁𝐻3 ,𝑠ℎ𝑒𝑙𝑙 ∙ 𝑇𝐶𝐸,𝑠ℎ𝑒𝑙𝑙 , �̇�𝑁𝐻3,𝑠ℎ𝑒𝑙𝑙 > 0 

�̇�𝑣𝑎𝑝,𝑠ℎ𝑒𝑙𝑙 = 𝐶𝑝𝑣𝑎𝑝 ∙ 𝑀𝑁𝐻3 ∙ �̇�𝑁𝐻3 ,𝑠ℎ𝑒𝑙𝑙 ∙ 𝑇𝑣𝑎𝑝, �̇�𝑁𝐻3,𝑠ℎ𝑒𝑙𝑙 < 0 

Equation 

97 

 

�̇�𝑣𝑎𝑝,𝑠𝑎𝑙𝑡 = 𝐶𝑝𝑣𝑎𝑝 ∙ 𝑀𝑁𝐻3 ∙ �̇�𝑁𝐻3 ,𝑠𝑎𝑙𝑡 ∙ 𝑇𝑠𝑎𝑙𝑡, �̇�𝑁𝐻3,𝑠𝑎𝑙𝑡 > 0 

�̇�𝑣𝑎𝑝,𝑠𝑎𝑙𝑡 = 𝐶𝑝𝑣𝑎𝑝 ∙ 𝑀𝑁𝐻3 ∙ �̇�𝑁𝐻3 ,𝑠𝑎𝑙𝑡 ∙ 𝑇𝑣𝑎𝑝, �̇�𝑁𝐻3,𝑠𝑎𝑙𝑡 < 0 

Equation 
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𝑑(𝑇𝑣𝑎𝑝 ∙ 𝑛𝑣𝑎𝑝)

𝑑𝑡
∙ 𝐶𝑝𝑣𝑎𝑝 ∙ 𝑀𝑁𝐻3 = �̇�𝑣𝑎𝑝,𝐻𝑋 + �̇�𝑣𝑎𝑝,𝑠ℎ𝑒𝑙𝑙 + �̇�𝑣𝑎𝑝,𝑠𝑎𝑙𝑡 

Equation 
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While the ammonia in-flow from the salt is calculated by the adsorber model, the ammonia 

condensation on the CEHX and the shell is calculated based on the condensation heat transfer 

model. The temperature of the ammonia vapor in the heat transfer calculation is the saturation 

temperature corresponding to its pressure to account for the superheated condition.  

 ℎ𝑓𝑔,𝑁𝐻3 ∙ 𝑀𝑁𝐻3 ∙ �̇�𝑁𝐻3,𝐻𝑋 = ℎ𝐴𝐶𝐸𝐻𝑋 ∙ (𝑇𝑣𝑎𝑝,𝑠𝑎𝑡 − 𝑇𝐶𝐸,𝐻𝑋) 
Equation 

100 

 ℎ𝑓𝑔,𝑁𝐻3 ∙ 𝑀𝑁𝐻3 ∙ �̇�𝑁𝐻3,𝑠ℎ𝑒𝑙𝑙 = ℎ𝐴𝐶𝐸,𝑠ℎ𝑒𝑙𝑙 ∙ (𝑇𝑣𝑎𝑝,𝑠𝑎𝑡 − 𝑇𝐶𝐸,𝑠ℎ𝑒𝑙𝑙) 
Equation 

101 
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Since the CEHX is a combination of a multi-stack flat-plate heat exchanger and carbon porous 

matrix, its condensation heat transfer coefficient and surface area cannot be directly measured. 

Instead, in the current model, their product (ℎ𝐴𝐶𝐸𝐻𝑋) is calibrated to be 5kW/K and 0.5kW/K using 

the experimental data for condensation and evaporation, separately. The similar is done for the 

phase change heat transfer with the shell, and the ℎ𝐴𝐶𝐸,𝑠ℎ𝑒𝑙𝑙 for condensation and evaporation are 

0.5kW/K and 0.05kW/K.  

 System Model Validation 

With the individual component model developed above, the system dynamic model can be 

assembled. The structure and data flow between the components in the system model are illustrated 

in Figure 69 and Figure 70. For each time step, the system model is calculated starting from the 

heat pipe and propagating to the adsorber and finally the condenser-evaporator. For example, in 

desorption mode, the heat pipe model takes the current combustion heat input as well as the 

previous-step energy flow to the salt and shell of the adsorber to calculate the steam temperature 

along with the heat transfer to the water and loss to the ambient for the current time step. Then the 

adsorber model takes the steam temperature and chamber ammonia pressure from the previous 

step and calculates the energy and ammonia sorption associated with the chemical reaction. Finally 

the condenser-evaporator model updates the current chamber ammonia pressure based on the 

previous time-step ammonia in-flow from the salt as well as the ammonia condensation on the 

CEHX and shell, along with the heat output in the cooling water loop and heat loss to the ambient. 

The system model is used to simulate the operation of the one adsorber-condenser/evaporator 

module on 6/7/2019. The model takes the time-series data of the measured natural gas input, hot 

water return temperature and flow rate, as well as the ambient temperature as the simulation input, 

and set the temperatures and pressures of each system to correspond to the beginning of the test as 

the initial value. The calculated key temperatures and energy flow are compared with the 

experiment measurement below to validate the system model. 

Figure 74 illustrates the comparison of the calculated and measured ammonia chamber pressure 

and heat pipe steam and water temperature. The hot water supply temperature in the test and 

simulation are compared in Figure 75. The simulation results generally show good agreement with 
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the measured values. For the ammonia chamber pressure between 90 and 140 min, the simulated 

value is higher than the measurement. This can be explained by the significant temperature 

fluctuation at the beginning of the sorption mode when water in the reservoir tank was first pumped 

into the adsorber to extract heat from the hot salt. The model assumes the temperature of the entire 

water body is uniform and calculates the heat flux into the water using that temperature. To 

compensate for the over-estimated temperature difference between the salt and the water, the 

model turns on the water pumping intermittently at the beginning stage. As the combining result 

of the two factors, at the beginning of water circulation, the model overestimates the temperature 

change of the water body (Figure 75) and underestimates the ammonia pressure change (Figure 

74).  
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Figure 74 Comparison of simulation and test ammonia pressure (top) and steam/water 

temperature in the heat pipe (bottom) 
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Figure 75 Comparison of simulation and test salt temperature (top) and hot water supply 

temperature (bottom) 

Nevertheless, such difference does not lead to considerable error in predicting the key operating 

parameters after the beginning of the sorption mode. More importantly, the accuracy for system 

overall performance prediction is not affected by the simplification in the heat pipe water 

circulation, as is shown in Table 30 for key energy flow during the system operation. The 

overestimation of the evaporation heat is further discussed in the discussion section.  



 

167 

 

Table 30 Comparison of simulation and experiment system overall performance 

PARAMETER QDES [KJ] QCOND [KJ] QADS [KJ] QEVAP [KJ] QIN,TOT [KJ] QOUT,TOT [KJ] COP [-] 

EXPERIMENT 8909 1377 6732 817 9726 8109 0.91 

MODEL 8909 1206 6653 1187 10096 7859 0.88 

ERROR  0 -13% -1.2% +45% +3.8% -3.1% -3.3% 

 

To further analyze the system operation given the detailed information from the validated system 

model, the energy flow is further categorized into in-flow, storage, and outflow as listed in   
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Table 31. Most of the heat input into the system is from the natural gas combustion at high 

temperature compared with the heat inflow at the cold ambient temperature. The heat loss during 

heat inflow is around 7% of the total heat input. The heat that enters the system during the 

desorption mode is mostly stored in the form of the chemical potential and heat in the salt (𝑄𝑖𝑛−𝑠𝑎𝑙𝑡) 

and the sensible heat of various other thermal masses in the system (𝑄𝑖𝑛−𝑇𝑀). The heat that enters 

the system during the sorption mode is transferred in the system in the form of the vaporization 

heat of ammonia (𝑄𝑖𝑛−𝑁𝐻3). Finally, most of the stored heat is supplied to the end use or lost to 

the ambient. The heat outflow during the sorption mode comes from both the hot thermal mass 

(𝑄𝑜𝑢𝑡−𝑇𝑀) and the sensible and chemical heat of the salt (𝑄𝑜𝑢𝑡−𝑠𝑎𝑙𝑡). The condensation heat of the 

ammonia is released during the desorption mode.  
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Table 31 Energy flow breakdown of the simulated results, also illustrated in Figure 76 

 INFLOW STORAGE OUTFLOW 

 Qin-NG Qin-Evap Qin-loss Qin-TM Qin-salt Qin-NH3 Qout-TM Qout-loss Qout-salt Qout-Cond 

HEAT 

[KJ] 
8909 1187 727 3670 4521 1606 2211 794 4342 1206 

%TOTAL 88.2 11.8 -7.2 39.2 48.2 12.6 25.8 9.3 50.8 14.1 

As shown in the table, the heat associated with the essential phenomenon of the CSHP, i.e. the 

chemisorption reaction in the salt, is only less than half in both the heat input and output. Therefore, 

only less than half of the total input heat is amplified by the theoretical ammonia-based 

chemisorption cycle COP of about 1.5, while over half of the input heat is merely temporarily 

stored as sensible heat in the thermal masses before passes on to the end use or lost to the ambient. 

The overall system energy flow is illustrated in the Sankey diagram in Figure 76.  

 

Figure 76 Simulated overall system energy flow corresponding in   
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Table 31 

 System Performance Simulation 

6.4.1 Baseline System 

The baseline system consist of a single adsorber-C/E module is simulated under the rating 

condition for heat pump systems according to the ANSI-Z21.40.4 [160] for gas-fired air-source 

heat pumps for heating with ambient temperature of -8.3°C. The hot water return temperature is 

43.3°C/110°F and the supply is 48.9°C/120°F. The hot water flow rate is fixed at 0.06kg/s. The 

HTF temperature entering the C-E during sorption mode is 10°C below the ambient temperature 

to emulate a typical fan-coil. The low-temperature HTF is 40% aqueous ethylene glycol solution 

with freezing point of -23.5°C. The average properties between -20°C and 50°C are used. The 

density is 1070 kg/m3, and the specific heat is 3.63 kJ/kg.C. The HTF flow rate is fixed at 0.07kg/s. 

The burner gas input is fixed at 2kW during desorption mode, with steam generation effectiveness 

at 65%. Table 32 lists the design parameters and the boundary and initial conditions for the baseline 

system.  

Table 32 Design Parameter and Boundary Conditions for the Baseline System 
Design Parameter Value Boundary & Initial Conditions Value 

Salt mass [kg] 2.2 Ambient temperature [°C] -8.3 

Ammonia mass [kg] 2.1 Hot water return temperature [°C] 43.3 

Adsorber shell mass [kg] 24 Hot water supply temperature [°C] 48.9 

Adsorber HX mass [kg] 8 Hot water flow rate [kg/s] 0.06 

Condenser-evaporator UA [W/°C] 800 Evaporator HTF flow rate [kg/s] 0.07 

Burner steam generation input [kW] 3 Temperature diff. between ambient and evaporator 

water inlet [°C] 

10 

Fiberglass insulation thickness [in] 3 Insulation conductance [W/m2-K] 0.52 

Mode switch threshold [kW] 0.1   

The simulated time-series of the system heat input and output for two consecutive cycles under 

the baseline case condition is illustrated in Figure 77. The natural gas heat input was sustained 

until the salt temperature approaches the safety limit of 200°C, when it is turned down gradually. 

The condensing heat output starts once the condenser HX temperature exceeds the target hot water 

supply temperature, about in the middle of the desorption mode. The desorption mode is 

terminated when the condensing heat output drops below 0.1 kW. Upon switching to the sorption 
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mode, the burner is turned off the heat output is by cooling the salt in the adsorber, until the heating 

power drops below the threshold. 

 

Figure 77 Time-series of the system heat input and output during two consecutive cycles 

simulated under -8.3°C ambient and low insulation 

The key temperature and heat flow of the baseline system simulation are listed in Table 33. The 

temperature of both the heat exchanger and the shell of the condenser-evaporator is lower than the 

ambient temperature, and therefore more condensing heat is consumed in the pre-heated cycle. On 

the other hand, the thermal masses such as the adsorber shell are heated up during the cold-start 

cycle and therefore consumes much less heat to heat up in the pre-heated cycle. Meanwhile, the 

higher average temperature of these thermal masses also leads to an increase of the heat loss to the 

ambient. The combined result of above changes between the cold-start and pre-heated cycles is 

that the latter has a higher heating COP, which can be representative to the continued operation of 

the system. 

Table 33 Simulation results of baseline system 

CYCLE 
QDES 

[KJ] 

QCOND 

[KJ] 

QADS 

[KJ] 

QEVAP 

[KJ] 

QTM,IN 

[KJ] 

QLOSS 

[KJ] 

QOUT,TOT 

[KJ] 

COP 

[-] 

PAVG 

[W] 

COLD-

START 
12555 488 8546 264 2212 1573 9034 0.72 885 

PRE-

HEATED 
11097 182 8941 288 391 1871 9123 0.82 883 

CHANGE -1458 -306 +395 +24 -1821 +298 +89 +0.1 -2 

CHANGE% -11.6% -62.7% +4.6% +9.1% -82.3% +18.9% +1.0% +14% -0.2% 
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6.4.2 Parametric Study 

Based on the baseline case, the investigation of the system performance is extended into different 

ambient temperatures, levels of insulation, for both cold-start and pre-heated scenarios. The cold-

climate ambient temperatures of 8.3°C, -8.3°C, and -13.9°C are selected based on ANSI standard 

Z21.40.4 for gas-fired air-source heat pumps [160]. Two typical fiberglass insulation are 

investigated: 3-inch R11 batted fiberglass, and 5-inch R21 high-density batted fiberglass. Their 

corresponding heat conductance are 0.52W/m2.K and 0.27W/m2.K. 

The simulated performances of the system under these operating conditions are listed in Table 

34. The heating COP are plotted in Figure 78. In general, the system heating COP decreases with 

lower ambient temperatures and low insulation level. Like the baseline case, the pre-heated 

cycles always have higher COP than the corresponding cold-start cycle due to the reduced 

temperature swing of most thermal masses in the system. The reduction of the condensing 

heating output is more pronounced in the low-ambient-temperature scenarios since the 

temperature swing of the CE thermal mass is considerably higher. In the extreme case of -13.9°C 

ambient with low insulation, the system is not able to finish the pre-heated cycle since the 

ammonia condensing heat is not enough to heat the condenser HX up to the target hot water 

supply temperature. In another word, the heat pumping effect of the CSHP system dwindles 

quickly as the ambient temperature gets low. 
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Table 34 Summary of the key performances of the parametric simulations 

Tamb 

[C] 

Insulation 

conductance 

[W/m2.K] 

Cycle type 
Qdes 

[kJ] 

Qcond 

[kJ] 

Qads 

[kJ] 

Qevap 

[kJ] 

QTM 

[kJ] 

Qloss 

[kJ] 

COP 

[-] 

8.3 

0.52 cold-start 12222 829 8746 677 1859 1465 0.78 

0.52 pre-heated 10551 625 8747 621 335 1465 0.89 

0.27 cold-start 11799 881 9470 728 1856 320 0.88 

0.27 pre-heated 10104 674 9465 661 265 361 1.00 

-8.3 

0.52 cold-start 12555 488 8546 264 2212 1573 0.72 

0.52 pre-heated 11097 182 8941 288 391 1871 0.82 

0.27 cold-start 12135 581 9352 324 2188 338 0.82 

0.27 pre-heated 10107 347 9373 291 304 374 0.96 

-13.9 

0.52 cold-start 12648 373 8510 159 2295 1629 0.70 

0.52 pre-heated * * * * * * * 

0.27 cold-start 12171 444 9327 192 2248 344 0.80 

0.27 pre-heated 11085 177 10338 209 239 540 0.95 

*the cycle was not able to continue as no condensing heat output at the supply temperature was achieved. 

 

Figure 78 Heating COP for parametric runs 

The effect of adding insulation is significant especially at low ambient temperature. By replacing 

the default R11 fiberglass with R21 fiberglass, the heat loss can be reduced by almost 80% and 

improving the overall COP by 13-18%. Despite the reduced heating output at the condenser, the 

pre-heated cycle COP is always higher than the cold-start cycles as the former requires less heat 

input to drive the operation thanks to the pre-heated thermal masses.  

The parametric study shows the system’s sustained COP of above 0.95 even at -13.9°C with 

sufficient insulation. On the other hand, the reduced condensing heat output at low temperatures 
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considerably hampers the heat pumping effect of the CSHP system, therefore limiting the system 

COP below 1.0. To approach the theoretical heating COP of above 1.0, the future system needs to 

reduce the heat consumption by the thermal masses under large temperature swings, as well as to 

reduce heat loss during the long operating period. 

 Discussions 

The baseline case simulation and the parametric study have revealed the system performance under 

typical operating conditions. Further analysis of the results leads to following discussions on 

discoveries and possible future improvement of the system. 

6.5.1. Issues with the Combined Condenser-evaporator 

The current system uses a combined condenser-evaporator to exchange the phase-change heat of 

ammonia with external heat sources and to store the condensed liquid ammonia. Although using 

the dual-purpose heat exchanger reduces the total number of components in the system and thus 

makes the system more compact, it also leads to issues that limits the system performance.  

6.5.1.1 Non-useful Condensation on the Shell 

Since the CE shell is also in constant contact with the ammonia vapor, a considerable amount of 

condensation happens on the shell. Figure 79 shows the cumulative amount of ammonia liquid on 

the CEHX and CE shell calculated by the system model. Of the maximum 1.2 kg ammonia released 

from the salt during desorption mode, over 0.2 kg or 17% condensed on the CE shell. 
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Figure 79 cumulative liquid ammonia on CEHX and CE shell under baseline case condition 

The condensation on the CE shell reduces the heating output during desorption mode with less 

condensing heat extracted by the hot water through the CEHX. As shown in the parametric study 

under extremely low ambient temperature (-13.9C) and with insufficient insulation, the reduction 

of condensation on the CEHX could disable the condensing heat output and further reduces the 

system performance. To mitigate such negative effect, the CE vessel needs to be heavily insulated 

to avoid the shell temperature drop below the HX temperature. Another way to solve the issue is 

to collect and supply the heat of condensation on the shell as useful heating output by surrounding 

the vessel of condensation with medium to be heated, such as wrapping the vessel with external 

heat exchanger for heating, or emerging the vessel in a hot water tank. 

6.5.1.2 Liquid Ammonia Accumulation on the Shell 

Although the model accounts for the ammonia condensation on the condenser heat exchanger as 

well as on the shell, it assumes all the condensate stays on the surface of condensation, where it 

absorbs heat once the system is switched to the sorption-evaporation mode. However, the open-

disk design of the condenser heat exchanger makes it possible for the ammonia condensed on the 

CEHX to outflow the loose carbon matrix between the CEHX disks and accumulate at the bottom 

of the CE shell. Such movement of the liquid ammonia increases the amount of liquid ammonia 

on the shell and reduces the liquid ammonia on the CEHX at the beginning of the sorption mode. 

As the result, the CEHX sees less heat input during the sorption mode, while the shell has more 
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heat taken from it in sorption mode due to evaporation than the condensation heat it gets during 

the desorption mode. This can further leads to cold-spot at the bottom of the shell, which makes it 

easier for more ammonia vapor to condense on the shell in the next desorption-condensing cycle, 

as illustrated in Figure 80. 

 

Figure 80 Migration and accumulation of liquid ammonia on the shell 

Such hypothesis of the liquid ammonia migration is supported by the observed discrepancy 

between the condensing heat and the evaporation heat on the CEHX, as well as the difference 

between the simulated and measured evaporation heat. In Chapter 4, the evaporation heat measured 

during the sorption mode is significantly lower (often about half) than their previous condensation 

stage in most of the tests. In the system model validation (section 6.3.) the calculated evaporation 

heat is 45% higher than the experimentally measured value. Since the measurement can only 

capture the evaporation of liquid ammonia on the CEHX, it suggests the amount of liquid ammonia 

condensed on the CEHX is higher than the liquid ammonia evaporated from the CEHX.  

6.5.1.3 Thermal Mass  

The thermal mass of the condenser-evaporator undergoes significant temperature swing between 

the desorption-condensing and the sorption-evaporating mode, especially under low ambient 
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temperatures. The heat needed to heat up and cool down this thermal mass is supplied by the 

ammonia phase change, and therefore it reduces the amount of useful heat generated as well as 

reducing the amount of low-temperature ambient heat entering the system. In the current design 

as measured in [161], the mass of the CEHX and CE shell is significant compared with the 

ammonia. Depending on the ambient temperature, the heat involved in the CE thermal mass 

temperature swing takes 60%~100% of the total condensing/evaporating heat. If the condenser 

and the evaporator are separated, they do not have to operate between two temperatures, and 

therefore eliminates the loss of useful heat production. 

 

6.5.2. Output Fluctuation: Need a Buffer Tank 

As shown in Figure 77, the system heating output is always transient during operation. Generally, 

the desorption model has a lower heating power at the condenser side compared with the heat 

produced at the adsorber in the sorption mode. Within the desorption and sorption mode, the 

heating output is also affected by the changing temperature of system thermal masses and chemical 

reaction rate. Moreover, there is an intermediate period during the starting stage of the desorption 

mode when the condenser temperature is yet not high enough for heating output. These transient 

behavior of the system heating output calls for a buffer tank to smoothen the overall system heating 

output.  

6.5.3. Fuel Combustion Heat Recovery and Gas COP 

The overall system gas COP can be defined as the ratio of the total heat output and the total gas 

heat input. The heat generated by combusting the natural gas is split into two parts: the heat 

transferred through the hybrid heat pipe into the CSHP system and the heat carried away in the hot 

flue gas leaving the burner.  
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 𝑄𝐶𝑆𝐻𝑃,𝑜𝑢𝑡 = 𝐶𝑂𝑃𝐶𝑆𝐻𝑃 × 𝑄𝐶𝑆𝐻𝑃,𝑖𝑛 = 𝐶𝑂𝑃𝐶𝑆𝐻𝑃 × (𝑄𝑔𝑎𝑠,𝑖𝑛 × 𝜂𝑠𝑡𝑒𝑎𝑚,𝑔𝑒𝑛) 
Equation 

102 

 𝑄𝑓𝑙𝑢𝑒,𝑜𝑢𝑡 = 𝑄𝑓𝑙𝑢𝑒 × 𝜂𝑓𝑙𝑢𝑒,𝑟𝑒𝑐𝑜𝑣 = 𝑄𝑔𝑎𝑠,𝑖𝑛 × (1 − 𝜂𝑠𝑡𝑒𝑎𝑚,𝑔𝑒𝑛) × 𝜂𝑓𝑙𝑢𝑒,𝑟𝑒𝑐𝑜𝑣 
Equation 
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𝐶𝑂𝑃𝑔𝑎𝑠 =

𝑄𝑜𝑢𝑡
𝑄𝑔𝑎𝑠,𝑖𝑛

=
𝑄𝐶𝑆𝐻𝑃,𝑜𝑢𝑡 + 𝑄𝑓𝑙𝑢𝑒,𝑜𝑢𝑡

𝑄𝑔𝑎𝑠,𝑖𝑛
= 𝐶𝑂𝑃𝐶𝑆𝐻𝑃 × 𝜂𝑠𝑡𝑒𝑎𝑚,𝑔𝑒𝑛 + 𝜂𝑓𝑙𝑢𝑒,𝑟𝑒𝑐𝑜𝑣 × (1 − 𝜂𝑠𝑡𝑒𝑎𝑚,𝑔𝑒𝑛) 

Equation 
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The above equations show that improving the heating COP of the CSHP is only affecting the heat 

pump amplification effect on the part of the heat that reaches the salt in the adsorber. To maximize 

the system gas efficiency, improvement needs to be implemented on the steam generation 

efficiency of the burner as well as the flue gas heat recovery.  

6.5.4. An Improved System Design  

To overcome the issues with the combined condenser-evaporator and considerable loss of heating 

capacity and efficiency discussed above, an improved design was conceived by SaltX/HeatAmp 

for the future systems. The adsorber and much of the heat pipe system is placed in a hot-water 

buffer tank. The shell of the adsorber is used as the condensing surface of the vapor ammonia 

during desorption-condensation mode, where the condensation heat is transferred to the 

surrounding water. The condensate liquid ammonia flows down the adsorber shell and accumulates 

in the evaporator outside the buffer tank. During sorption-evaporation mode, the liquid ammonia 

evaporates and re-combines with the sorbent in the adsorber, transferring the reaction heat to the 

pumped water in the heat pipe and eventually heating the water in the buffer tank. 
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Figure 81 Schematic of the improved system design  

The improved design separates the condenser and evaporator to avoid the temperature swing of 

the metal thermal masses; it mitigates the heat loss to the ambient by enclosing the hot parts of the 

system in the buffer tank; and it better harvest the condensation heat for water heating by using 

the adsorber shell as the condensing surface.  

The last desorption stage of LiCl-NH3 reaction happens at around 190°C, which is close to the 

upper temperature limit of around 210°C of the current welded stainless-steel steam heat pipe for 

transferring heat from the high-temperature source to the salt. To increase the reaction rate of the 

last desorption stage and accelerate the system operation for a higher heating power, the 

temperature limit of the heat pipe in the improved design is raised to 250°C. In real systems, this 

temperature might require changing the heating method from the current steam heat pipe to flue-

gas direct heat.  

Using the same component dimensions, the system model is used to calculate the performance of 

such an improved system. The energy flow breakdown of the system operating under 8.3°C is 

summarized in Table 35 and shown in Figure 82. The heating COP of the improved system is 1.23. 

Compared with the previous prototype, the improved design significantly reduces the heat loss and 
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increases the heating output associated with the condensation. The heat retention in the thermal 

masses is also considerably reduced with the separate condenser-evaporator design.  

Table 35 Energy breakdown of the improved system under 8.3°C 

 INFLOW STORAGE OUTFLOW 

 Qin-NG Qin-Evap Qin-loss Qin-TM Qin-salt Qin-NH3 Qout-TM Qout-loss Qout-salt Qout-Cond 

HEAT 

[KJ] 
8508 2466 289 1520 6678 2466 1487 118 6466 2480 

%TOTAL 77.5 22.5 -2 14.3 62.6 23.1 14.1 1.1 61.3 23.5 

 

 

Figure 82 Energy flow of the improved system design operating at 8.3°C 

The comparison of heating COP with the current prototype system under the three ambient 

temperatures as shown in Figure 83. The improved design demonstrates significant increase of 

heating COP in all scenarios and maintains high heating COP of around 1.2 down to -13.9°C 

ambient.  
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Figure 83 Performance comparison of the improved design under cold-climate heating 

conditions 

To further improve the system heating COP, the heat retention in the thermal mass of the system 

need to be further reduced. This can be achieved by using working pairs with lower operating 

temperature and pressure (e.g. CaCl2). Due to the high operating temperature (>200°C) and 

corresponding high steam pressure (>1500kPa), a closed hybrid heat pipe system with considerable 

metal mass needs to be used. The thermal mass of the salt and adsorber heat exchanger also 

undergoes significant temperature swing and requires considerable amount of heat from the heat 

source to raise the reaction temperature. In contrast, for a working pair with a lower operating 

temperature range, the heat required to raise the temperature of exchanger metal and sorbent is 

reduced. Furthermore, at lower steam pressure, the closed hybrid heat pipe system can be replaced 

with an open water boiling/circulation system to further reduce the number of component and 

thermal mass in the system for higher heating performance.  
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6.5.5. Improving the Model Accuracy 

The following assumptions were made in the system dynamic model to simplify the calculation. 

The simulation accuracy can be further improved in the future by describing and calibrating the 

dynamic spatial gradient of these parameters. The uniform temperature assumptions were applied 

in (1) ammonia vapor, (2) heat pipe steam, (3) heat pipe water, and (4) adsorber and condenser-

evaporator shell.  

6.6. Conclusion 

This chapter developed and validated a dynamic model for the CSHP system. The models for each 

key component are first introduced and calibrated to capture the transient temperature, pressure, 

and energy change during the operation. Then the component models are assembled into an 

integrated system model and used to simulate the system operation on 6/7/2019. The simulation 

results were compared with the measured values for the period of operation and showed good 

match. The overall system performances of the tested and simulated operation were compared as 

well. The differences of the total amount of heat input and output are below 4%. The difference in 

measured and calculated condensing heat and evaporation heat was attributed to the likely 

movement of the condensate liquid ammonia, and the effect of such difference on the system 

performance is small. 

With the validated system model, a baseline case under the rating condition for air source heat 

pump was simulated and analyzed. Parametric analysis was carried out to investigate the system 

performance under cold-climate ambient conditions and with different levels of insulation. The 

system COP only drops slightly as the ambient temperature drops. However, due to the significant 

thermal mass in the current system design, the system heating COP is below 1.0. The results of the 

parametric study point to several possible approaches to improve the system performance 

especially for cold-ambient operations. Among them are using separate condenser and evaporator, 

collect and supply the condensation on the condenser shell, and integrate the system with a buffer 

tank for smooth operation. Based on the findings in the baseline and parametric simulation, an 

improved system design is proposed to improve the system heating COP by reducing the thermal 

mass and heat loss. Simulation predicts the heating COP of the improved system to be considerably 

higher than the current prototype at 1.17-1.23 under ambient temperature of 8.3°C to -13.9°C. The 
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improved system simulation also points to direction for further system improvement by applying 

working pairs with lower operating temperature range that allows simplified system configuration 

and reduces thermal mass heat loss.  
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7. CONCLUSION AND FUTURE WORK 

Space and water heating are major contributors to the energy consumption in residential buildings 

in the U.S., especially in the cold climates where heating is at high demand. However, the existing 

heating technologies, available on the market, i.e. fuel-combusting furnaces, and electric-driven 

heat pumps, face significant challenges improving their energy efficiency under low ambient 

temperatures. Ammonia-based chemisorption heat pumps have great potential of producing 

heating with much higher energy efficiency than conventional systems. However, through a 

comprehensive literature review of the chemisorption technology for below-freezing operating 

conditions, only limited studies were found focusing on adopting CSHP in cold-climate heating 

applications in literature.  

This thesis study is an important step towards understanding the dynamic behavior of the CSHP 

systems in general and the LiCl-based working pair in particular under the cold-climate heating 

scenario. The developed methodology and findings through experimental and simulation study 

lays the foundation of improving the CSHP technology to become a viable and competitive option 

to break through the long-standing barrier of high-efficiency residential heating in cold climates. 

The findings can be categorized into material, component, and system levels: 

• Material level: a methodology to identify the chemical reaction equilibrium and kinetic 

coefficients was developed, with dedicated tests carried out to measure the salt sorption 

behavior under controlled temperature and pressure conditions. The chemical 

equilibrium and kinetic coefficients for multiple-stage reaction between LiCl and NH3 

are fitted from the test results.  

 

• Component level: the experimental performance of a novel adsorber using hybrid heat 

pipe plate heat exchanger was measured and analyzed. Based on fundamental heat and 

mass transfer and chemical kinetics, a high-fidelity dynamic model using the finite-

difference method for the adsorber was developed and validated. Further study on the 

optimization of adsorber design parameters including the dimension of the disk and the 

compactness of the sorbent was conducted using the adsorber model.  
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• System level: experimental tests were carried out on a lab-scale gas-fired CSHP heating 

system with comprehensive data acquisition and dynamic control was under various 

operating conditions and control strategies. The CSHP prototype system achieved 

heating COP of 0.8-1.16 producing hot water at around 45°C under ambient 

temperature of 8-20°C. A system-level dynamic model including multiple components 

was developed and validated. Simulation of the performance of the CSHP system under 

the cold-climate rating (-8.3°C) and extreme cold conditions (-13.9°C) calculated the 

heating COP of the current prototype system to be around 0.7-0.95. The system 

dynamic model was also used to investigate the impact of other design parameters such 

as insulation as well as the cause of the limited performance in the current prototype 

system. A new system design was introduced by SaltX/HeatAmp to improve on the 

inefficiencies revealed by the current system simulation by enclosing the high-

temperature components in a buffer tank and separates the condenser and evaporator. 

Simulation of the improved system resulted in heating COP of 1.17-1.23 at 

temperatures of 8.3°C to -13.9°C. The suggestions for future development were 

provided based on the analysis. 

To further study and improve the technology, these future works are recommended: 

• Material level: the thermophysical as well as thermochemical properties of the 

ammoniate LiCl salt is calling for comprehensive study to characterize the key 

parameters such as thermal conductivity, permeability, specific heat, and porosity 

under different reaction state (i.e. with different amount of ammonia attached to the 

salt) and different compactness (density). The likely expansion and foaming of the salt 

during sorption reactions needs to be carefully studied and considered for performance 

prediction as well as safety. The chemical equilibrium and kinetic of the salt-matrix 

composite sorbent need to be characterized with more accurate and precisely controlled 

experiment, especially for the three sorption stages. Chemical equilibrium and kinetics 

of other high-sorption-capacity working pairs with lower operating temperature range 
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such as CaCl2 needs to be identified and used to predict their performance under the 

improved system design. 

 

• Component level: more comprehensive measurement around the novel hybrid heat pipe 

adsorber is desired to confirm the influence of the irregular geometry (e.g. non-

concentric vertical pipes through disks) on the temperature gradient. Compared with 

the current single pressure measurement on the steam side and two thermocouples on 

different levels and depth in the salt, a more systematic scheme of temperature 

measurement can help capture more useful details during the dynamic operation and 

calibrate the model to accurately describe the strongly transient process of pumping 

water through the hot heat pipe. Hardware-wise, the issue with significant pressure 

swing in the heat pipe needs to be properly addressed. During our own tests, the steam 

system burst multiple times at the transition from desorption to sorption mode when 

the heat pipe pressure plummeted from 1500 kPa to lower than 100 kPa. Designs such 

as pressuring the heat pipe during water circulation should be considered. Although an 

optimal spacing between the heat pipe plates is identified in this study, a more 

systematic optimization should be carried out consider more factors such as difficulty 

and cost of manufacturing.  

 

• System level: A prototype system using the improved system design using LiCl and 

selected salt can be manufactured and tested to confirm its heating COP of around 1.2 

under cold-climate operating conditions. On the other hand, once the thermochemical 

properties of alternative low-temperature high-capacity working pair are available, the 

system model should be used to predict the performance and select the best-performing 

working pair to replace the current LiCl. Furthermore, the integration of the adsorber 

and the buffer tank warrants conjugated dynamic simulation to determine the optimal 

sizing and operating control of the combined system. 
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APPENDIX A. OPERATION SCHEMATICS OF SETUP #1 AND #2 

The schematics of the active loops during desorption and sorption mode using setup #1 and #2 are 

illustrated in Figure 84 to Figure 87. The control of the burner, pumps, and valves are similar as 

the operating procedure of setup #3, with only one sorption module.  

 

Figure 84 desorption mode of setup #1 
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Figure 85 sorption mode of setup #1 

 

Figure 86 desorption mode of setup #2 
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Figure 87 sorption mode of setup #2 

APPENDIX B. BURNER COMBUSTION ESTIMATION 

• Burner Energy Conversion and Heat Transfer 

The gas analyzer and flue gas temperature/heat capacity measurement are used here to determine 

the burner combustion efficiency and the effectiveness of transferring the combustion heat from 

the flame to the heat pipe to generate steam. 

Combustion of the main component of natural gas (methane, CH4) with excessive air is expressed 

below: 

 𝐶𝐻4 + (1 + 𝜆) ∙ 2(𝑂2 + 3.76𝑁2) → 𝐶𝑂2 + 2𝐻2𝑂 + 7.52(1 + 𝜆)𝑁2 + 2𝜆𝑂2 Equation 

105 

In Eqn. (1) 𝜆 is the excess air ratio based on with theoretical amount of air for stoichiometric 

combustion. In stoichiometric combustion 𝜆 = 0. The theoretical heat generation from combustion 

is calculated as the difference of the summed enthalpy of formation of all reactants and products.  



 

192 

 

The measured flue gas content for burner-1 is shown below. The measurement was taken under 

20% blower setting and steady combustion, and the excess air ratio measured (95.4%) is used as 

the representative value for combustion of this burner. 

 

Figure 88 Reading from flue gas analyzer 

With the measured 𝜆, the amount of reactant and product can be determined, and the heat generated 

from combustion can be calculated as the difference of formation enthalpies of the reactant (ℎ𝑓𝑟
0) 

and product (ℎ𝑓𝑝
0) as in Eqn. (2): 

 𝑄𝑐𝑜𝑚𝑏𝑢𝑡𝑖𝑜𝑛 =∑𝑁𝑝 ∙ ℎ𝑓𝑝
0 −∑𝑁𝑟 ∙ ℎ𝑓𝑟

0 Equation 

106 

The number of mole and enthalpy of all participants in the reaction per mole of methane are listed 

below: 

Table 36 formation enthalpy of combustion reactants and products 
 Substance  Mole 𝒉𝒇𝟎 [kJ/kmol] 

Reactants 

Methane (CH4) 1 -74850 

Oxygen (O2) 3.908 0 

Nitrogen (N2) 14.69 0 

Products 

Carbon dioxide (CO2) 1 -393520 

Water vapor (H2O (g)) 2 -241820 

Nitrogen (N2) 14.69 0 

Oxygen (O2) 1.908 0 
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𝑄𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 = [1[𝑘𝑚𝑜𝑙] × (−393520)[
𝑘𝐽

𝑘𝑚𝑜𝑙
] + 2[𝑘𝑚𝑜𝑙] × (−241820)[

𝑘𝐽

𝑘𝑚𝑜𝑙
] + 14.69[𝑘𝑚𝑜𝑙] × 0[

𝑘𝐽

𝑘𝑚𝑜𝑙
]

+ 1.908[𝑘𝑚𝑜𝑙] × 0[
𝑘𝐽

𝑘𝑚𝑜𝑙
]]

− [1[𝑘𝑚𝑜𝑙] × (−74850) [
𝑘𝐽

𝑘𝑚𝑜𝑙
] + 3.908[𝑘𝑚𝑜𝑙] × 0 [

𝑘𝐽

𝑘𝑚𝑜𝑙
] + 14.69[𝑘𝑚𝑜𝑙] × 0 [

𝑘𝐽

𝑘𝑚𝑜𝑙
]]

= 802310 [
𝑘𝐽

𝑘𝑚𝑜𝑙 𝐶𝐻4
]~50144 [

𝑘𝐽
𝑘𝑔 𝐶𝐻4

] 

Since the formation enthalpy of water vapor is used, above calculation assumes water in vapor 

phase. Assume all contents start and end at 25 °C 1, the combustion heat is the low heating value 

(LHV) of methane.  

The adiabatic flame temperature (𝑇𝐴𝐹) of the combustion assumes the products (flue gas) are 

generated at the same temperature of the reactants, and all the combustion heat is used to increase 

the flue gas temperature. 𝑇𝐴𝐹 is calculated for natural gas combustion in this burner assuming no 

work or heat transfer from the flue gas to the surroundings. The heat capacity of the flue gas is the 

weighted average value of all its components between 300 K and 2300 K, the heat capacity of each 

component at the two temperatures can be found in the appendix. The reactant temperature is set 

at 25°C. 

 

Table 37 Mass and specific heat of flue gas components 

Gas Mass per kg CH4 [kg] Cp [kJ/kg-K] 

O2 3.816 1.0594 

N2 31.225 0.9634 

CO2 2.750 1.1169 

H2O 2.250 2.4492 

 

 

1 Standard enthalpy of formation corresponds to 1bar, no temperature requirement 
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The effective heat capacity of the flue gas is 1.067 kJ/kg-K, and the flue gas mass per kg CH4 is 

40.04 kg. The adiabatic flame temperature is: 

𝑇𝐴𝐹 = 𝑇𝑟𝑒𝑓 +
𝑄𝑐𝑣

𝐶𝑝 ∙ 𝑚𝑓𝑙𝑢𝑒
= 25[0𝐶 +

50144 [
𝑘𝐽

𝑘𝑔 𝐶𝐻4
]

40.04 [
𝑘𝑔

𝑘𝑔 𝐶𝐻4
] × 1.0666 [

𝑘𝐽
𝑘𝑔 ∙0 𝐶

]
= 1174[0𝐶]  

 

• Heat Flow into the Adsorber 

In reality, the combustion heat is split between the steam generation and the exhaust flue gas, and 

therefore the flue gas temperature leaving at the burner exit is much lower than the adiabatic flame 

temperature, and such difference can be used to estimate the heat consumed by the steam 

generation.  

The flue gas temperature leaving the burner was around 315 ⁰C when the combustion is stable as 

shown below. The average natural gas flow rate during the same period was around 0.56 cfm. With 

typical natural gas density of 0.8 kg/m3, the mass flow rate was 0.0002643 kg/s. With LHV the 

total chemical energy input via the natural gas is 13.2 kW. 

 

Based on the difference between adiabatic flame temperature and the exhaust flue gas temperature, 

assuming no heat loss in the burner and the flue duct (insulation was installed before the test), the 

heat to the adsorber is expressed in Eqn. (3): 

 𝑄𝑎𝑑𝑠 = 𝑄ℎ𝑒𝑎𝑡 − 𝑄𝑒𝑥ℎ = �̇�𝑓𝑙𝑢𝑒 ∙ (𝑇𝐴𝐹 ∙ 𝐶𝑝𝐴𝐹 − 𝑇𝑓𝑙𝑢𝑒 ∙ 𝐶𝑝𝑓𝑙𝑢𝑒) Equation 

107 

Plugging in the flow rates and temperatures:  
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𝑄𝑎𝑑𝑠 = 40.04 [
𝑘𝑔

𝑘𝑔 𝐶𝐻4
] × 0.0002643 [

𝑘𝑔 𝐶𝐻4
𝑠

] × (1056 − 315)[0𝐶 × 1.0666 [
𝑘𝐽

𝑘𝑔 ∙0 𝐶
]

= 8.36 [𝑘𝑊] 

During the steady operation, 8.36 kW, or 63% of the total chemical energy put into the burner is 

used to generate steam in the heat pipe.  

The proportion of the combustion heat going into the heat pipe and eventually reaching the 

adsorber was verified by manufacture test as well. The tests resulted in the efficiency of 65-67%. 

• Correlating Natural Gas Flow Rate with Burner Blower Setting  

 

 

The correlation between the blower setting and the gas flow is for each percent of blower setting 

the corresponding natural gas flow rate is 0.02 cfm. With the steady ratio, the natural gas flow 

information of tests prior of 10/24/18 can be inferred from the blower setting – and their gas heat 

input be estimated with good accuracy. This correlation between the natural gas flow rate and the 

blower setting is verified with data from 9/21 and 10/29 tests as well. 

For burner #2 serving sorption module #3 and #4, the natural gas flow rate is also correlated to the 

burner blower setting using the test data of 6/26/2019 as shown in the figure below. For each 
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percent of blower setting, the corresponding natural gas flow rate is 0.025 cfm when the setting is 

above 11%, and 0.04 cfm when the setting is below 11%. 
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APPENDIX C. MATLAB SOURCE CODE OF SYSTEM AND ADSORBER 

DYNAMIC MODEL 

The MATLAB code for system dynamic model is consisted of one main file and several 

supporting files containing subroutines for a specific function used in the main file. 



% system_constInput.m 

% author: Zhiyao Yang 

% last modified: 7/20/20 

  

tic 

clear 

%% global parameters 

global K_MT K_HT phi rho_matrix zElement rElement dz dr 

r_cv; 

global dt R; 

  

close all 

  

n_module = 1; 

  

%% simulation control 

dt = 1; 

timeTot = 28000;%60*75; %s, total time simulated after 

initial condition 

i_end = round(timeTot/dt);%total number of operation time 

  

cycleCount = 3; 

startTime = 1; 

opTime = startTime:startTime+timeTot-1; 

  

%% operating conditions 

T_amb = 8.3;%C 

Qburn = 3;%kW, constant gas input 

T_HW_i = 43.3;%C, hot water return temperature 

T_HW_o_set = 48.9;%C, threshold hot water supply 

m_HW = 0.06;%kg/s, hot water flow rate 

T_EW_i = T_amb - 10;%C, fan coil water return temperature 

m_EW = 0.07;%kg/s, EG flow rate 

k_insulation = 0.27;%W/m2.K, 3-inch R11: 0.52. 5-inch R21: 

0.27 

rat = 0.2; %with insulation 

  

%% system dimensions 

  

% constants and fixed properties of materials  

sigma_rad = 5.67e-8;%W/m2.K4, S-B constant 

R = 8.314;              %gas constant 

g = 9.81; 

epsilon_SS = 0.85;%emissivity of stainless steel     



Cp_matrix_min = 1.5;%kJ/kg-K, minimum specific heat, from 

pure salt+matrix 

hfg_NH3=1350; 

Cp_SS = 0.46;%kJ/kg-K 

Cp_water = 4.18; 

% CP_HTF = Cp_water; 

Cp_HTF = 3.63;% 40% ethylene glycol 

Cp_NH3_l = 4.2;%kJ/kg.K, ammonia liquid 

Cp_NH3_g = 2.8;%kJ/kg.K, ammonia gas 

rho_SS = 800;%kg/m3 

k_SS = 16.3e-3; %kW/m.K, stainless steel 304 (Perry's 

handbook) 

% vessel sizes 

m_HX = 8;%kg 

m_shell = 24;%kg 

M_mat = 1.2;%kg, total matrix mass 

M_salt_tot = 2.2;%kg, total salt mass, more than 1:3 to NH3 

M_NH3_tot = 2.1;%kg, total ammonia mass 

m_water = 4;%kg, reservoir tank water serving one adsorber 

H_shell = 0.8;%m, height of the adsorber shell 

A_shell = 0.5;%m2, surface area of the adsorber shell 

D_tank = 0.114;%m, diameter of tank 

L_tank = 0.724;%m, length 

A_tank = 3.14*D_tank*L_tank;%m2, surface area of tank 

m_tank = 3.14/4*(D_tank^2-(D_tank-0.008)^2)*L_tank*rho_SS; 

H_burner = 0.2;%m, height of the adsorber shell 

A_burner = 0.19;%m2, surface area of the adsorber shell 

D_HP = 0.03;%m, diameter of heat pipe 

L_HP = 0.75;%m, length 

A_HP = 3.14*D_HP*L_HP;%m2  

x_HP = 1e-3; %m, thickness of the heat pipe wall 

D_chamber = 0.2;%m, diameter of adsorber and condenser 

shell 

V_equip = .8*.03^2*3.14/4*2+56*(.15^2-.015^2)*.003*3.14/4; 

V_chamber = (H_shell*D_chamber^2*3.14/4-V_equip)*2;%m3 

% salt disk dimension 

n_plate = n_module*56;%-, number of salt plates 

r_plate_i = 0.015/2;%m, inner radius of plate (hollow) 

r_plate_o = 0.15/2;%m, outer radius of plate 

z_plate = 0.01;%m, thickness of plate 



A_plate = 3.14 * (r_plate_o^2 - r_plate_i^2);%m2, area of 

plate 

V_plate = z_plate * A_plate;%m3, volume of a plate 

  

% property of the salt matrix 

K_HT = 1e-3; %kW/m-K, thermal conductivity 

K_MT = 1e-13;%m2, permeability, later should be fitted to 

X_tot 

phi = 0.7;%-, porosity, later should be fiited to X_tot 

rho_matrix = (M_salt_tot + M_mat)/n_plate/V_plate; 

  

% fixed heat transfer coefficients 

U_wall = k_SS/x_HP; %kW/m2.K, heat pipe disk conduction U 

value 

UA_HP_shell = 0.006;%kW/K   

UA_HP_water = 0.01; 

UA_HP_out = 0.05;%kW/K   

UA_HTF_CE_shell = 0.1; 

UA_HTF_CE_HX = 0.3;           

hA_NH3_HX_cond=10;%kW/K, condensation/evaporation HT coeff. 

at CEHX 

hA_NH3_shell_cond=0.5;%kW/K, condensation/evaporation HT 

coeff. at CE shell 

hA_NH3_HX_evap=0.1;%kW/K, condensation/evaporation HT 

coeff. at CEHX 

hA_NH3_shell_evap=0.05;%kW/K, condensation/evaporation HT 

coeff. at CE shell 

  

%chemical reaction enthalpy 

delta_H32 = 44780/1000;     %kJ/mol 

delta_H21 = 48128/1000; 

delta_H10 = 51894/1000; 

delta_S32 = 257.6; 

  

%% salt disk simulation control 

zElement = 30;%number of differential c.v. in z direction 

rElement = 10;%number of differential c.v. in r direction 

dz = z_plate / zElement;%m, height of a diff. c.v. 

dr = (r_plate_o-r_plate_i)/rElement;%m, depth of a diff. 

c.v. 

r_cv = r_plate_i+(0.5+(0:rElement-1))*dr;%m, middle line 

radius of c.v. 

V_cv_r = dr*r_cv*dz*2*3.14;%m3, c.v. volume 

  



  

%% initial condition 

T_salt_0 = T_amb + 273; 

  

%mol, initial mole number of salt in each state 

P_init = 3.5e5;%Pa 

Nnh3_tot = M_NH3_tot/17*1000; 

Ns_tot = Nnh3_tot / 3; 

Ns0=[Ns_tot/n_plate,0,0,0];  

n_NH3_local_0 = P_init*phi/R/T_salt_0; 

%mol/m3, initial ammonia vapor mole density w.r.t total 

c.v. volume 

  

  

%% allocate matrix/vector for  

% the parameters are stored in matrix formatting as: 

% row - runs 

% column - [ [dr of 1st (top) plane] [dr of 2nd plane] ... 

[dr of bottom 

% plane] 

  

% key parameters 

T_salt = zeros(i_end,zElement*rElement); 

Q_HP_salt_top = zeros(i_end,rElement); 

Q_HP_salt_bot = zeros(i_end,rElement); 

Ns_3 = zeros(i_end,zElement*rElement);%mol/m3, vol. mol. 

density of LiCl-3NH3 

Ns_2 = zeros(i_end,zElement*rElement);%mol/m3, vol. mol. 

density of LiCl-2NH3 

Ns_1 = zeros(i_end,zElement*rElement);%mol/m3, vol. mol. 

density of LiCl-1NH3 

Ns_0 = zeros(i_end,zElement*rElement);%mol/m3, vol. mol. 

density of pure LiCl 

n_NH3_local = zeros(i_end,zElement*rElement);%mol/m3, vol. 

mol. density of NH3 w.r.t total c.v. volume 

dN_NH3_out = zeros(i_end,zElement*2);%mol, ammonia vapor 

crossing the inner/outer primeter\ 

T_CE_HX = zeros(i_end,1); 

T_CE_shell = zeros(i_end,1); 

m_NH3_CE_HX = zeros(i_end,1); 

m_NH3_CE_shell = zeros(i_end,1); 

T_HTF_CE_i = zeros(i_end,1); 

T_HTF_CE_o = zeros(i_end,1); 

T_HTF_HP_o = ones(i_end,1)*T_HW_i; 



P_NH3_CE_HX = zeros(i_end,1); 

P_NH3_CE_shell = zeros(i_end,1); 

  

% monitored parameters 

U_ceil_cond = zeros(i_end,1); 

U_floor_cond = zeros(i_end,1); 

U_ceil = zeros(i_end,1); 

U_floor = zeros(i_end,1); 

P_local = zeros(i_end,zElement*rElement); 

dN_g_32 = zeros(i_end,zElement*rElement); 

dN_g_21 = zeros(i_end,zElement*rElement); 

dN_g_10 = zeros(i_end,zElement*rElement); 

Q_chem = zeros(i_end,zElement*rElement); 

dN_NH3_chem = zeros(i_end,zElement*rElement); 

dtsalt = zeros(i_end,zElement*rElement); 

nsum = zeros(i_end,3);%used to store total ammonia changes 

T_shell = zeros(i_end,1); 

Q_HP_shell = zeros(i_end,1); 

Q_shell_loss = zeros(i_end,1); 

T_water = zeros(i_end,1); 

Q_tank_loss = zeros(i_end,1); 

Q_HP_water = zeros(i_end,1); 

Q_HP_loss = zeros(i_end,1); 

Q_burner_loss = zeros(i_end,1); 

Q_hp_net = zeros(i_end,1); 

Q_HP_salt = zeros(i_end,1); 

T_steam = zeros(i_end,1); 

Q_HTF_CE_shell = zeros(i_end,1); 

Q_HTF_CE_HX = zeros(i_end,1); 

P_chamber = zeros(i_end,1); 

Q_HP_out = zeros(i_end,1); 

Q_CondEvap_CE_HX = zeros(i_end,1); 

Q_CondEvap_CE_shell = zeros(i_end,1); 

n_NH3_chamber = zeros(i_end,1); 

T_NH3_vap = zeros(i_end,1); 

dm_NH3_CE_HX = zeros(i_end,1); 

dm_NH3_CE_shell = zeros(i_end,1); 

m_HTF_CE = zeros(i_end,1); 

Qgen = zeros(i_end,1); 

  

  

% initial values 

T_salt(1,:) = T_amb+273; 

T_steam(1) = max([T_amb,1]); 



T_water(1) = max([T_amb,1]); 

T_HTF_CE_o(1) = T_HW_i; 

T_CE_HX(1) = T_amb; 

T_CE_shell(1) = T_amb; 

T_NH3_vap(1) = T_amb; 

T_shell(1) = T_amb; 

P_chamber(1) = P_init; 

P_local(1,:) = P_init; 

P_NH3_CE_HX(1) = Psat_NH3_Tk(T_amb+273); 

P_NH3_CE_shell(1) = Psat_NH3_Tk(T_amb+273); 

n_NH3_local(1,:) = ones(1,zElement*rElement)*n_NH3_local_0; 

n_NH3_chamber(1) = 

P_chamber(1)*V_chamber/R/(T_NH3_vap(1)+273); 

% assign amount of salt to each volume 

% use reshape(A',[],1) to convert matrix into 1d array 

V_cv_mat = ones(zElement,1)*V_cv_r; 

V_cv_vec = reshape(V_cv_mat',1,[]); 

Ns_3(1,:) = Ns0(1)/V_plate*V_cv_vec; 

Ns_2(1,:) = Ns0(2)/V_plate*V_cv_vec; 

Ns_1(1,:) = Ns0(3)/V_plate*V_cv_vec; 

Ns_0(1,:) = Ns0(4)/V_plate*V_cv_vec; 

m_mat_vec = M_mat/n_plate/V_plate*V_cv_vec;%kg, matrix mass 

in each c.v. 

mode_des = true; 

mode_des_pumpon = false; 

mode_sorp_pumpon = false; 

%% solution  

tic 

hwait = waitbar(0,'calculating'); 

set(findobj(hwait,'type','patch'),'edgecolor','k','facecolo

r','b'); 

i=1; 

i_cycle = 1; 

while(i_cycle<cycleCount+1&&i<i_end) 

% =================== chamber ammonia pressure 

======================== 

P_chamber(i) = 

n_NH3_chamber(i)*R*(T_NH3_vap(i)+273)/V_chamber; 



    % ========================= end of chamber pressure 

===================        

     

     

    % ======================= salt model 

================================== 

    % ======================= heat pipe HT coefficient 

==================== 

    if(~mode_des) 

        %sorption mode: heat pipe filled with water 

         

        U_fconv = 3;%kW/m2.K, forced convection between 

liquid and metal plate 

        U_ceil(i) = 1/(1/U_wall+1/U_fconv); 

        U_floor(i) = 1/(1/U_wall+1/U_fconv); 

         

    else 

        ttsteam = T_steam(i); 

        delta_T_steam_HP = 2;%tsteam+273-T_salt(i,1); 

  

        % get properties 

        % property of the steam-heat pipe (implement 

property subroutines) 

        hfg_water = steamlookup(ttsteam,'hfg');%kJ/kg.K, 

steam vaporization heat 

        rho_v = 1/steamlookup(ttsteam,'vg');%saturated 

steam density 

        rho_l = 1/steamlookup(ttsteam,'vl');%water density 

        cp_l = steamlookup(ttsteam,'cpl');%specific heat 

        k_l = steamlookup(ttsteam,'kl');%thermal 

conductivity 

        mu_l = steamlookup(ttsteam,'mul');%dynamic 

viscosity 

        nu_l = steamlookup(ttsteam,'nul');%kinematic 

viscosity 

        sigma_l = steamlookup(ttsteam,'sigmal');%surface 

tension   

        % bottom (ceiling): Gerstmann and Griffith 

        Ra=(g*rho_l*(rho_l-

rho_v)*hfg_water)/(mu_l*delta_T_steam_HP*k_l)... 

        *(sigma_l/g/(rho_l-rho_v))^(3/2); 

        Nu_ceil=0.81*Ra^0.193; 

        h_ceil=Nu_ceil*k_l/(sigma_l/g/(rho_l-rho_v))^.5; 

        U_ceil_cond(i) = h_ceil/1000; 



        % top (floor): Bejan 

        Nu_floor = 

1.368*((2*r_plate_o)^3*(hfg_water+3/8*cp_l*delta_T_steam_HP

)... 

            *g*(rho_l-

rho_v)/k_l/nu_l*delta_T_steam_HP)^(1/5); 

        h_floor = Nu_floor*k_l/(2*r_plate_o); 

        U_floor_cond(i) = h_floor/1000; 

  

        U_ceil(i) = 1/(1/U_wall+1/U_ceil_cond(i)); 

        U_floor(i) = 1/(1/U_wall+1/U_floor_cond(i)); 

         

    end 

    T_HP_c = T_steam(i); 

    T_HP_k = T_HP_c + 273; 

     

    % ===== salt model: chemical reaction and heat-mass 

transfer ========== 

    % Chemical kinetic calculate ammonia generation  

    [dN_g_32(i+1,:),dN_g_21(i+1,:),dN_g_10(i+1,:)] = 

calcChem(i,... 

        T_salt(i,:), P_local(i,:), Ns_3(i,:), Ns_2(i,:), 

Ns_1(i,:), Ns_0(i,:)); 

    Ns_3(i+1,:) = Ns_3(i,:) - dN_g_32(i+1,:); 

    Ns_2(i+1,:) = Ns_2(i,:) + dN_g_32(i+1,:) - 

dN_g_21(i+1,:); 

    Ns_1(i+1,:) = Ns_1(i,:) + dN_g_21(i+1,:) - 

dN_g_10(i+1,:); 

    Ns_0(i+1,:) = Ns_0(i,:) + dN_g_10(i+1,:); 

    dN_NH3_chem(i+1,:) = dN_g_32(i+1,:) + dN_g_21(i+1,:) + 

dN_g_10(i+1,:); 

    Q_chem(i+1,:) = - (dN_g_32(i+1,:) * delta_H32 + 

dN_g_21(i+1,:) ... 

        * delta_H21 + dN_g_10(i+1,:) * delta_H10); 

     

    % Mass transfer calculate local volumetric vapor 

ammonia mole density 

    

[n_NH3_local(i+1,:),P_local(i+1,:),dN_NH3_out(i+1,:),nsum(i

+1,:)]... 

        = calcMbal(i+1, T_salt(i,:),n_NH3_local(i,:),... 

        

P_chamber(i),P_local(i,:),dN_NH3_chem(i,:),V_cv_vec);    

         



    % Heat transfer calculate salt temperature and heat 

transfer with HP 

    

[T_salt(i+1,:),dtsalt(i+1,:),Q_HP_salt_top(i+1,:),Q_HP_salt

_bot(i+1,:)] =... 

        calcEbal_v2_wholeDisk(i, Q_chem(i,:), T_salt(i,:), 

T_HP_k,... 

        U_ceil(i), U_floor(i), Ns_3(i,:), Ns_2(i,:), 

Ns_1(i,:), Ns_0(i,:),V_cv_vec,m_mat_vec); 

     

    

Q_HP_salt(i)=n_plate*(sum(Q_HP_salt_bot(i,:))+sum(Q_HP_salt

_top(i,:))); 

    % ==================== end of salt model 

============================== 

     

     

     

    % ========= heat pipe system: calculate steam/water 

temperature ======= 

    if(mode_des) 

        % heat pipe filled with steam    

        % Actively heated by burner, search for Tsteam to 

balance net 

        % heat of Qgen and Qsalt with thermal masses and 

heat losses      

  

        if(T_steam(i)>205) 

            Qgen(i)=0; 

        else 

            Qgen(i)=Qburn; 

        end 

        Q_hp_net(i) = Qgen(i)-Q_HP_salt(i); 

        tsat0 = T_steam(i); 

        fun = @(x)Q_hp_net(i)-

calcQwater(x,T_water(i),UA_HP_water)... 

            -calcQshell(x,T_shell(i),UA_HP_shell)-

calcQhploss(x,T_amb,rat)... 

            -calcQburnerloss(x,T_amb,rat)-

calcQsteam(x,tsat0)-calcQhx(x,tsat0); 

        options = optimset('Display','off'); 

        res=fsolve(fun,tsat0,options); 

        T_steam(i+1) = res;  

  



        Q_HP_loss(i) = calcQhploss(T_HP_c,T_amb,rat); 

        Q_burner_loss(i) = 

calcQburnerloss(T_HP_c,T_amb,rat); 

  

        % calculate shell      

        % heat transfer with heat pipe 

        Q_HP_shell(i) = (T_HP_c-T_shell(i))*UA_HP_shell;     

        % heat loss to air 

        

Q_shell_loss(i)=calcQshellloss(T_shell(i),T_amb,rat); 

        % energy balance 

        T_shell(i+1)=T_shell(i)+(Q_HP_shell(i)-

Q_shell_loss(i))/Cp_SS/m_shell; 

  

        % calculate water and tank (assuming same, uniform 

temperature) 

        % heat transfer with steam 

        Q_HP_water(i) = (T_HP_c-T_water(i))*UA_HP_water;     

        % heat loss through tank to air 

        Q_tank_loss(i) = 

calcQtankloss(T_water(i),T_amb,rat); 

        % energy balance 

        T_water(i+1) = T_water(i)+(Q_HP_water(i)-

Q_tank_loss(i))... 

            /(m_water*Cp_water+m_tank*Cp_SS); 

    else 

        % heat pipe filled with water (actively circulated, 

deemed as 

        % uniform temperature lumped body for 

simplification) search for 

        % Twater to balance net heat of Qout and Qsalt 

         

        DT_HPHX_avg=T_water(i)-(T_HW_i+T_HTF_HP_o(i))/2; 

        Q_HP_out(i) = DT_HPHX_avg*UA_HP_out; 

        Q_hp_net(i) = -Q_HP_salt(i)-Q_HP_out(i); 

        T_HTF_HP_o(i+1) = 

T_HW_i+Q_HP_out(i)/(Cp_water*m_HW); 

         

        twater0 = T_water(i); 

        fun = @(x)Q_hp_net(i)-

calcQshell(x,T_shell(i),UA_HP_shell)... 

            -calcQhploss(x,T_amb,rat)-

calcQtankloss(x,T_amb,rat)... 



-m_water*(steamlookup(x,'hl')-

steamlookup(twater0,'hl'))... 

-calcEHX(x,twater0);

options = optimset('Display','off'); 

res=fsolve(fun,twater0,options); 

T_water(i+1) = res;

Q_HP_loss(i) = calcQhploss(T_HP_c,T_amb,rat); 

Q_burner_loss(i) = 0; 

% calculate shell

% heat transfer with heat pipe 

Q_HP_shell(i) = (T_HP_c-T_shell(i))*UA_HP_shell;

% heat loss to air 

Q_shell_loss(i)=calcQshellloss(T_shell(i),T_amb,rat); 

% energy balance 

T_shell(i+1)=T_shell(i)+(Q_HP_shell(i)-

Q_shell_loss(i))/Cp_SS/m_shell; 

% calculate water and tank (assuming same, uniform 

temperature) 

% heat transfer with steam 

Q_HP_water(i) = 0;

% heat loss through tank to air 

Q_tank_loss(i) = 

calcQtankloss(T_water(i),T_amb,rat); 

T_steam(i+1) = (T_water(i)+2*(T_salt(i,1)-273))/3; 

end 

% ====================== end of heat pipe model 

======================= 

% ========== condenser/evaporator: calculate NH3 

pressure ============= 

% phase change and heat flow in ammonia side 

tsat_vap = ammonialookup(P_chamber(i),'t'); 

if(P_chamber(i)>P_NH3_CE_HX(i)) 

% condensing on HX



Q_CondEvap_CE_HX(i) = (tsat_vap-

T_CE_HX(i))*hA_NH3_HX_cond; 

dm_NH3_CE_HX(i)=Q_CondEvap_CE_HX(i)/hfg_NH3;  

m_NH3_CE_HX(i+1) = m_NH3_CE_HX(i)+dm_NH3_CE_HX(i); 

  elseif(P_chamber(i)<P_NH3_CE_HX(i)&&m_NH3_CE_HX(i)>0) 

% evaporate on HX

Q_CondEvap_CE_HX(i) = (tsat_vap-

T_CE_HX(i))*hA_NH3_HX_evap; 

dm_NH3_CE_HX(i)=Q_CondEvap_CE_HX(i)/hfg_NH3; 

% in case liquid NH3 is exhausted in the current 

run 

m_NH3_CE_HX(i+1)=max([0,m_NH3_CE_HX(i)+dm_NH3_CE_HX(i)]); 

dm_NH3_CE_HX(i) = m_NH3_CE_HX(i+1)-m_NH3_CE_HX(i); 

Q_CondEvap_CE_HX(i) = dm_NH3_CE_HX(i)*hfg_NH3; 

else 

% dry HX with low P_chamber: no HX 

m_NH3_CE_HX(i+1)=0; 

Q_CondEvap_CE_HX(i)=0; 

dm_NH3_CE_HX(i) = 0;

end 

if(P_chamber(i)>P_NH3_CE_shell(i)) 

% condensing on shell 

Q_CondEvap_CE_shell(i) = (tsat_vap-

T_CE_shell(i))*hA_NH3_shell_cond; 

dm_NH3_CE_shell(i)=Q_CondEvap_CE_shell(i)/hfg_NH3; 

m_NH3_CE_shell(i+1) = 

m_NH3_CE_shell(i)+dm_NH3_CE_shell(i); 

elseif(P_chamber(i)<P_NH3_CE_shell(i)||m_NH3_CE_shell(i)>0) 

% condensing on shell 

Q_CondEvap_CE_shell(i) = (tsat_vap-

T_CE_shell(i))*hA_NH3_shell_evap; 

dm_NH3_CE_shell(i)=Q_CondEvap_CE_shell(i)/hfg_NH3; 



        % in case liquid NH3 is exhausted in the current 

run 

        

m_NH3_CE_shell(i+1)=max([0,m_NH3_CE_shell(i)+dm_NH3_CE_shel

l(i)]);  

        dm_NH3_CE_shell(i) = m_NH3_CE_shell(i+1)-

m_NH3_CE_shell(i); 

        Q_CondEvap_CE_shell(i) = 

dm_NH3_CE_shell(i)*hfg_NH3; 

         

    else 

        % dry shell with low P_chamber: no HX 

        m_NH3_CE_shell(i+1)=0; 

        Q_CondEvap_CE_shell(i)=0; 

        dm_NH3_CE_shell(i) = 0;         

    end 

     

    % mode control: 

    % mode_des + T_CE_HX > T_HW_o_set: pump on, using 

T_HW_i, m_HW 

    % ~mode_des + T_CE_HX < T_EW_i: pump on, using T_EW_i, 

m_EW 

    % else: pump off 

    if(T_CE_HX(i)>T_HW_o_set+2&&mode_des) 

        mode_des_pumpon = true; 

    end 

    if(T_CE_HX(i)<T_EW_i-2&&~mode_des) 

        mode_sorp_pumpon = true; 

    end 

    if(mode_des_pumpon||mode_sorp_pumpon)   

        if(mode_des_pumpon) 

            T_HTF_CE_i(i) = T_HW_i; 

            m_HTF_CE(i) = m_HW; 

            diff=0.1; 

        else 

            T_HTF_CE_i(i) = T_EW_i; 

            m_HTF_CE(i) = m_EW; 

            diff=-0.1; 

        end 

           

        tfo0 = T_HTF_CE_i(i)+diff; 

        fun = @(x)UA_HTF_CE_HX*(T_CE_HX(i)-

(T_HTF_CE_i(i)+x)/2)... 



            +UA_HTF_CE_shell*(T_CE_shell(i)-

(T_HTF_CE_i(i)+x)/2)... 

            -Cp_HTF*m_HTF_CE(i)*(x-T_HTF_CE_i(i)); 

        options = optimset('Display','off'); 

        res=fsolve(fun,tfo0,options); 

        T_HTF_CE_o(i+1) = res; 

  

        DT_CEHX_avg = T_CE_HX(i)-

(T_HTF_CE_i(i)+T_HTF_CE_o(i))/2; 

        Q_HTF_CE_HX(i) = UA_HTF_CE_HX*DT_CEHX_avg; 

        DT_CEshell_avg = T_CE_shell(i)-

(T_HTF_CE_i(i)+T_HTF_CE_o(i))/2; 

        Q_HTF_CE_shell(i) = UA_HTF_CE_shell*DT_CEshell_avg; 

         

        TM_CE_water = 0; 

    else         

        % no HTF flow in the CE 

        m_HTF_CE(i) = 0; 

        T_HTF_CE_o(i+1)=T_HTF_CE_o(i); 

        Q_HTF_CE_HX(i) = 0; 

        Q_HTF_CE_shell(i) = 0;  

         

        TM_CE_water = 0.0021*Cp_water*1000;%retained water 

thermal mass 

         

    end   

    % CE shell and liq ammonia temperature 

    T_CE_shell(i+1) = T_CE_shell(i) + 

(Q_CondEvap_CE_shell(i)-Q_HTF_CE_shell(i)... 

        -calcQshellloss(T_CE_shell(i),T_amb,rat))... 

        

/(m_shell*Cp_SS+m_NH3_CE_shell(i)*calcCpNH3(T_CE_shell(i)))

;     

  

    % CE HX and liq ammonia temperature 

    T_CE_HX(i+1) = T_CE_HX(i) + (Q_CondEvap_CE_HX(i)-

Q_HTF_CE_HX(i))... 

        

/(m_HX*Cp_SS+m_NH3_CE_HX(i)*calcCpNH3(T_CE_HX(i))+TM_CE_wat

er); 

    % update corresponding saturation pressure 

    P_NH3_CE_HX(i+1) = Psat_NH3_Tk(T_CE_HX(i+1)+273);%Pa 

    P_NH3_CE_shell(i+1) = 

Psat_NH3_Tk(T_CE_shell(i+1)+273);%Pa 



    % ====================== end of condenser-evaporator 

model ============ 

     

    % ====================== vapor in empty volume 

======================== 

     

    % update mole of vapor 

    dn_adsorber = sum(dN_NH3_out(i,:))*n_plate; 

    dn_condenser = 

(dm_NH3_CE_HX(i)+dm_NH3_CE_shell(i))*1000/17; 

    n_NH3_chamber(i+1) = n_NH3_chamber(i)+ dn_adsorber - 

dn_condenser; 

     

    % update temperature of vapor 

    qnh3_inflow=0; 

    Ts_avg=mean(T_salt(i,rElement-

1:rElement:rElement*zElement-1)-273); 

    if(dn_adsorber>0) 

        

qnh3_inflow=qnh3_inflow+dn_adsorber*Cp_NH3_g*Ts_avg; 

    else 

        

qnh3_inflow=qnh3_inflow+dn_adsorber*Cp_NH3_g*T_NH3_vap(i); 

    end 

    if(dm_NH3_CE_HX(i)>0) 

        qnh3_inflow=qnh3_inflow-

dm_NH3_CE_HX(i)*1000/17*Cp_NH3_g*T_NH3_vap(i); 

    else 

        qnh3_inflow=qnh3_inflow-

dm_NH3_CE_HX(i)*1000/17*Cp_NH3_g*T_CE_HX(i); 

    end 

    if(dm_NH3_CE_shell(i)>0) 

        qnh3_inflow=qnh3_inflow-

dm_NH3_CE_shell(i)*1000/17*Cp_NH3_g*T_NH3_vap(i);   

    else 

        qnh3_inflow=qnh3_inflow-

dm_NH3_CE_shell(i)*1000/17*Cp_NH3_g*T_CE_shell(i);   

    end     

    

T_NH3_vap(i+1)=(T_NH3_vap(i)*n_NH3_chamber(i)*Cp_NH3_g+qnh3

_inflow)... 

        /(n_NH3_chamber(i+1)*Cp_NH3_g); 

     



    % ====================== end of vapor in empty volume 

================= 

     

    

if(i>20&&mode_des_pumpon&&m_NH3_CE_HX(i)>0.8&&Q_HTF_CE_HX(i

)<0.1) 

        i 

        db='switch to sorption mode' 

        mode_des_pumpon = false; 

        mode_des = false; 

    

elseif(i>20&&mode_sorp_pumpon&&m_NH3_CE_HX(i)<0.1&&Q_HP_out

(i)<0.2) 

        i 

        db='switch to desorption mode' 

        mode_sorp_pumpon = false; 

        mode_des = true; 

        i_cycle = i_cycle + 1; 

    end 

      

    rg=1:i;    

    % update iteration parameters 

    i=i+1; 

    waitbar(i/i_end,hwait,[num2str(i),'/',num2str(i_end)]); 

end 

close(hwait) 

toc 

%% plot results 

  

Q_loss_tot=(Q_HP_loss+Q_tank_loss+Q_shell_loss+Q_burner_los

s); 

 

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

% calcChem.m 

% author: Zhiyao Yang 

% last modified: 5/10/20 

  

function [dN32, dN21, dN10] = calcChem(i, T_salt, P_local, 

N3, N2, N1, N0) 

  



%constants 

global zElement rElement; 

R = 8.314; 

dt = 1; 

delta_H32 = 54433; %J/mol, need to be converted to 

kJ/kg for energy calculation 

delta_H21 = 47894; 

delta_H10 = 50616; 

delta_S32 = 257.6; 

delta_S21 = 227.6; 

delta_S10 = 231.3; 

  nc32=6.78; 

kc32=0.00156; 

mc32=3.526; 

nc21=1.77; 

kc21=0.00056; 

mc21=3.15; 

nc10=3.8; 

kc10=0.00058; 

mc10=2.44; 

nc23=1; 

kc23=0.001; 

mc23=3; 

nc12=0.49; 

kc12=1.5e-3; 

mc12=3.12; 

nc01=1.15; 

kc01=18.9e-4; 

mc01=4.86; 

ncv= zElement*rElement; %number of differentical 

C.V.

% (1) equilibrium pressure of reactions 

peq_32 = exp(-

delta_H32./(R.*(T_salt))+delta_S32/R); %Pa 

peq_21 = exp(-

delta_H21./(R.*(T_salt))+delta_S21/R); %Pa 

peq_10 = exp(-

delta_H10./(R.*(T_salt))+delta_S10/R); %Pa 

% (2) current reaction progression X based on molSalt 



X32 = N2./(N3+N2); 

X32(isnan(X32))=0; 

X32(isinf(X32))=0; 

X21 = N1./(N2+N1); 

X21(isnan(X21))=0; 

X21(isinf(X21))=0; 

X10 = N0./(N1+N0); 

X10(isnan(X10))=0; 

X10(isinf(X10))=0; 

% (3) reaction rate 

dX32dt=zeros(1,ncv); 

dX32dt_des=(1-X32).^nc32.*kc32.*(exp(mc32*(peq_32-

P_local)./P_local)-1); 

dX32dt_ads=X32.^nc23.*kc23.*(exp(mc23*(peq_32-

P_local)./P_local)-1); 

dX32dt(peq_32>P_local)=dX32dt_des(peq_32>P_local); 

dX32dt(peq_32<P_local)=dX32dt_ads(peq_32<P_local);

dX32dt(isnan(dX32dt))=0; 

dX32dt(isinf(dX32dt))=0; 

dX21dt=zeros(1,ncv); 

dX21dt_des=(1-X21).^nc21.*kc21.*(exp(mc21*(peq_21-

P_local)./P_local)-1); 

dX21dt_ads=X21.^nc12.*kc12.*(exp(mc12*(peq_21-

P_local)./P_local)-1); 

dX21dt(peq_21>P_local)=dX21dt_des(peq_21>P_local); 

dX21dt(peq_21<P_local)=dX21dt_ads(peq_21<P_local); 

dX21dt(isnan(dX21dt))=0; 

dX21dt(isinf(dX21dt))=0; 

dX10dt=zeros(1,ncv); 

dX10dt_des=(1-X10).^nc10.*kc10.*(exp(mc10*(peq_10-

P_local)./P_local)-1); 

dX10dt_ads=X10.^nc01.*kc01.*(exp(mc01*(peq_10-

P_local)./P_local)-1); 

dX10dt(peq_10>P_local)=dX10dt_des(peq_10>P_local); 

dX10dt(peq_10<P_local)=dX10dt_ads(peq_10<P_local); 

dX10dt(isnan(dX10dt))=0; 

dX10dt(isinf(dX10dt))=0; 

% (4) update reaction progression 

dX32 = dX32dt * dt; 



X32=X32+dX32; 

dX32(X32>1)=dX32(X32>1)-(X32(X32>1)-1); 

X32(X32>1)=1; 

dX32(X32<0)=dX32(X32<0)-X32(X32<0); 

X32(X32<0)=0; 

dX21 = dX21dt * dt; 

X21=X21+dX21; 

dX21(X21>1)=dX21(X21>1)-X21(X21>1)-1; 

X21(X21>1)=1; 

dX21(X21<0)=dX21(X21<0)-X21(X21<0); 

X21(X21<0)=0; 

dX10 = dX10dt * dt; 

X10=X10+dX10; 

dX10(X10>1)=dX10(X10>1)-X10(X10>1)-1; 

X10(X10>1)=1; 

dX10(X10<0)=dX10(X10<0)-X10(X10<0); 

X10(X10<0)=0; 

% (5) update amount of salt in each state 

dN32 = (N3+N2) .* real(dX32); 

dN21 = (N1+N2) .* real(dX21); 

dN10 = (N1+N0) .* real(dX10); 

end 

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

% calcMbal.m 

% author: Zhiyao Yang 

% last modified: 6/5/20 

% solving the discretized heat equation using fully 

implicit approach 

% (0) prepare properties  

% (1) construct operator matrix and source term vector  

% (2) use Ax=B --> x = A\B to solve current moment cell 

mole density 

% (3) further calculate P_local and dn_NH3_out 

% last modified: 5/9/19 



  

function [n_NH3_local_new, P_local_new, dN_NH3_out, s] = 

calcMbal(i, T_salt,n_NH3_local,P_c,P_local,dN_chem,vcv) 

     

    run = i; 

    %constants 

    global zElement rElement phi K_MT dz dr r_cv; 

    R = 8.314; 

    dt = 1; 

    tsalt = T_salt; 

    n0 = n_NH3_local; 

    Svn = dN_chem./vcv; 

     

    mu_NH3 = calcMuNH3(T_salt); 

         

    % (0) calculate the diffusivity      

    D = K_MT ./ mu_NH3 .* P_local * phi; 

    pos_peri_in = 1:rElement:(zElement-1)*rElement+1; 

    pos_peri_out = rElement:rElement:zElement*rElement; 

    a_peri_in = (r_cv(1)-dr/2)*2*3.14*dz; 

    a_peri_out = (r_cv(rElement)+dr/2)*2*3.14*dz; 

    nnh3_cons = [P_c*phi/R./tsalt(pos_peri_in), 

P_c*phi/R./tsalt(pos_peri_out)];%inner/outer perimeter 

     

    % (1) construct operator matrix "A" and source term 

vector "B"  

        % (1-1) operator matrix "A" 

    a0 = 

ones(zElement*rElement,1)'.*(1/dt./D+2/dz^2+2/dr^2);%genera

l coefficient for target cell temperature   

     

    pos = 1:rElement:rElement*(zElement-1)+1; 

    

a0(pos)=ones(zElement,1)'.*(1/dt./D(pos)+3/dr^2+2/dz^2);%ad

just inner perimeter rim for external radial MT 

    pos = rElement:rElement:rElement*zElement; 

    

a0(pos)=ones(zElement,1)'.*(1/dt./D(pos)+3/dr^2+2/dz^2);%ad

just outer perimeter rim for no external radial MT 

  

    pos = 1:rElement; 

    a0(pos) = 

ones(rElement,1)'.*(1/dt./D(pos)+1/dz^2+2/dr^2);%adjust top 

row for no MT 



    a0(1) = 1/dt./D(1)+1/dz^2+3/dr^2;%adjust top inner 

corner 

    a0(rElement) = 1/dt./D(rElement)+1/dz^2+3/dr^2;%adjust 

top outer corner 

     

    pos = (zElement-1)*rElement+1:zElement*rElement; 

    a0(pos) = 

ones(rElement,1)'.*(1/dt./D(pos)+1/dz^2+2/dr^2);%adjust 

bottom row for no MT 

    a0((zElement-1)*rElement+1) = 1/dt./D((zElement-

1)*rElement+1)+1/dz^2+3/dr^2;%adjust for bottom inner 

corner 

    a0(rElement*zElement) = 

1/dt./D(rElement*zElement)+1/dz^2+3/dr^2;%adjust for bottom 

outer corner 

    Aa = diag(a0); 

     

    b0 = ones((zElement-1)*rElement,1)*(-1)/dz^2;%for next-

row vertical MT 

    Ab = diag(b0,rElement); 

     

    c0 = ones((zElement-1)*rElement,1)*(-1)/dz^2;%for 

previous-row vertical MT 

    Ac = diag(c0,-rElement); 

         

    drcv0 = [r_cv(1:rElement-1),0];%for next-column radial 

MT 

    drcv = zeros(rElement*zElement,1)'; 

    for i = 1:zElement 

        drcv(1+(i-1)*rElement:rElement+(i-1)*rElement) = 

drcv0; 

    end 

    drcv(rElement*zElement)=[]; 

    d0 = -1/dr^2 - 1/2/dr./drcv; 

    d0(1:rElement:rElement*(zElement-1)+1)=-1/dr^2;%adjust 

for inner perimeter less internal MT 

    Ad = diag(d0,1); 

    Ad(isinf(Ad)) = 0; 

     

    ercv0 = [r_cv(2:rElement), 0];%for previous-column 

radial MT 

    ercv = zeros(rElement*zElement,1)'; 

    for i = 1:zElement 



ercv(1+(i-1)*rElement:rElement+(i-1)*rElement) = 

ercv0; 

end 

ercv(rElement*zElement)=[]; 

e0 = -1/dr^2 + 1/2/dr./ercv; 

e0(rElement-1:rElement:rElement*zElement-1)=-

1/dr^2;%adjust for outer perimeter less internal MT 

Ae = diag(e0,-1); 

Ae(isinf(Ae)) = 0; 

sz=-1/dr^2; 

ddr = Ad+Ae; 

ddr(ddr~=0)=ddr(ddr~=0)-sz; 

A = Aa + Ab + Ac + Ad + Ae; 

% (1-2) source term vector "B" 

B = (Svn./D + 1/dt./D.*n0)';%including chemical 

reaction generation and mass inertia from last step

B(pos_peri_in)=B(pos_peri_in)+2*nnh3_cons(1:zElement)'/dr^2

;%add inner perimeter boundary condition: MT with chamber 

B(pos_peri_out)=B(pos_peri_out)+2*nnh3_cons(zElement+1:2*zE

lement)'/dr^2;%add inner perimeter boundary condition: MT 

with chamber 

% (2) calculate new temperature "x" 

x = A\B; 

nnh3_new = x'; 

n_NH3_local_new = nnh3_new; 

dn_NH3_local = nnh3_new-n0; 

% (3) calculate local pressure and ammoina out flow 

P_local_new = n_NH3_local_new*R.*tsalt/phi; 

nnh3_new_peri = 

[nnh3_new(pos_peri_in),nnh3_new(pos_peri_out)]; 

D_cons = [D(pos_peri_in),D(pos_peri_out)]; 

a_cons = [ones(zElement,1)'.*a_peri_in, 

ones(zElement,1)'.*a_peri_out]; 

dN_NH3_out = (nnh3_new_peri - 

nnh3_cons).*D_cons*2/dr.*a_cons; 



sumdnch = sum(dN_chem); 

sumdnn = sum(sum(dn_NH3_local.*vcv)); 

sumdno = sum(sum(dN_NH3_out)); 

s=[sumdnch,sumdnn,sumdno]; 

% if(true)%rem(run,2)==0) 

%

% pcons=P_c 

% pl=reshape(P_local_new,[rElement,zElement])' 

% n0=reshape(n0,[rElement,zElement])' 

% nn=reshape(nnh3_new,[rElement,zElement])' 

% dn=reshape(dn_NH3_local,[rElement,zElement])' 

% nc=reshape(nnh3_cons,[zElement,2]) 

% dnch=reshape(Svn,[rElement,zElement])' 

%

dno=reshape(dN_NH3_out./[vcv(pos_peri_in),vcv(pos_peri_out)

],[zElement,2]) 

% dNch=reshape(dN_chem,[rElement,zElement])' 

% sumNch=sum(sum(dN_chem)) 

% dNo=reshape(dN_NH3_out,[zElement,2]) 

% sumNo=sum(sum(dN_NH3_out)) 

%

%

% deb='wait n'' check'; 

%

% end 

end 

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

% calcEbal_v2_wholeDisk.m 

% author: Zhiyao Yang 

% last modified: 6/10/20 

% solving the discretized heat equation using fully 

implicit approach 

% (0) prepare properties  

% (1) construct operator matrix and source term vector 



% (2) use Ax=B --> x = A\B to solve current moment cell 

temperatures 

% (3) further calculate q_hp 

% last modified: 5/9/19 

function [T_salt_new, dtsalt, Q_hp_salt_top, Q_hp_salt_bot] 

= calcEbal_v2_wholeDisk(i, Q_chem, T_salt, T_steam, U_bot, 

U_top, ns3, ns2, ns1, ns0,vcv, m_mat_vec) 

global zElement rElement K_HT dz dr r_cv; 

dt = 1; 

tsalt_0 = T_salt; 

Svq = Q_chem./vcv; 

% (0) calculate X and Cp and rho 

Cp_s = calcCps(ns3,ns2,ns1,ns0,vcv,m_mat_vec); 

rho_s = calcRho(ns3,ns2,ns1,ns0,vcv,m_mat_vec); 

alpha_s = K_HT./(rho_s.*Cp_s); 

% (1) construct operator matrix "A" and source term 

vector "B"  

% (1-1) operator matrix "A" 

a0 = 

ones(zElement*rElement,1)'.*(1/dt./alpha_s+2/dz^2+2/dr^2);%

general coefficient for target cell temperature  

pos = 1:rElement:rElement*(zElement-1)+1;%adjust inner 

perimeter rim for no external radial HT 

a0(pos)=ones(zElement,1)'.*(1/dt./alpha_s(pos)+1/dr^2+2/dz^

2); 

pos = rElement:rElement:rElement*zElement;%adjust outer 

perimeter rim for no external radial HT 

a0(pos)=ones(zElement,1)'.*(1/dt./alpha_s(pos)+1/dr^2+2/dz^

2); 

pos_topLayer = 1:rElement;%adjust top row for HT with 

HP 

a0(pos_topLayer) = 

ones(rElement,1)'.*(1/dt./alpha_s(pos_topLayer)/2+1/dz^2+1/

dz*U_top/K_HT+2/dr^2);%adjust top row for HT with HP 



a0(1) = 

1/dt./alpha_s(1)/2+1/dz^2+1/dz*U_top/K_HT+1/dr^2;%adjust 

top inner corner 

a0(rElement) = 

1/dt./alpha_s(rElement)/2+1/dz^2+1/dz*U_top/K_HT+1/dr^2;%ad

just top outer corner 

pos_botLayer = (zElement-

1)*rElement+1:zElement*rElement;%adjust bottom row for no 

HT 

a0(pos_botLayer) = 

ones(rElement,1)'.*(1/dt./alpha_s(pos_botLayer)/2+1/dz^2+1/

dz*U_bot/K_HT+2/dr^2); 

a0((zElement-1)*rElement+1) = 1/dt./alpha_s((zElement-

1)*rElement+1)/2+1/dz^2+1/dz*U_bot/K_HT+1/dr^2;%adjust for 

bottom inner corner 

a0(rElement*zElement) = 

1/dt./alpha_s(rElement*zElement)/2+1/dz^2+1/dz*U_bot/K_HT+1

/dr^2;%adjust for bottom outer corner 

Aa = diag(a0); 

b0 = ones((zElement-1)*rElement,1)*(-1)/dz^2;%for next-

row vertical HT 

% b0(1:rElement) = -1/dz^2;%adjust for top layer HT 

Ab = diag(b0,rElement); 

c0 = ones((zElement-1)*rElement,1)*(-1)/dz^2;%for 

previous-row vertical HT 

% c0((zElement-2)*rElement+1:(zElement-1)*rElement)=-

1/dz^2;%adjust for bottom layer HT 

Ac = diag(c0,-rElement); 

drcv0 = [r_cv(1:rElement-1),0];%for next-column radial 

HT 

drcv = zeros(rElement*zElement,1)'; 

for i = 1:zElement 

drcv(1+(i-1)*rElement:rElement+(i-1)*rElement) = 

drcv0; 

end 

drcv(rElement*zElement)=[]; 

d0 = -1/dr^2 - 1/2/dr./drcv; 

d0(1:rElement:rElement*(zElement-1)+1)=-1/dr^2;%adjust 

for inner perimeter no HT 



    Ad = diag(d0,1); 

    Ad(isinf(Ad)) = 0; 

     

    ercv0 = [r_cv(2:rElement), 0];%for previous-column 

radial HT 

    ercv = zeros(rElement*zElement,1)'; 

    for i = 1:zElement 

        ercv(1+(i-1)*rElement:rElement+(i-1)*rElement) = 

ercv0; 

    end 

    ercv(rElement*zElement)=[]; 

    e0 = -1/dr^2 + 1/2/dr./ercv; 

    e0(rElement-1:rElement:rElement*zElement-1)=-

1/dr^2;%adjust for outer perimeter no HT 

    Ae = diag(e0,-1); 

    Ae(isinf(Ae)) = 0; 

     

    sz=-1/dr^2; 

    ddr = Ad+Ae; 

    ddr(ddr~=0)=ddr(ddr~=0)-sz; 

     

    A = Aa + Ab + Ac + Ad + Ae; 

        % (1-2) source term vector "B" 

    B = (Svq/K_HT + 1/dt./alpha_s.*tsalt_0)';%including 

chemical reaction heat and heat inertia from last step 

    B(pos_topLayer)=B(pos_topLayer)-

(1/dt./alpha_s(pos_topLayer).*tsalt_0(pos_topLayer))'/2+U_t

op/K_HT/dz*T_steam*ones(rElement,1);%add top layer boundary 

condition: HT with HP 

    B(pos_botLayer)=B(pos_botLayer)-

(1/dt./alpha_s(pos_botLayer).*tsalt_0(pos_botLayer))'/2+U_b

ot/K_HT/dz*T_steam*ones(rElement,1);%add bottom layer 

boundary condition: HT with HP 

     

         

    % (2) calculate new temperature "x" 

    x = A\B; 

    T_salt_new = x'; 

    dtsalt = T_salt_new - tsalt_0; 

               

    % (3) calculate Qhp   

    Q_hp_salt_top = (T_steam-

T_salt_new(pos_topLayer))*U_top.*r_cv*dr*2*3.14*dt; 



    Q_hp_salt_bot = (T_steam-

T_salt_new(pos_botLayer))*U_bot.*r_cv*dr*2*3.14*dt; 

      

%     if(Svq<0) 

%       

%         sumqsaltbot = 

sum(Q_hp_salt_bot)*56+sum(Q_hp_salt_top)*56 

%         sumqchem=sum(Svq)*56 

%         T_steam 

%         tsalt_avg=mean(T_salt_new) 

%         tsalt_avg_0 = mean(tsalt_0) 

%         deb='wait n'' check' 

%     end 

end 

  

  

  

  

 

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

% adsorber_withHP_parametric.m 

% author: Zhiyao Yang 

% last modified: 7/20/20 

  

tic 

clear 

%% global parameters 

global K_MT K_HT phi rho_matrix zElement rElement dz dr 

r_cv dt R; 

  

close all 

  

% time boundary 

  

cycle_time = 60*120-1; %s, desorption/adsorption split 

evenly 

dt = 1; 

timeTot = cycle_time; %s, total simulation time, evenly 

split between desorption and adsorption 

i_end =round(timeTot/dt);%total number of operation time 

  

Pc_c=Psat_NH3_Tk(44+273); 



Pc_e=Psat_NH3_Tk(40+273); 

  

m_HX = 8;%kg 

m_shell = 24;%kg 

Cp_SS = 0.46;%kJ/kg-K 

Cp_water = 4.18; 

rho_SS = 800;%kg/m3 

x_HP = 1e-3; %m, thickness of the heat pipe wall 

  

%property constants 

molarMass_NH3 = 17;     %g/mol 

molarMass_LiCl = 42.4;  %g/mol 

R = 8.314;              %gas constant 

g = 9.81; 

k_ss = 16.3e-3; %kW/m.K, stainless steel 304 (Perry's 

handbook) 

U_wall = k_ss/x_HP; 

     

%% design parameters & properties  

% design geometry parameters 

n_plate = 56;%-, number of salt plates 

r_plate_i = 0.015/2;%m, inner radius of plate (hollow) 

r_plate_o = 0.15/2;%m, outer radius of plate 

z_plate = .56/n_plate;%0.01;%m, thickness of plate 

A_plate = 3.14 * (r_plate_o^2 - r_plate_i^2);%m2, area of 

plate 

V_plate = z_plate * A_plate;%m3, volume of a plate 

M_mat = 1.2;%kg, total matrix mass 

M_salt_tot = 2.2;%kg, total salt mass, more than 1:3 to NH3 

  

  

% property of the salt matrix 

phi = 0.2;%-, porosity, later should be fiited to X_tot 

K_HT = 1e-3; %kW/m-K, thermal conductivity 

K_MT = 10^(1+log(phi/2))*1e-13;%m2, permeability, later 

should be fitted to X_tot 

rho_matrix = (M_salt_tot + M_mat)/n_plate/V_plate;%kg/m3, 

density, calculated from salt+matrix mass and salt plate 

volume 

  

% property of ammonia 

mu_NH3_min = calcMuNH3(50+273.15);%Pa-s, dynamic viscosity 

of vapor ammonia @ 100C, use EES to fit to T & P 

  



%chemical reaction enthalpy 

delta_H32 = 44780/1000; %kJ/mol 

delta_H21 = 48128/1000; 

delta_H10 = 51894/1000; 

%boundary properties for time step calculation 

Cp_matrix_min = 1.5;%kJ/kg-K, minimum specific heat, from 

pure salt+matrix 

alpha_max = K_HT/rho_matrix/Cp_matrix_min;%kJ/m3-K, maximum 

thermal diffusivity 

P_max = 2e6; %Pa, maximum ammonia pressure 

D_max = K_MT/mu_NH3_min*P_max*phi;%m2/s, maximum 

diffusivity, H2 in clay: 1e-9 

%% simulation control 

% timeStep = 1;%s 

zElement = 30;%number of differential c.v. in z direction 

rElement = 10;%number of differential c.v. in r direction 

dz = z_plate / zElement;%m, height of a diff. c.v. 

dr = (r_plate_o-r_plate_i)/rElement;%m, depth of a diff. 

c.v.

r_cv = r_plate_i+(0.5+(0:rElement-1))*dr;%m, middle line

radius of c.v.

V_cv_r = dr*r_cv*dz*2*3.14;%m3, c.v. volume

%% boundary conditions 

T_salt_0 = 45+273; 

%mol, initial mole number of salt in each state 

Nnh3_tot = 2.1/17*1000; 

Ns_tot = Nnh3_tot / 3; 

Ns0=[Ns_tot/n_plate,0,0,0];  

n_NH3_local_0 = Pc_c*phi/R/T_salt_0;%mol/m3, initial 

ammonia vapor mole density w.r.t total c.v. volume 

%% allocate matrix/vector for  

% the parameters are stored in matrix formatting as: 

% row - runs 

% column - [ [dr of 1st (top) plane] [dr of 2nd plane] ... 

[dr of bottom 

% plane] 

% key parameters 



% T_steam_vec = zeros(i_end,1); 

% P_constraint_vec = zeros(i_end,1); 

T_salt = zeros(i_end,zElement*rElement); 

Q_HP_salt_top = zeros(i_end,rElement); 

Q_HP_salt_bot = zeros(i_end,rElement); 

Ns_3 = zeros(i_end,zElement*rElement);%mol/m3, vol. mol. 

density of LiCl-3NH3 

Ns_2 = zeros(i_end,zElement*rElement);%mol/m3, vol. mol. 

density of LiCl-2NH3 

Ns_1 = zeros(i_end,zElement*rElement);%mol/m3, vol. mol. 

density of LiCl-1NH3 

Ns_0 = zeros(i_end,zElement*rElement);%mol/m3, vol. mol. 

density of pure LiCl 

n_NH3_local = zeros(i_end,zElement*rElement);%mol/m3, vol. 

mol. density of NH3 w.r.t total c.v. volume 

dN_NH3_out = zeros(i_end,zElement*2);%mol, ammonia vapor 

crossing the inner/outer primeter\ 

% monitored parameters 

U_ceil_cond = zeros(i_end,1); 

U_floor_cond = zeros(i_end,1); 

U_ceil = zeros(i_end,1); 

U_floor = zeros(i_end,1); 

P_local = zeros(i_end,zElement*rElement); 

dN_g_32 = zeros(i_end,zElement*rElement); 

dN_g_21 = zeros(i_end,zElement*rElement); 

dN_g_10 = zeros(i_end,zElement*rElement); 

Q_chem = zeros(i_end,zElement*rElement); 

dN_NH3_chem = zeros(i_end,zElement*rElement); 

dtsalt = zeros(i_end,zElement*rElement); 

nsum = zeros(i_end,3);%used to store total ammonia changes 

Q_HP_salt = zeros(i_end,1); 

tsat_sim = zeros(i_end,1); 

T_HP_vec = zeros(i_end,1); 

X_tot = zeros(i_end,1); 

n_NH3_CE = zeros(i_end,1); 

% initial values 

T_salt(1,:) = T_salt_0-0.1; 

P_local(1,:) = Pc_c; 

n_NH3_local(1,:) = ones(1,zElement*rElement)*n_NH3_local_0; 

tsat_sim(1) = 45+273; 

% assign amount of salt to each volume 



% use reshape(A',[],1) to convert matrix into 1d array 

V_cv_mat = ones(zElement,1)*V_cv_r; 

V_cv_vec = reshape(V_cv_mat',1,[]); 

Ns_3(1,:) = Ns0(1)/V_plate*V_cv_vec; 

Ns_2(1,:) = Ns0(2)/V_plate*V_cv_vec; 

Ns_1(1,:) = Ns0(3)/V_plate*V_cv_vec; 

Ns_0(1,:) = Ns0(4)/V_plate*V_cv_vec; 

m_mat_vec = M_mat/n_plate/V_plate*V_cv_vec;%kg, matrix mass 

in each c.v. 

dt_HP = 2; 

T_HP_lim_des = 205+273; 

T_HP_lim_ads = 55 + 273; 

%% calculation 

%desorption 

i=1; 

i_des = i 

% db = 'desorption' 

hwait = waitbar(0,'calculating'); 

set(findobj(hwait,'type','patch'),'edgecolor','k','facecolo

r','b'); 

dn_out = 1; 

while(dn_out>0.0005&&i<i_end/2) 

tsalt_avg = T_salt(i,1); 

T_HP = min([tsalt_avg+dt_HP,T_HP_lim_des]); 

T_HP_vec(i) = T_HP; 

%calculate ammonia generation of each reaction stage 

using chemical 

%kinetics 

[dN_g_32(i+1,:),dN_g_21(i+1,:),dN_g_10(i+1,:)] = 

calcChem(i,... 

T_salt(i,:), P_local(i,:), Ns_3(i,:), Ns_2(i,:), 

Ns_1(i,:), Ns_0(i,:)); 

Ns_3(i+1,:) = Ns_3(i,:) - dN_g_32(i+1,:); 

Ns_2(i+1,:) = Ns_2(i,:) + dN_g_32(i+1,:) - 

dN_g_21(i+1,:); 

Ns_1(i+1,:) = Ns_1(i,:) + dN_g_21(i+1,:) - 

dN_g_10(i+1,:); 

Ns_0(i+1,:) = Ns_0(i,:) + dN_g_10(i+1,:); 

dN_NH3_chem(i+1,:) = dN_g_32(i+1,:) + dN_g_21(i+1,:) + 

dN_g_10(i+1,:); 

Q_chem(i+1,:) = - (dN_g_32(i+1,:) * delta_H32 + 

dN_g_21(i+1,:) ... 



        * delta_H21 + dN_g_10(i+1,:) * delta_H10); 

     

    X_tot(i,:) = 

(sum(Ns_2(i,:))+sum(Ns_1(i,:))*2+sum(Ns_0(i,:))*3)./Ns_tot/

3; 

     

    % Mass transfer calculate local volumetric vapor 

ammonia mole density 

    

[n_NH3_local(i+1,:),P_local(i+1,:),dN_NH3_out(i+1,:),nsum(i

+1,:)]... 

        = calcMbal(i+1, T_salt(i,:),n_NH3_local(i,:),... 

        Pc_c,P_local(i,:),dN_NH3_chem(i,:),V_cv_vec);   

     

     

    % Heat transfer of the steam -> heat pipe wall -> salt: 

HT resistance 

    % assuming the thermal mass of the heat pipe wall can 

be neglected     

    ttsteam = T_HP-273; 

    delta_T_steam_HP = 2;%tsteam+273-T_salt(i,1); 

     

    % get properties 

    % property of the steam-heat pipe (implement property 

subroutines) 

    hfg_water = steamlookup(ttsteam,'hfg');%kJ/kg.K, steam 

vaporization heat 

    rho_v = 1/steamlookup(ttsteam,'vg');%saturated steam 

density 

    rho_l = 1/steamlookup(ttsteam,'vl');%water density 

    cp_l = steamlookup(ttsteam,'cpl');%specific heat 

    k_l = steamlookup(ttsteam,'kl');%thermal conductivity 

    mu_l = steamlookup(ttsteam,'mul');%dynamic viscosity 

    nu_l = steamlookup(ttsteam,'nul');%kinematic viscosity 

    sigma_l = steamlookup(ttsteam,'sigmal');%surface 

tension   

    % bottom (ceiling): Gerstmann and Griffith 

    Ra=(g*rho_l*(rho_l-

rho_v)*hfg_water)/(mu_l*delta_T_steam_HP*k_l)... 

    *(sigma_l/g/(rho_l-rho_v))^(3/2); 

    Nu_ceil=0.81*Ra^0.193; 

    h_ceil=Nu_ceil*k_l/(sigma_l/g/(rho_l-rho_v))^.5; 

    U_ceil_cond(i) = h_ceil/1000; 

    % top (floor): Bejan 



    Nu_floor = 

1.368*((2*r_plate_o)^3*(hfg_water+3/8*cp_l*delta_T_steam_HP

)... 

        *g*(rho_l-rho_v)/k_l/nu_l*delta_T_steam_HP)^(1/5); 

    h_floor = Nu_floor*k_l/(2*r_plate_o); 

    U_floor_cond(i) = h_floor/1000; 

     

    U_ceil(i) = 1/(1/U_wall+1/U_ceil_cond(i)); 

    U_floor(i) = 1/(1/U_wall+1/U_floor_cond(i)); 

      

  

    % Heat transfer calculate salt temperature using energy 

balance 

    

[T_salt(i+1,:),dtsalt(i+1,:),Q_HP_salt_top(i+1,:),Q_HP_salt

_bot(i+1,:)] =... 

        calcEbal_v2_wholeDisk(i, Q_chem(i,:), T_salt(i,:), 

T_HP,... 

        U_ceil(i), U_floor(i), Ns_3(i,:), Ns_2(i,:), 

Ns_1(i,:), Ns_0(i,:),V_cv_vec,m_mat_vec); 

     

    

Q_HP_salt(i)=n_plate*(sum(Q_HP_salt_bot(i,:))+sum(Q_HP_salt

_top(i,:))); 

        n_NH3_CE(i+1) = 

n_NH3_CE(i)+sum(dN_NH3_out(i,:))*n_plate; 

     

    i=i+1; 

    waitbar(i/i_end,hwait,[num2str(i),'/',num2str(i_end)]); 

end 

  

%adsorption 

i_ads = i 

% db = 'adsorption' 

while(i<i_end+1&&n_NH3_CE(i-1)>0) 

    tsalt_avg = T_salt(i,1); 

    T_HP = max([tsalt_avg-dt_HP/2,T_HP_lim_ads]); 

    T_HP_vec(i) = T_HP; 

     

    %calculate ammonia generation of each reaction stage 

using chemical 

    %kinetics 

    [dN_g_32(i+1,:),dN_g_21(i+1,:),dN_g_10(i+1,:)] = 

calcChem(i,... 



T_salt(i,:), P_local(i,:), Ns_3(i,:), Ns_2(i,:), 

Ns_1(i,:), Ns_0(i,:)); 

Ns_3(i+1,:) = Ns_3(i,:) - dN_g_32(i+1,:); 

Ns_2(i+1,:) = Ns_2(i,:) + dN_g_32(i+1,:) - 

dN_g_21(i+1,:); 

Ns_1(i+1,:) = Ns_1(i,:) + dN_g_21(i+1,:) - 

dN_g_10(i+1,:); 

Ns_0(i+1,:) = Ns_0(i,:) + dN_g_10(i+1,:); 

dN_NH3_chem(i+1,:) = dN_g_32(i+1,:) + dN_g_21(i+1,:) + 

dN_g_10(i+1,:); 

Q_chem(i+1,:) = - (dN_g_32(i+1,:) * delta_H32 + 

dN_g_21(i+1,:) ... 

* delta_H21 + dN_g_10(i+1,:) * delta_H10);

X_tot(i,:) = 

(sum(Ns_2(i,:))+sum(Ns_1(i,:))*2+sum(Ns_0(i,:))*3)./Ns_tot/

3; 

% Mass transfer calculate local volumetric vapor 

ammonia mole density 

[n_NH3_local(i+1,:),P_local(i+1,:),dN_NH3_out(i+1,:),nsum(i

+1,:)]...

= calcMbal(i+1, T_salt(i,:),n_NH3_local(i,:),... 

Pc_e,P_local(i,:),dN_NH3_chem(i,:),V_cv_vec);  

% Heat transfer of the steam -> heat pipe wall -> salt: 

HT resistance 

% assuming the thermal mass of the heat pipe wall can 

be neglected

ttsteam = T_HP-273; 

delta_T_steam_HP = 2;%tsteam+273-T_salt(i,1); 

U_fconv = 3;%kW/m2.K, forced convection between liquid 

and metal plate 

U_ceil(i) = 1/(1/U_wall+1/U_fconv); 

U_floor(i) = 1/(1/U_wall+1/U_fconv); 

% Heat transfer calculate salt temperature using energy 

balance 



[T_salt(i+1,:),dtsalt(i+1,:),Q_HP_salt_top(i+1,:),Q_HP_salt

_bot(i+1,:)] =... 

calcEbal_v2_wholeDisk(i, Q_chem(i,:), T_salt(i,:), 

T_HP,... 

 U_ceil(i), U_floor(i), Ns_3(i,:), Ns_2(i,:), 

Ns_1(i,:), Ns_0(i,:),V_cv_vec,m_mat_vec); 

Q_HP_salt(i)=n_plate*(sum(Q_HP_salt_bot(i,:))+sum(Q_HP_salt

_top(i,:))); 

n_NH3_CE(i) = n_NH3_CE(i-

1)+sum(dN_NH3_out(i,:))*n_plate; 

i=i+1; 

waitbar(i/i_end,hwait,[num2str(i),'/',num2str(i_end)]); 

end 

close(hwait) 

toc 
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H I G H L I G H T S

• New Clapeyron diagram compares 66 chemisorption working pairs.

• Innovative developments are reviewed for materials, components, and system designs.

• Research priorities are matching salts to applications and reducing thermal mass.

• Hysteresis and reaction heat of sorbent salts significantly affect performance.
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A B S T R A C T

This article reviews the state of the art of chemisorption heat pumps that use ammonia as the refrigerant for cold-
climate heating applications. In such a system, ammonia vapor is adsorbed by the solid salt through reversible
chemisorption reactions, and the thermal effect of the reaction and ammonia phase change is used to extract heat
from a cold environment and supply heat to a warm environment. With the high latent heat and low boiling
point of ammonia as a low-temperature refrigerant and the high sorption capacity of ammonia-based chemi-
sorption reactions, chemisorption heat pumps have the potential to produce high-efficiency heating, particularly
for cold climates. This review first briefly introduces the basics of ammonia-based chemisorption heat pump
systems. Then, the latest development of sorbent materials, including ammoniate salts and heat-conductive
porous matrix materials, are summarized with the focus on low-temperature heating conditions. The design of
system components, as well as cycle configurations, in the literature are summarized. This review concludes with
highlights of recent developments on these topics and suggestions of areas for further research.

1. Introduction

Buildings are responsible for around 40% of the total energy con-
sumption in the United States and Europe [1,2]. To reduce this con-
sumption and the associated greenhouse gas emissions, the energy

efficiencies of heating, ventilation, and air conditioning (HVAC) sys-
tems in buildings are constantly improved with advances in existing
technologies and development of novel systems. Among building HVAC
applications, space and water heating are the major energy consumers
[3]. For example, in 2015, space and water heating accounted for 6.0 EJ
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of energy, or more than 62% of the total residential on-site energy
consumption in US households. In cold-climate regions, heating energy
consumption was 3.09 EJ, or 73% of the total energy [4]. Meanwhile,
improving the efficiencies of existing heating systems has been parti-
cularly difficult. Electric-driven vapor-compression heat pumps can
achieve high heating efficiencies in mild climates [5], but their per-
formance declines considerably in cold climates because of the large
compression ratio and high discharge temperature needed to produce
heating under freezing ambient conditions [6–10]. More than 80% of
the heating systems in cold-climate residential buildings in the United
States are fuel-combusting furnaces and boilers [4]. The thermal effi-
ciency of typical off-the-shelf condensing gas boilers is above 95%,
which already approaches the theoretical thermal efficiency limit of
100%.

Thermally driven vapor-sorption heat pumps are a promising al-
ternative to vapor-compression heat pumps for producing energy-effi-
cient heating and cooling. In a sorption heat pump, the refrigerant is
adsorbed and desorbed by the sorbent material, and the thermal effect
of the sorption process and the refrigerant phase change can be used to
extract heat from a cold environment and supply heat to a warm en-
vironment. Compare with vapor-compression heat pumps that use high
global warming potential (GWP) and ozone depletion potential (ODP)
refrigerants, sorption heat pumps usually use environmentally friendly
refrigerants such as water, ammonia, methanol, and others. Ammonia is
suitable as the refrigerant for cold-climate heating applications because
it is chemically stable, has a high vaporization heat, and has an above-
atmospheric saturation pressure at temperature down to −34 °C
[11,12]. On the other hand, ammonia is both toxic and flammable and
is classified as Group B2 refrigerant in ANSI/ASHRAE Standard 34 [13].
ANSI/ASHRAE Standard 15 [14] establishes the requirement for safely
applying ammonia in refrigeration systems. The safe handling of am-
monia can also draw lessons from the experience and understanding of
using ammonia in the industrial refrigeration field for over 100 years
[15].

Sorption heat pumps can be categorized into liquid–gas absorption
and solid–gas adsorption systems based on the phase of the sorbent
material. Absorption heat pumps with ammonia refrigerant usually use
water as the sorbent and can produce high-capacity heating under cold
ambient conditions [16,17]; however, rectification, i.e. the process to
condense and separate the water content from the vapor after deso-
rption is required to maintain ammonia vapor purity, and a specialized
ammonia solution pump is needed to circulate liquid solution [18]. In
contrast, ammonia-based adsorption systems have simpler configura-
tions, do not need rectification, and require little parasitic energy input

and special components for pumping [19,20]. Ammonia-based ad-
sorption systems can be further divided into two categories: physical
adsorption using the van der Waals force to bond ammonia in sorbents
such as activated carbon, and chemical adsorption (chemisorption)
using the reversible chemical reactions to bond ammonia in metal ha-
lide salt sorbents. Compared with the 0.1 kg–0.3 kg ammonia sorption
per kg sorbent of the physical adsorption [11,21], as much as 1 kg of
ammonia per kg can be bonded in the chemisorption sorbent [11,22].
The unique advantages of high sorption capacity and the ability to
extract heat at very low temperatures make chemisorption technology
the subject of multiple studies of refrigeration using renewable energy
[23–27] and of effective heating in cold climates [28,29].

The chemisorption heat pumps (CSHP) operate among three tem-
perature levels: low, medium, and high; and they can be categorized
into two types. The type-I heat pumps are driven by high-temperature
heat to amplify and supply heat at the medium temperature with extra
heat extracted from the low-temperature environment. Type-II heat
pumps, often referred to as heat transformers, are driven by medium-
temperature heat to upgrade and supply heat at the high temperature
while also rejecting heat to the low-temperature environment.
Therefore, type-I CSHP can efficiently utilize heat from fuel combustion
and amplifies heat production at the medium temperature with heat
drawn from the cold ambient. Most type-II CSHP operate to upgrade
heat from the medium temperature for high-temperature end uses such
as steam generation, which is not typically suitable for cold climate
heat pumping. However, one innovative example of a type-II CSHP is
suitable for cold-climate heating applications, as described by [30–32].
This type-II CSHP takes advantage of two ambient temperatures (for
example, above-freezing ground water and below-freezing air) to up-
grade medium-temperature ambient heat to the space heating tem-
perature while rejecting heat to low-temperature ambient.

With the extra heat drawn from cold ambient, gas-driven CSHP can
provide heating with much higher effectiveness of energy utilization
than gas boilers. Meanwhile, similar to vapor compression heat pumps,
extracting heat from cold ambient can lead to frosting on the outdoor
heat exchanger and deteriorate the heat transfer. The frosting can be
resolved by temporarily heating the heat exchanger with an electric
heater or by reversing the heat pump cycles [10,33], which could lead
to a reduction of the heating coefficient of performance (COP). Dif-
ferent aspects of chemisorption technology have been included in ex-
isting reviews, which provide excellent summaries of chemisorption
technology from their specific perspectives. Wongsuwan et al. [34]
presented an overview of the chemical heat pump using various che-
mical reactions in the early 2000s. Dieng and Wang [23] and Yu et al.

Nomenclature

A heat transfer area
ΔH reaction enthalpy
ΔS reaction entropy
h heat transfer coefficient
MClx metal chloride
n stoichiometric coefficient of ammonia
P vapor pressure
Q heat flow
R gas constant
T temperature
t time
UA product of heat transfer coefficient and heat transfer area
x thickness of heat exchanger wall

Subscripts

ads adsorbing

cond condensing
cyc cycle
des desorbing
evap evaporating
eq equilibrium
fg vaporization heat
fw between heat transfer fluid and heat exchanger wall
ht heating
in Input
ref refrigeration
s sorbent
sys system
w heat exchanger wall
ws between heat exchanger wall and sorbent
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[35] focused on solar-powered adsorption technology. Chan et al. [36]
summarized chemical heat pump and energy storage technology for
low-grade heat use. Li et al. [37] provided a detailed review of cycle
configurations of adsorption systems. Wang et al. [38] summarized
designs to improve heat transfer in adsorption refrigeration systems.
Wang et al. [11] reviewed the working pairs used in physical and
chemical adsorption refrigeration applications. Jiang and Roskilly [39]
summarized thermophysical characteristic enhancement for solid sor-
bents in adsorption systems using ammonia as the refrigerant. Cabeza
et al. [40] conducted a broad review of absorption and adsorption
technologies used in heat pump and thermal storage applications. Some
recent reviews on thermal energy storage applications also include
chemisorption technology for its high energy density [41,42].

Meanwhile, a few review works were found in the literature in-
cluding discussions of chemisorption technology for heating applica-
tions. Dias and Costa [43] reviewed the state-of-the-art of adsorption
heat pumps for heating applications. However, the review is mostly
centered on water- and alcohol-based physical adsorption technology
and systems, with only brief discussions of chemisorption working pairs
and systems. Oliveira [44] introduced the principles and published
performances of various chemisorption cycles. The commonly used
water- and ammonia-based working pairs and the methods to address
the swelling and agglomeration of salts were introduced, along with a
discussion on the technical and economic feasibility of the technology.
However, the review of sorbent material and system cycle was not
comprehensive, and it didn’t include the development and challenges
on the component level.

Different from the existing reviews focusing on the general chemi-
sorption technology, its use in cooling/refrigeration applications, or
only some aspects for heating applications, this paper provides a
comprehensive review on using the chemisorption technology specifi-
cally for space and water heating in cold-climates. Furthermore, che-
misorption technology as well as cold-climate heating technologies
have been intensively studied with funding from national and inter-
national agencies such as the US Department of Energy, National
Science Foundation of China, Engineering and Physical Science
Research Council of UK, and the International Energy Agency.
Therefore, a review dedicated to the chemisorption heating technology
for cold climates is greatly needed.

The scope of this review is CSHP for heat production under cold-
climate conditions. Most such systems found in the literature are type-I
heat pumps, with a few recent ones using type-II configurations. This
paper begins by briefly introducing the basic principles of CSHP. It then
summarizes the latest studies and developments on sorbent materials
and the design and cycle configurations of CSHP systems. Finally, it
concludes with discussions on future research needed to improve the

performance of CSHP systems for cold-climate heating applications.

2. Basics of ammonia-based chemisorption heat pumps

In an ammonia-based CSHP system, the thermal effects of chemi-
sorption reaction and ammonia phase change are applied to produce
useful heating in sorbent- and ammonia-containing heat exchangers
under different temperatures and pressures. Fig. 1 illustrates the sche-
matic and working procedure of a basic CSHP cycle with a sorbent-
containing adsorber and a heat exchanger acting as a condenser or an
evaporator. The CSHP cycles between the desorption and adsorption
modes. In the desorption mode, heat from a high-temperature source,
Qdes, is supplied to the adsorber. The ammonia-salt compound is heated
and starts to decompose, releasing ammonia vapor. The ammonia vapor
flows into the condenser to be cooled by the medium-temperature heat
sink and condense, releasing heat,Qcond. The desorption mode ends with
the sorbent in the adsorber exhausted of ammonia and the ammonia
accumulating in liquid phase in the condenser. The adsorption mode
then starts by cooling the dry sorbent in the adsorber. The adsorber
pressure decreases to below the ammonia-containing heat exchanger
(acting as evaporator) and drives evaporation of the liquid ammonia,
which continuously extracts heat, Qevap, from the low-temperature heat
source. The ammonia vapor flows into the adsorber and bonds with the
sorbent, releasing heat, Qads, to the medium-temperature heat sink. The
adsorption mode ends upon exhaustion of ammonia in the evaporator,
and the system switches back to the desorption mode for continued
operation.

In the basic chemisorption heat pump cycle, the heat input to the
system (Qin) is the desorption heat (i.e. Qdes), and the useful heat output
(Qht) is the heat output in the condenser and adsorber at the heat supply
temperature (i.e., Qcond and Qads). The system performance of the CSHP
can be evaluated by two parameters: (1) the COP as the ratio of useful
heating produced over the high-temperature heat input in (1), and (2)
the specific heating power (SHP) as the ratio of heating output over the
system mass (msys) averaged over the time lapse of a complete deso-
rption-adsorption cycle (tcyc) in (2).

= = +COP Q
Q

Q Q
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.ht
ht

in
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=SHP
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Q
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1 · .
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The performances of CSHP systems are significantly influenced by
the sorbent material, component design, and the system configuration.
To achieve a high COP and SHP, the CSHP system needs to use sorbents
with high sorption capacity, an adsorber that supports high heat and
mass transfer rate, and system cycles that fully use energy input to

Fig. 1. System schematic (left) and operation on the Clapeyron diagram (right) of a basic chemisorption heat pump cycle.
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produce useful heating. Meanwhile, since the heat flow, sorbent mass,
and cycle time in Eqs. (1) and (2) are related to multiple parameters of
material, component, and system design and operation, the changes
that improves the COP might not necessarily increase the SHP. The state
of the art of these critical aspects for high-performance CSHP cold-cli-
mate heating systems are reviewed in the following sections.

3. Sorbent materials

The viability and performance of the CSHPs are largely determined
by the properties of the sorbent salt, where a suitable equilibrium and
large sorption capacity are preferred. A sorption material has suitable
equilibrium means that when the material is at the driving heat tem-
perature, the saturation temperature corresponding to the equilibrium
vapor pressure of the material is above the heat rejection temperature;
meanwhile, when the material is at the heat rejection temperature, the
saturation temperature corresponding to the equilibrium vapor pres-
sure of the material is below the cold ambient temperature. As the re-
sult, the sorption material is able to support continuous ammonia
condensation and evaporation. An ideal chemisorption reaction adsorbs
a large amount of ammonia to extract heat under freezing temperatures
and reject heat at a high temperature through ammonia condensation
and adsorption reaction.

In practical operations, the CSHP performance is also significantly
affected by the heat and mass transfer rate in the sorbent, as well as the
extent of reaction completion. Therefore, the sorbent salts in CSHP
systems were often combined with thermally conductive porous matrix
materials to enhance heat and mass transfer performance. This section
summarizes the sorbent salt and matrix materials commonly used in
published studies.

3.1. Sorbent salts and chemisorption reactions

In an ammonia-based chemisorption reaction, a neutral ammonia
molecule is adsorbed by the sorbent salt by donating a pair of electrons
to the metal ion in the sorbent salt and forming a complex compound
with coordinate covalent bond while releasing the bonding energy as
heat. On the other hand, when the compound is heated at a high
temperature, the bond is broken and ammonia is desorbed from the
sorbent [45]. A generic reaction formula between ammonia and metal
chloride (MClx) can be written as Eq. (3) [46]. In the reaction formula,
M is the metal in the sorbent salt capable of bonding with ammonia
molecules and forming complex compounds. MCl n NH·x 1 3 and

−MCl n n NH·( )x 1 2 3 are both solid-phase ammoniate compounds. n2 is
the mole of ammonia that reacts with each mole of ammoniate salt. The

reaction can be simply denoted as −MCl n n n· /( )x 1 1 2 . The reaction in the
forward direction, i.e. decomposition of MCl n NH·x 1 3 requires heat
input; on the other hand, the reaction in the backward direction, i.e. the
synthesis of MCl n NH·x 1 3 releases heat.

↔ − +MCl n NH s MCl n n NH s n NH g· ( ) ·( ) ( ) ( ).x x1 3 1 2 3 2 3 (3)

Ammonia molecules can form complex compounds with salts of
both main group metals (e.g., Li, Ca, and Na) and transition metals
(e.g., Co, Mn, and Ni) [47], and metal halide salts (e.g., CaCl2 and NaBr)
are the most commonly used sorbent for ammonia-based chemisorption
reactions. The number of ammonia molecules bonded to one metal ion
is determined by the type of metal ion, as well as the chemisorption
reaction equilibrium, which also leads to different sorption capacities
between salts. For example, one mole Ni2+ and Ca2+ in NiCl2 and CaCl2
can bond with six and eight moles of NH3, which corresponds on a mass
basis to maximum sorption capacities of 0.79 kg/kg and 1.22 kg/kg of
salt, respectively. Some salts have only one stable complex compound
corresponding to one reaction, such as BaCl2-8/0; other salts can form
multiple stable compounds at different temperatures and pressures,
such as CaCl2-8/4 and CaCl2-4/2.

The equilibrium vapor pressure of a chemisorption reaction is
usually considered mono-variant as a function of the sorbent tem-
perature expressed by the van ’t Hoff equation (Eq. (4)). The coeffi-
cients in Eq. (4), HΔ and SΔ , are often associated to the reaction en-
thalpy and entropy per mole of NH3 under the standard state, albeit
they are usually derived from the linear equilibrium curve (e.g. in
[48–50]) instead of directly measured. R is the gas constant of 8.314 J/
(mol·K), Ts is the sorbent temperature in Kelvin, Kp is the equilibrium
constant of the reaction, Peq is the equilibrium vapor pressure in Pascal.
The reference pressure P0 in chemical reactions is usually defined as
1 bar, 1 atm, or 100 kPa [51–54]. However, the reference pressure was
assumed to be 1 Pa for the equilibrium of ammonia chemisorption re-
actions reported in [55,56] and listed in Table 1. The different values
adopted for the reference pressure will not affect the value of the re-
action enthalpy obtained from linear fitting, but will lead to an offset to
the value of the reaction entropy.

⎜ ⎟
⎛
⎝

⎞
⎠

= = − +
P
P

K H
R T

S
R

ln ln( ) Δ
·

Δeq
p
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The reaction equilibrium can be illustrated as straight lines on the
Clapeyron diagram, as shown in Fig. 2. The vapor–liquid equilibrium of
pure ammonia is shown in the left of the chart, and the lines to the right
of the ammonia equilibrium represent the vapor–solid equilibria of 66
chemisorption reactions between ammonia and halide salts/com-
pounds. The reaction enthalpy and entropy of these reaction were

Table 1
Summary of chemisorption reactions between ammonia and metal halide salts ordered by the equilibrium temperature when the pressure is 40 kPa. The labels
correspond to the order of the equilibrium lines on Fig. 2 from left to right. Data from [37,55,56].

Label Reaction Label Reaction Label Reaction Label Reaction

1 CuCl2-10/6 18 NaI-4.5/0 35 LiCl-1/0 52 NiBr2-6/2
2 ZnCl2-10/6 19 SrCl2-8/1 36 FeCl2-6/2 53 CaCl2-1/0
3 SnCl2-9/4 20 BaBr2-8/4 37 SrI2-6/2 54 NiI2-6/2
4 KI-4/1 21 CaCl2-4/2 38 MnBr2-6/2 55 MnCl2-2/1
5 LiBr-5/4 22 BaBr2-4/2 39 CuCl2-3.3/2 56 MgCl2-2/1
6 NH4Cl-3/0 23 ZnCl2-6/4 40 BaI2-2/0 57 FeCl2-2/1
7 PbCl2-8/3.25 24 LiCl-3/2 41 CoCl2-6/2 58 CoCl2-2/1
8 CaI2-8/6 25 PbCl2-2/1.5 42 PbCl2-1/0 59 NiCl2-2/1
9 NaBr-5.25/0 26 SrBr2-8/2 43 MgCl2-6/2 60 ZnCl2-2/1
10 PbBr2-5.5/3 27 BaI2-6/4 44 FeBr2-6/2 61 MnCl2-1/0
11 LiCl-4/3 28 PbCl2-1.5/1 45 CaI2-6/2 62 FeCl2-1/0
12 SnCl2-4/2.5 29 BaI2-4/2 46 CoBr2-6/2 63 MgCl2-1/0
13 BaCl2-8/0 30 LiCl-2/1 47 CaCl2-2/1 64 CoCl2-1/0
14 PbCl2-3.25/2 31 MnCl2-6/2 48 NiCl2-6/2 65 NiCl2-1/0
15 PbBr2-3/2 32 CaBr2-6/2 49 MnI2-6/2 66 ZnCl2-1/0
16 PbI2-5/2 33 ZnCl2-4/2 50 FeI2-6/2
17 CaCl2-8/4 34 CuCl2-5/3.3 51 MgBr2-6/2
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collected from [37,55,56]. 14 commonly used reactions are highlighted
with bold lines in Fig. 2 including CaCl2-8/4 [57], BaCl2-8/0 [16,57],
MnCl2-6/2 [16,58], SrCl2-8/1 [16], NiCl2-6/2 [16,57], NH4Cl-3/0 [58],
LiCl [59], and NaBr-5.25/0 [60]. These reactions are popular choices in
chemisorption systems [11,39,55,61] for cold-climate heating applica-
tions.

The complete list of the 66 reaction in the left–right order in Fig. 2 is
in Table 1 ordered by the equilibrium temperature when the pressure is
40 kPa. The reaction enthalpy and entropy from [37,55,56] are listed in
Table 2. The specific sorption capacity of a reaction in Table 2 is de-
termined by the reaction stoichiometry and the molar mass of the salt.

The reactions shown in Table 2 are used in CSHP systems in two
different arrangements: (1) conventional adsorption coupling the ad-
sorption/desorption reactions with evaporation and condensation of
pure ammonia such as the basic cycle in Fig. 1, and (2) resorption
[62,63] where two different ammoniate compounds are coupled to
extract heat with the desorption reaction of the low-temperature salt
and supply heat with the adsorption reaction of both the high-tem-
perature and low-temperature salts.

The viability of a reaction for the cold-climate heating application is
determined by its equilibrium pressure relative to the ammonia pres-
sure under the cold ambient and the hot heat source. The low-tem-
perature heat extraction—either through ammonia evaporation or
desorption reaction—happens toward the left of Fig. 2 with a low vapor
pressure; on the other hand, the heat rejection through ammonia con-
densation or adsorption reaction needs to happen at a sufficiently high
temperature toward the right of Fig. 2 with a high vapor pressure.
Moreover, a deviation from the equilibrium is necessary for the che-
mical reaction to occur [55,61]; therefore, the desorption equilibrium
pressure needs to be higher than the pressure around the ammoniate
compound, and vice versa for adsorption. Such temperature or pressure
deviation is often referred to as the equilibrium drop and indicates the
driving force of the chemisorption reactions [55].

3.1.1. Reactions for conventional adsorption configuration
In the adsorption configuration, heat extraction is accomplished by

ammonia evaporation at low temperature, and heating output is from
ammonia condensation and adsorption reaction. Therefore, suitable
chemisorption reactions under this configuration need to adsorb

ammonia at low pressure but high temperature to supply heat during
adsorption.

The reactions with low desorption and adsorption temperatures are
located toward the left in Fig. 2. Driven by low-temperature heat
sources such as solar heat, these reactions include BaCl2-8/0 [64–68],
NaBr-5.25/0 [67], NH4Cl-3/0 [60], and LiCl-4/3 [69]. However, the
adsorption temperatures of these reactions corresponding to freezing
evaporation temperatures are usually around 20–30 °C, which is much
lower than the required temperature for typical heating applications
(40–55 °C) [16].

Higher heat source temperatures enable reactions toward the
middle of Fig. 2 with higher adsorption temperatures. Reactions based
on CaCl2 have been used in many deep-freezing applications
[67,68,70–73], and they are also capable of generating heat at high
temperatures. With a heat source temperature of 120 °C, CaCl2-8/4 was
used by Vasiliev et al. [57] to produce heating at 50 °C while extracting
heat at below freezing temperatures. As the heat source temperature
gets higher, SrCl2-8/1 becomes available and is used for heating at
55 °C in research from Pons [16]. The reaction equilibrium of MnCl2-6/
2 and NiCl2-6/2 are located toward the right of Fig. 2; therefore, they
can adsorb ammonia and produce heating under quite low vapor
pressures. On the other hand, they require higher driving temperatures
(> 240 °C), as simulated by Pons [16] for high-COP heating under
−15 °C ambient temperature.

3.1.2. Salts for resorption arrangement
In resorption, heat extraction from the cold ambient is accomplished

by the desorption reaction of the low-temperature salt (LTS) at low
vapor pressures. The equilibrium pressures of the LTSs need to be high
enough to provide the necessary equilibrium drop between the LTS
desorption and the high-temperature salt (HTS) adsorption. Therefore,
reactions located on the bottom left of Fig. 2 are often selected as the
LTS in resorption systems to operate at low-temperature and low-
pressure conditions.

NH4Cl-3/0, NaBr-5.25/0, and BaCl2-8/0 are the most commonly
used LTSs with high sorption capacities in chemisorption systems.
BaCl2-8/0 was used in the Pons et al. simulation of a resorption heat
pump [16] as the LTS for heat production under 5 °C ambient tem-
peratures. Vasiliev et al. [57] built and tested a resorption system using

Fig. 2. Ammonia-based chemisorption reaction equilibrium on the Clapeyron chart. The labels of all lines from left to right are listed in Table 1. Commonly used
reaction are shown in bold: (6) NH4Cl-3/0, (7) PbCl2-8/3, (9) NaBr-5.25/0, (11) LiCl-4/3, (13) BaCl2-8/0, (17) CaCl2-8/4, (19) SrCl2-8/1, (21) CaCl2-4/2, (24) LiCl-
3/2, (30) LiCl-2/1, (31) MnCl2-6/2, (35) LiCl-1/0, (47) CaCl2-2/1, (48) NiCl2-6/2. Data from [37,55,56].
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BaCl2-8/0 as the LTS to produce 50 °C heating while cooling at 0 °C.
NH4Cl was used as the LTS in a resorption system for simultaneous
heating and cooling by Xu et al. [58] where the LTS extracts heat at −5
to 0 °C and rejected heat at 70–80 °C with a cycle time of 6 h. NaBr-
5.25/0 was used in a resorption system for combined heating and
cooling from Oliveira [60], where the combined heating and cooling
performance saw a significant increase from cooling at −5 °C and
heating at 50 °C to cooling at 10 °C and heating at 70 °C. The HTS in
resorption needs to adsorb ammonia at a very low pressure and reject
heat at a high temperature; therefore, it often has a relatively high
operation temperature toward the right in Fig. 2. NiCl2-6/2 and MnCl2-
6/2 are used in [16,57,58,60] as HTS in resorption systems.

3.1.3. Challenges in chemisorption reaction and sorbent salt

• Resorption Low-Operating-Pressure Limit

A heating system based on the resorption configuration theoretically
has a higher COP than the adsorption configuration under the same
operating conditions as simulated by Goetz et al. and Wang et al.

[61,70]. Meanwhile, unlike the adsorption configuration that nearly
always operates above atmospheric pressure, the pressure during the
LTS desorption in resorption is usually below atmospheric pressure.
Such low pressure was found to limit the sorption reaction rate in some
studies [70,74]. Wang et al. [70] tested a BaCl2-MnCl2 resorption
system cooling at −5 °C, and only 0.33 kg/kg sorption capacity was
observed in 20 min of adsorption compared with the theoretical sorp-
tion capacity of 0.65 kg/kg. The difference was attributed to the very
low pressure (< 0.03 MPa) during LTS desorption, which limited the
vapor transfer in the sorbent and slowed down the reaction rate. A si-
milar conclusion was drawn by Goetz et al. from detailed simulation
that the vapor diffusion in the sorbent at low operating pressures was
very limited, reducing the equilibrium drop and the reaction rate [61].
Bao et al. [75] tested a resorption cold box with NH4Cl/MnCl2 cooling
to −25 °C. After 3 h, the adsorption reaction progressed to only 31%
with 0.29 kg/kg sorption capacity compared with the theoretical
0.9 kg/kg. In contrast, Bao et al. [76] tested resorption refrigeration
using the same MnCl2-NH4Cl pair cooling at−5 °C and rejecting heat at
30 °C, and a sorption capacity of more than 80% was observed. On the
other hand, resorption systems operating around 0.1 MPa were

Table 2
Summary of the sorption capacity, reaction enthalpy and entropy of chemisorption reactions between ammonia and metal halide salts. Data from [37,55,56]

Salt Molar mass
[g/mol]

Reaction Specific sorption
cap. [kg/kg salt]

Reaction enthalpy
[J/mol]

Reaction entropy
[J/(mol·K)]

Reaction Specific sorption
cap. [kg/kg salt]

Reaction enthalpy
[J/mol]

Reaction entropy
[J/(mol·K)]

LiCl 42.3 4–3 0.401 36,828 224.6 2–1 0.401 48,128 230.6
3–2 0.401 44,780 229.8 1–0 0.401 51,894 234.4

NH4Cl 53.4 3–0 0.955 29,433 207.9 — — — —
CoCl2 94.3 6–2 0.721 53,987 228.1 1–0 0.18 88,303 232.8

2–1 0.18 78,134 232.17 — — — —
MgCl2 95.1 6–2 0.715 55,661 230.63 1–0 0.179 87,048 230.88

2–1 0.179 74,911 230.3 — — — —
CaCl2 110.8 8–4 0.614 41,013 230.3 2–1 0.153 63,193 237.34

4–2 0.307 42,269 229.92 1–0 0.153 69,052 234.14
MnCl2 125.7 6–2 0.541 47,416 228.07 1–0 0.135 84,202 233.18

2–1 0.135 71,019 232.35 — — — —
FeCl2 126.6 6–2 0.537 51,266 227.99 1–0 0.134 86,880 233.01

2–1 0.134 76,167 231.91 — — — —
NiCl2 129.5 6–2 0.525 59,218 227.75 1–0 0.131 89,810 233.01

2–1 0.131 79,515 232.17 — — — —
CuCl2 134.5 10–6 0.506 31,387 227.72 3.3–2 0.164 56,497 237.22

5–3.3 0.215 50,241 230.75 — — — —
ZnCl2 136.2 10–6 0.499 29,588 219.23 2–1 0.125 80,352 229.72

6–4 0.25 44,779 230.24 1–0 0.125 104,625 227.79
4–2 0.25 49,467 230.24 — — — —

SrCl2 158.4 8–1 0.751 41,432 228.8 — — — —
SnCl2 189.6 9–4 0.448 31,806 224.86 4–2.5 0.134 38,920 229.82
BaCl2 208.2 8–0 0.653 38,250 227.25 — — — —
PbCl2 278 8–3.25 0.29 34,317 223.76 1.5–1 0.031 47,290 232.5

3.25–2 0.076 39,339 230.27 1–0 0.061 55,660 231.04
2–1.5 0.031 46,035 230.89 — — — —

LiBr 86.8 5–4 0.196 33,689 225.9 — — — —
NaBr 102.9 5.25–0 0.867 35,363 225.2 — — — —
MgBr2 184.1 6–2 0.369 63,612 230.2 — — — —
CaBr2 199.8 6–2 0.34 48,965 230.4 — — — —
MnBr2 214.7 6–2 0.317 53,066 228.3 — — — —
FeBr2 215.6 6–2 0.315 55,828 228.1 — — — —
NiBr2 218.5 6–2 0.311 64,240 227.2 — — — —
CoBr2 218.7 6–2 0.311 58,590 227.5 — — — —
SrBr2 247.4 8–2 0.412 45,617 229.3 — — — —
BaBr2 297.1 8–4 0.229 41,850 229.8 4–2 0.114 42,687 230.7
PbBr2 367 5.5–3 0.116 37,665 229.4 3–2 0.046 39,758 229.4
NaI 149.9 4.5–0 0.51 39,339 224.5 — — — —
KI 166 4–1 0.307 32,015 219.8 — — — —
CaI2 293.8 8–6 0.115 35,991 229.3 6–2 0.231 58,590 231
MnI2 308.7 6–2 0.22 59,301 227.4 — — — —
FeI2 309.6 6–2 0.22 60,683 227.5 — — — —
NiI2 312.5 6–2 0.218 65,453 224.1 — — — —
SrI2 341.4 6–2 0.2 52,731 230.5 — — — —
BaI2 391.1 6–4 0.087 46,454 231.6 4–2 0.087 47,291 230.3

2–0 0.087 56,079 235 — — — —
PbI2 461 5–2 0.111 40,595 229.1 — — — —
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reported by Xu et al. and Jiang et al. [58,73] with relatively high
completion. Goetz et al. [61] set a pressure limit of 0.1 bar for re-
sorption cycle models.

• Hysteresis

As described in the van ’t Hoff equation (4), the equilibrium vapor
pressure of chemisorption reactions is generally considered mono-
variant as the function of only the sorbent temperature. However, the
bivariant behavior, or hysteresis, of the equilibrium of some ammonia-
metal halide chemisorption working pairs was identified by Goetz and
Marty [77], where the decomposition of ammoniate MnCl2 took a
higher temperature to occur than the synthesis reaction under the same
pressure. The hysteresis effect of ammonia-halide salt reactions was
also reported for MnCl2 [78], CoCl2 [79,80], BaCl2 [81], LiCl [59],
CaCl2 [82], NH4Cl [82], and FeCl2 [83].

Wu et al. [84] measured the hysteresis of ammoniate SrCl2 ad-
sorption and desorption, where the SrCl2 salt was embedded in porous
expanded graphite and kept at 0.615 MPa while its temperature varied
between 65 °C and 90 °C to trigger desorption and adsorption reactions.
As shown in Fig. 3, when the temperature increases from 65 °C, the
reactions of SrCl2-8/2 and SrCl2-2/1 start in the desorption direction at
~73 °C and 92 °C, respectively. However, when the temperature de-
creases from 95 °C, the adsorption-direction reactions start at ~74 °C
and 70 °C, respectively. As highlighted in the figure, there is a 3 °C and
18 °C difference between equilibrium of the adsorption and desorption
of the same reaction.

Trudel et al. [85] observed a similar behavior when measuring the
equilibrium of CoCl2-6/2 reaction. Both Zhong et al. and Trudel et al.
attributed the hysteresis to the solid phase change and ex-
pansion–contraction of the salt crystal during synthesis-decomposition
reactions. The additional energy required for desorption was connected
to the work of expansion of the crystal lattice during adsorption.

Though the hysteresis phenomenon is not yet fully understood,
studies have been carried out to model [82] and mitigate [86,87] the
hysteresis effect using a mixture of sorbents NH4Cl, CaCl2, and MnCl2
with an identified optimal mixing portion for refrigeration operation.

Table 3 lists the reactions used in cold-climate CSHP heating sys-
tems in the literature.

3.2. Porous matrix material

Besides the salt’s adsorption capacity and feasible operating tem-
perature and pressure, the performance of the chemisorption system is
also significantly influenced by the heat and mass transfer within the
sorbent. Conventional pure halide salts are usually available in granular
form with limited heat and mass transfer rates. For example, the
thermal conductivity of granular CaCl2 and its ammoniates ranges be-
tween 0.0065 W/(m·K) and 0.145 W/(m·K) [39,88]. Moreover, the
swelling and agglomeration of the bulk salt during adsorption dete-
riorates the sorption capacity and vapor transfer across the sorbent
[22]. Therefore, composite sorbent materials were developed that
consist of salt and highly conductive porous materials such as activated
carbon (AC) and graphite. The composite sorbents demonstrated sig-
nificant improvement of the sorbent heat and mass transfer perfor-
mance (e.g., 1.7–17.4 W/(m·K) for expanded graphite-CaCl2 composite
sorbent [67,89]) while also eliminating the mass transfer deterioration
due to agglomeration.

Under proper temperatures and pressures, the sorbent salts can
react with ammonia vapor upon contact. However, the salt grains have
very poor heat and mass transfer performances, and they tend to ag-
glomerate together and create a large nonporous bulk during adsorp-
tion, preventing the center salts from reacting with ammonia and re-
ducing the adsorption capacity [20,90]. The salt grains also swell
during adsorption, which could potentially damage the confinement of
the heat exchanger.

Porous matrix materials were thus introduced to overcome the
aforementioned issues of the salt grain. The porous matrix materials
offer large surface area to host sorbent salts as sites for the vapor–solid
reaction. Matrix materials such as expanded graphite have a high
thermal conductivity that allows fast heat propagation through the bulk
sorbent. The porous matrix also helps mitigate the performance dete-
rioration of ammoniate salt agglomeration and swelling. The compo-
sites of the porous matrix and salt during adsorption/desorption reac-
tions are illustrated in Fig. 4.

The key parameters for a matrix material are therefore its porosity,
permeability, and thermal conductivity. The most common porous
matrix materials studied and applied in chemisorption systems are ex-
panded graphite (EG) [60,64,67,68,74–76,89–104], AC
[22,72,105–107], AC fiber (ACF) [57,108–112], and other materials
including multiwall carbon nanotube (MWCNT) [42,113] and ex-
panded vermiculite (EVM) [81]. The proper mass ratio between the salt
and matrix material, the composite density, and the direction of con-
solidation also affect the heat and mass transfer performance of the
porous matrix.

3.2.1. Expanded graphite
EG, also referred to as expanded natural graphite (ENG), is prepared

by electrochemically and chemically treating (oxidizing) natural gra-
phite to force apart the crystal lattice and create abundant micropores
for salt impregnation and channels for vapor transfer. The salt can be
embedded into the pores of EG by (1) mixing EG with a salty solution,
(2) drying the composite, and (3) compressing the composite as shown
in Fig. 5. This impregnation procedure is also used in graphite [67,94]
and other composite sorbent preparations.

The interconnected flake structure of EG provides high thermal
conductivity (4–40 W/m·K) and high gas permeability (10−14–10−12

m2) [114] while the creases of the flakes provide a large surface area to
host ammoniate salt. Wang et al. [100] also measured the thermal
conductivity of EG without salt to be ~1.7 to 4 W/(m·K).

One of the early EG-based composites, IMPEX, was developed at
CNRS-IMP in France and has thermal conductivities as high as 4–40 W/
(m·K) [90,91]. The thermal conductivity of the EG-salt composite sor-
bent is strongly related to the EG/salt ratio and its density after con-
solidation. Han et al. [92] reported that the effective thermal con-
ductivity of CaCl2 ammoniates increased with a higher EG ratio, higher
density, and more ammonia in the compound. Jiang et al. [93] mea-
sured the thermal conductivity of the SrCl2-EG compound ranging from
0.44 W/m·K (500 kg/m3) to almost 2.94 W/m·K (800 kg/m3). Wang
et al. [94] measured the thermal conductivity of CaCl2-EG composite to
be ~7.02–9.2 W/(m·K) at densities of 1100–1300 kg/m3.

Fig. 3. Hysteresis of ammoniate SrCl2 plotted by Wu et al. [84].
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Gas permeability, on the other hand, declines with increasing den-
sity. Tian et al. [89] reported a decrease of permeability of CaCl2-EG
compound from 3.16 × 10−11 m2 to 8.61 × 10−13 m2 when the
density increased from 400 kg/m3 to 550 kg/m3. Han and Lee. [115]
measured the permeability of EG composites of CaCl2, MnCl2, and BaCl2
at different densities, EG/salt ratios, and ammoniate states and found a
similar trend.

Because EG is inexpensive and the process to embed salt into it is
mature, it has been widely used as the matrix material for a variety of
sorbent salts in numerous chemisorption systems
[60,64,67,68,74–76,89,93,95–100].

To further enhance the heat transfer performance of ENG, Wang
et al. [101] introduced ENG treated with sulfuric acid (ENG-TSA): the
sulfuric acid is first intercalated in the graphite flakes; then, the gra-
phite is exfoliated by heating in a flame to form ENG with densities as

low as 5–6 kg/m3 compared with the normal ENG density of 20–50 kg/
m3 [89]. The sulfuric acid treatment improved the thermal conductivity
of the ENG-TSA up to 15.4 W/(m·K) for Jiang et al. [67], and 337 W/
(m·K) for Wang et al. [101]. ENG-TSA was further used by Jiang et al.
[102,103] in several experimental tests in which the effect of higher
heat transfer capacity was investigated. Zhao et al. [104] reported 45
times higher conductivity and 50% volumetric cooling power en-
hancement by using the ENG-TSA composite over granular AC for the
ammonia-AC physical adsorption system.

Fig. 6 shows the scanning electron microscopy (SEM) picture of EG
and ENG-TSA from Zhao et al. [104].

For both EG and ENG-TSA, the direction of consolidation com-
pression in the matrix-salt composite significant influences the com-
posite heat and mass transfer performance. The thermal conductivity
and permeability of EG [100] and ENG-TSA [101] parallel (disk) and

Table 3
Summary of chemisorption reactions used in existing cold-climate chemisorption heat pump heating systems. LTS = low-temperature salt; HTS = high-temperature
salt.

Salt Reaction Max. sorption capacity [kg/kg salt] Actual sorption capacity [kg/kg salt] Operating temperatures [°C] Reference

CaCl2 8/2 0.919 0.6 120/50/−18 Vasiliev 2001 (exp) [57]
SrCl2 8/1 0.751 — 135/55/5 Pons 1999 (sim) [16]

— 180/55/−15 Pons 1999 (sim) [16]
MnCl2 6/2 0.541 — 240/55/−15 Pons 1999 (sim) [16]
NiCl2 6/2 0.525 — 300/55/−15 Pons 1999 (sim) [16]
NH4Cl (LTS) 3/0 0.953 0.743 140/70–80/−5–5 Xu 2011 (exp) [58]
BaCl2 (LTS) 8/0 0.654 — 231/50/0 Vasiliev 2001 (exp) [57]
NaBr (LTS) 5.25/0 0.866 — 165/50/−5 Oliveira 2009 (exp) [60]
MnCl2 (HTS) 6/2 0.541 0.332 140/80/− Xu 2011 (exp) [58]

— 150/55/5 Pons 1999 (sim) [16]
— 245/55/5 Pons 1999 (sim) [16]
— 165/50/−5 Oliveira 2009 (exp) [60]

NiCl2 (HTS) 6/2 0.525 — 240/50/0 Vasiliev 2001 (exp) [57]

Fig. 4. Salt-matrix composite in adsorption and desorption reactions.

Fig. 5. Steps of preparing consolidated salt composite sorbent.
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perpendicular (plate) to the direction of compression were measured.
Both studies used consolidated graphite without salt embedment, and
the results are shown in Table 4. The disk thermal conductivity has a
plateau with the increasing density after compression compared with
the monotonic increase in plates. The plates of both matrices showed
higher thermal conductivity than the disks at similar densities as the
microlayers after compression in the plates follow the heat transfer
direction [101]. The permeability decreased with higher density as
compression reduced pore size and interconnection of pores [100]. As
the result, compression perpendicular to the heat and mass transfer
direction led to a higher transfer rate, while a higher compression
density generally improved thermal conduction but reduced mass dif-
fusion in the sorbent.

The limitation of a chemisorption reaction under low operation
pressures presented in Section 3.1.2 was also discussed in the studies of
the EG-salt composite sorbents from the matrix material perspective. Lu
et al. [91] analyzed the reaction progression of MnCl2 in an EG com-
posite with a validated detailed model and concluded that when con-
straint pressure gets below 1 bar (0.1 MPa), the sorbent permeability
great influences the reaction completion. Because the sorbent perme-
ability decreases with higher density after consolidation, Han et al.
[115] suggested using a sorbent with a density below 200 kg/m3 for
low-pressure (i.e., low-temperature) applications to avoid a sig-
nificantly reduced mass transfer rate. Moreover, Lu and Mazet [116]
compared the modeled and measured reaction progression and sug-
gested that the composite permeability varies with the progression of
the chemisorption reaction.

3.2.2. Activated carbon
AC is produced from natural materials such as acorn and coconut

shells. A typical preparation process starts with crushing and sieving the
raw material to control the particle dimension; then, the particles are
chemically activated by immersion in salt solutions before being heat-
treated at high temperatures; finally, the remaining salt in the particles
are rinsed off with acid and distilled water and dried [117]. Such
preparation procedure results in a highly porous surface structure, as

shown in Fig. 7 from Saka [117]. The AC can then be impregnated with
sorbent salt to form a consolidated composite through a similar process
as described for EG-salt composites.

The AC-salt composites were used in a series of studies on a che-
misorption ice making system [72,105,106] and a refrigeration system
[107] and demonstrated improved sorption performance. Because AC
can physically adsorb vapor ammonia as well, using AC as the matrix
material for composite sorbent can increase the sorption capacity [22].
However, the thermal conductivity of AC (0.35–0.4 W/(mK) for gran-
ular AC [118]) is considerably lower than EG because of the lack of
interconnected plate structure; therefore, composite sorbents using AC
are less seen in recent literatures.

Fig. 7 illustrates the SEM picture of the microstructure of AC from
Saka [117].

3.2.3. Activated carbon fiber
Carbon fibers (CFs) are fiber-shaped materials containing more than

92% carbon content in a non-graphitic state with a diameter of 5–10 µm
[119]. ACFs are prepared from general-purpose CFs by heat treatment
to achieve high porosity and well-defined porous structure [120,121].
The specific surface area of ACFs can be ~2000 m2/g [119], making
them good candidates to host large amounts of salt for composite sor-
bent materials.

A single CF has a very high thermal conductivity of 150–1100 W/
m·K [108]. Dellero et al. [108] developed and tested an ACF-MnCl2
composite of the impregnated carbon fiber (ICF) and the graphite fiber
intercalation (GFIC). The ICF was prepared by immersing CF in an al-
coholic solution of MnCl2 before heating and vaporizing the alcohol to
let the salt adhere to the fiber surface. The GFIC was prepared by in-
tercalation of MnCl2 salt into the graphitized fibers. The intercalation
process involves impregnating sulfuric and nitric acid in graphite fiber
and heating it to a high temperature before impregnating the MnCl2 salt
in between the graphite layers. Both ACF-MnCl2 composite sorbents
improved in reaction kinetics compared with granular MnCl2. However,
it was found that the salt in ICF adhered less to the fiber after a few
cycles, and the preparation time was quite long.

Fig. 6. Scanning electron microscopy of expanded graphite (left) and expanded graphite treated with sulfuric acid (right) [104].

Table 4
Anisotropic conductivity and permeability test; illustration generated according to [100,101].

Sample Compression
direction*

Dominant micro-layer
direction*

Expanded graphite [100] Expanded natural graphite treated with sulfuric acid
[101]

Thermal conductivity [W/
(m·K)]

Permeability [×10−12

m2]
Thermal conductivity [W/
(m·K)]

Permeability [×10−16

m2]

Disk Parallel Perpendicular 1.2–1.8 1.9–2.1 <8.9 0.15–11.2
Plate Perpendicular Parallel 1.5–4.1 4.5–8.8 <337 1.64–117

* Directions relative to the heat/mass transfer direction.
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The ICF, which has a simpler preparation, was further studied by
Dellero and Touzain [109] to improve the transfer performance through
compression and fiber arrangement in the adsorber. By balancing the
thermal conductivity and permeability, an optimal composite density of
~700 kg/m3 was identified to achieve the shortest reaction time. Fur-
thermore, because the thermal conductivity along the fiber is 10 times
higher than that across the fiber, the influence of fiber disposition on
the reaction rate was studied. The long (30 cm) fibers winding around
the adsorber led to a slower reaction compared with short (3 cm) fibers
lying radially in the direction of heat transfer.

Vasiliev et al. introduced a CaCl2-ACF composite sorbent using a
special type of CF named “Busofit” that has a thermal conductivity of
0.2 W/(m·K) [110]. Later, Vasiliev et al. developed ACF-NiCl2 and ACF-
BaCl2 for a multi-salt space cooling system [57]. The ACF provided a
uniform distribution of thin (2–3 μm) films of salt on the porous host
material surface [111]. Aristov et al. developed a CaCl2-ACF Busofit
composite for cooling applications and reported a composite thermal
conductivity of 0.2–0.4 W/(m·K) [112]. Fig. 8 shows the scanning
eletron microscopy of ACF and ACF-CaCl2 composite from [122].

3.2.4. Other matrix materials
Other matrix materials include carbon nanotubes (CNTs) and ex-

panded vermiculite (EVM). CNTs are molecules of carbon with a cy-
lindrical nanostructure. The high thermal conductivity (W/(m·K)) of
CNT makes it a good candidate for composite matrix material with
enhanced heat transfer performance. Yan et al. [42,113] prepared a
composite sorbent made of CaCl2 and multi-wall carbon nanotubes
(MWCNT) for its macro-porous structure. The MWCNT had an average
diameter of 10 nm and length of 10 µm and a specific surface area of
200 m2/g. The thermal conductivity of MWCNT was 750 W/(m·K) in
array form and 15–25 W/(m·K) in film form. The composite was

prepared by impregnating the salt into the MWCNT in aqueous solution
before drying in the oven. The thermal conductivity of the composite
was 1.52 W/(m·K) compared with the granular CaCl2 thermal con-
ductivity of 0.17 W/(m·K). Moreover, the MWCNT proved to prevent
salt agglomeration during adsorption. SEM pictures of the MWCNT
from Yan et al. [113] are shown in Fig. 9.

EVM is made by heat-treatment of natural vermiculite, a hydrous
phyllosilicate mineral. EVM has a flake structure similar to expanded
graphite, but its thermal conductivity is considerably lower. Zhong
et al. [81] prepared EVM with grain sizes of 2–3 mm by immersing EVM
with aqueous solution of BaCl2 before drying it under 200 °C for 5 h.
The composite was then used to test an isothermal adsorption and
desorption process. SEM pictures of EVM from Zhang et al. [123] are
shown in Fig. 10.

Table 5 compare the thermal conductivity and permeability of
granular salt, AC, and composite sorbents using EG and ENG-TSA ma-
trixes. Because of the lack of thermal conductivity and permeability
data reported in the literature, ACF, CNT, and EVM composites are not
plotted in Fig. 11. The granular salt in Fig. 11 was measured by Jiang
et al. [103] for CaCl2, which demonstrated very low permeability due to
agglomeration. The only known AC data with both thermal con-
ductivity and permeability measurements is from Critoph et al. for
consolidated AC sorbent without salt embedment [124].

Compared with granular salt, AC had a higher permeability but
lower thermal conductivity. Most data points in Fig. 11 and Table 5 are
EG and ENG-TSA since they have been extensively investigated with
both the thermal conductivity and permeability reported in multiple
papers. The permeability of a composite sorbent using EG was mea-
sured to be one to four orders of magnitude higher than granular salt
[89,93,115,125]. The thermal conductivity of EG composites was about
1–3 W/(m·K) [89,93,115] and 10–26 W/(m·K) [125]. The ENG-TSA

Fig. 7. Scanning electron microscopy picture of activated carbon at a scale of 30 µm (left) and 10 µm (right) [117].

Fig. 8. Scanning electron microscopy of activated carbon fiber (left) and activated carbon fiber–CaCl2 composite sorbent (right) [122].
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composites generally have thermal conductivities of more than 10 W/
(m·K) and slightly lower permeabilities than EG [102,103].

Table 5 shows that the thermal conductivities and permeabilities of
the graphite composites are related to their density, salt/matrix mass
ratio, sorption quantity, and the consolidation direction. Though the
thermal conductivity generally improves with the density as shown by
Tian et al., Jiang et al., and Han et al. [89,103,125], the permeability
suffers with increasing density with narrower vapor transfer channels
shown in the same literature. Unlike granular salt where the agglom-
eration improves thermal conduction, more salt in the composite leads
to lower conductivity and slightly higher permeability
[89,102,103,125]. As reported by Han et al. [125], the sorption capa-
city affects the permeability considerably because of the significant
change in molecular volume during the chemisorption reaction, while it
has little influence on the thermal conductivity.

4. Components

The major components in CSHP systems are heat-exchanging ves-
sels, including adsorbers, condensers, and evaporators. An adsorber is a
sorbent-containing heat exchanger that allows heat to be transferred
between the sorbent and an external heat transfer fluid (HTF) such as
water, steam, oil, and others. The condenser and evaporator provide a
heat exchange surface for the condensation or evaporation of ammonia
and transfer the phase-change heat to the external HTF. The heating/
cooling power of the CSHP system depends on effectively providing
heat to or extracting heat from the sorbent or the refrigerant.
Furthermore, as suggested by Li et al. and Zhu et al. [126,127], the
extra heat associated with the thermal mass of the heat exchangers has
significant impact on the CSHP system COP. Therefore, numerous stu-
dies have been carried out to improve the design of the adsorber and
condenser/evaporator (C/E) to enhance heat transfer performance and

reduce the mass of metallic heat exchangers.

4.1. Adsorber

In a CSHP system, the sorbent-containing adsorber is the most im-
portant component, as it provides heat exchange surfaces for the solid
sorbent and heat transfer fluid. The design of the adsorber also de-
termines the length of the ammonia vapor transfer path and the sub-
sequent vapor mass flow rate. Fig. 12 is a schematic of general heat and
mass transfer in the adsorber. Heat from the HTF transfers through the
heat exchanger wall that is in contact with the sorbent block. Mean-
while, ammonia vapor diffuses in the sorbent and flows in and out of
the block across openings not in contact with the heat exchanger wall.

The overall heat transfer resistance between the external HTF and
the sorbent can be expressed in (5) as the sum of resistance between the
heat exchanger wall and the HTF and the sorbent, the conduction re-
sistance across the heat exchanger wall, and the conduction resistance
within the sorbent block.

= + + +
UA h A h A

x
λ A

x
λ A

1
( )

1
·

1
· · ·

.
overall fw fw ws ws

w

w w

s
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In (5), UA( )overall is the overall thermal conductance between the
HTF and the sorbent, hfw and hws are the heat transfer coefficients on
the HTF-wall and sorbent-wall surface, Afw and Aws are the heat ex-
change surfaces on each side, and xw and λw are the thickness and
thermal conductivity of the heat exchanger wall, λs is the thermal
conductivity, xs is the mean heat transfer path length (average distance
of sorbent to the heat exchanger wall), and As is the mean heat transfer
cross section area (the average cross-sectional area perpendicular to the
heat transfer direction). Based on Eq. (5), the heat transfer through the
adsorber heat exchanger can be improve with larger heat exchange
areas, higher heat transfer coefficients, and thinner wall and sorbent

Fig. 9. Scanning electron microscopy of multiwall carbon nanotube (left) and multiwall carbon nanotube–CaCl2 composite sorbent (right) [113].

Fig. 10. Scanning electron microscopy of expanded vermiculite (left) and expanded vermiculite impregnated with SrBr2 salt (right) [123].
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Table 5
Thermal conductivity and permeability of composite sorbents. AC= activated carbon; EG = expanded graphite; ENG–TSA= expanded natural graphite treated with
sulfuric acid.

Reference Salt/matrix Salt mass ratio Density [kg/m3] Sorption quantity [mol/mol] Conductivity [W/(m·K)] Permeability [m2]

Jiang 2014 [103] CaCl2 granular — — 1 0.47 7.78 × 10−15

— 2 0.66 6.55 × 10−15

— 3 0.8 9.26 × 10−16

— 4 0.82 8.18 × 10−16

— 5 0.8 5.87 × 10−16

— 6 0.81 5.78 × 10−16

— 7 0.82 3.65 × 10−16

— 8 0.83 1.56 × 10−16

Critoph 2004 [124] AC — — — 0.44 3.60 × 10−14

Tian 2012 [89] CaCl2 EG 50% 450 — 1.66 2.73 × 10−12

67% — 1.23 7.85 × 10−12

75% — 1.09 1.02 × 10−11

80% — 1.01 1.76 × 10−11

83% — 0.85 3.16 × 10−11

50% 550 — 1.7 8.61 × 10−13

67% — 1.51 1.36 × 10−12

75% — 1.36 1.90 × 10−12

80% — 1.28 3.58 × 10−12

83% — 1.08 1.19 × 10−11

Han 2000 [125] MnCl2 EG 50% 100 6 14.8 2.50 × 10−13

50% 2 13.9 8.60 × 10−13

30% 6 11.7 8.00 × 10−14

30% 2 10.9 2.50 × 10−13

50% 150 6 16.1 4.00 × 10−14

50% 2 15.5 1.20 × 10−13

50% 6 14 1.50 × 10−14

50% 2 12.8 4.30 × 10−14

50% 200 6 21.9 1.30 × 10−14

50% 2 20.8 3.00 × 10−14

50% 250 6 25.6 8.10 × 10−15

50% 2 24.7 1.80 × 10−14

Jiang 2016 [102]a NH4Cl ENG-TSA 50% 400 — 34.9 5.14 × 10−14

67% — 27.4 2.87 × 10−14

75% — 18.7 6.45 × 10−14

80% — 14.7 8.00 × 10−14

83% — 12.4 8.67 × 10−14

MnCl2 ENG-TSA 50% — 36.6 6.47 × 10−15

67% — 24.8 4.25 × 10−14

75% — 18.3 5.95 × 10−14

80% — 14.5 8.94 × 10−14

83% — 11.9 8.96 × 10−14

CaCl2 ENG-TSA 50% — 31.7 1.63 × 10−14

67% — 23.3 4.24 × 10−14

75% — 17.4 6.45 × 10−14

80% — 14.2 8.94 × 10−14

83% — 12.2 8.96 × 10−14

Jiang 2014 [103]a CaCl2 ENG-TSA 50% 300 — 23.2 7.34 × 10−14

350 — 27.1 5.96 × 10−14

400 — 31.5 5.20 × 10−14

450 — 40 4.23 × 10−14

500 — 47.5 3.05 × 10−14

67% 300 — 15 6.34 × 10−13

350 — 18 5.54 × 10−13

400 — 23 4.52 × 10−13

450 — 27 3.14 × 10−13

500 — 32 2.05 × 10−13

75% 300 — 12 8.05 × 10−13

350 — 13.3 6.64 × 10−12

400 — 16.1 5.20 × 10−12

450 — 20 9.66 × 10−13

500 — 26.3 7.34 × 10−13

80% 300 — 10.5 9.25 × 10−11

350 — 12 7.32 × 10−11

400 — 14 5.52 × 10−11

450 — 17.4 9.84 × 10−12

500 — 22.6 7.34 × 10−12

83% 300 — 7.6 9.31 × 10−10

350 — 9.2 8.51 × 10−10

400 — 11.5 7.52 × 10−11

450 — 14.3 6.56 × 10−11

500 — 18.5 5.42 × 10−11

a Data digitized from plot.
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mean thicknesses. The increase of the heat exchange area could lead to
a decrease of the sorbent thickness and an increase of sorbent cross
section area, reducing the heat transfer path length and also could af-
fect the mass transfer path length.

To accommodate the incompatibility of ammonia refrigerant with
copper, adsorbers and ammonia piping are usually built with stainless
steel [63,128] or aluminum [72]. The salt stays in solid phase in the
matrix during operation and therefore poses no corrosion threat to the
component materials. The heat transfer resistance across the heat ex-
changer wall is usually small, and the reduction of metal mass by using
thinner heat exchanger walls is limited because the walls need to sus-
tain the pressure difference between the ammonia and HTF loop.

This section presents the designs to improve the heat and mass
transfer in the chemisorption adsorbers. Since the consolidated com-
posite sorbents do not experience swelling and expansion during ad-
sorption, the enhancement designs proposed in physical adsorption
adsorbers using adsorbents of similar form factors (e.g. consolidated
porous material such as activate carbon) in [124,129–131] are also
included. These physisorption adsorber designs could provide bene-
ficial reference for designing high-performance chemisorption ad-
sorbers, but they have not been proven on chemisorption systems. In
general, two approaches have been followed to enhance adsorber heat
transfer in the literature: (1) increase the heat transfer area (Afw and
Aws) by using an extended exchange surface such as a finned tube and
flat plate, and (2) improve the heat transfer coefficients (hfw and hws) at
the heat exchanger surface by using heat pipe.

4.1.1. Increasing adsorber heat exchanger surface area

• Chemisorption adsorbers

Adsorbers in early CSHP studies [77,132] used a simple annular
design in which the sorbent is molded into an annular shape and placed
in a cylindrical adsorber shell as in. The sorbent transfers heat with the
external HTF through the adsorber shell, and the ammonia vapor flows

across the sorbent to the vapor channel in the center. Wrapped electric
heating coil [77] and a water/oil bath [63,67] were used to maintain
the sorbent temperature.

Finned tube heat exchangers are inexpensive to manufacture and
provide a large heat exchange surface area; therefore, they are also
popular choices for adsorbers, usually with a cylindrical pressure vessel
as the shell with multiple tube-and-fin heat exchangers inside, as shown
in Fig. 13. Thin fins are crossed by several tubes or welded on in-
dividual tubes to increase the heat transfer surface. The sorbent mate-
rial is filled around the tube and between the fins, and the heat transfer
fluid flows in the tube. This type of adsorber was used in a few ex-
perimental studies [71,133–135], and the systems using the shell-and-
tube adsorbers achieved 115–245 W/kg system specific cooling power
(SCP). The chemical adsorbent needs to be filled between the fins and
often covered with wire mesh to secure the sorbent while allowing the
ammonia vapor to pass through [133].

• Physisorption adsorbers

Improvement of the annular design was proposed in physical ad-
sorption systems. To increase the heat transfer area of the annular ad-
sorbers, fins were added inside the adsorber. Critoph et al. built and
tested an annular adsorber where the monolithic carbon powder and
thin aluminum plates were compressed to form a compact plate-fin
structure in close contact with the stainless steel cylinder wall for en-
hanced heat transfer (Fig. 13) [136,137]. SCP of 218 W/kg based on the
carbon adsorbent mass was achieved using this type of adsorber. Tube-
fin heat exchanger design was also used in physical adsorption systems
such as [138]. Plate heat exchangers were used in a few physical ad-
sorption systems. A serpentine-shaped plate heat exchanger was built
by Tchernev et al. [131,139] from folded 0.1 mm thin metal foil with
pumped heat transfer fluid flowing inside the plates for a high heat
transfer rate (Fig. 15, left). Critoph and Metcalf [124] developed a
detailed simulation model for a plate-type adsorber (Fig. 15, right).
Thin carbon plates were bonded on the space between stainless steel
heat exchanger plates, with small gaps between the carbon plates to
allow free flow of ammonia vapor. The thickness and dimensions of the
carbon plates were optimized using the model for a high SCP and COP
(see Fig. 14).

4.1.2. Enhancing adsorber heat transfer
Apart from increasing the heat transfer surface area of the adsorber

heat exchanger, heat pipes using two-phase heat transfer principles
were also used in CSHP adsorbers to provide high heat transfer capa-
city. Critoph [140] discussed the pros and cons of using heat pipe versus
pumped HTF in the adsorber. The benefit of using pumped HTF is that
the pumping pressure can be controlled to equalize the pressure on both
sides of the heat exchanger, allowing thin heat exchanger walls. On the
other hand, adding a pump reduces the system’s reliability and sim-
plicity. In contrast, a thermosyphon heat pipe can operate without a
pump and achieve a high heat transfer rate. The major drawback of a
heat pipe in an adsorber is that the large pressure difference usually

Fig. 11. Comparison of thermal conductivity and permeability of composite
sorbents. AC = activated carbon; EG = expanded graphite; ENG-
TSA = expanded natural graphite treated with sulfuric acid.

Fig. 12. General heat and mass transfer in the adsorber.
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leads to thick heat pipe walls and thus, large thermal mass. Since the
adsorber needs to be heated during desorption and cooled during ad-
sorption, different heat pipe designs were implemented to provide the
alternating heating and cooling: reversable heat pipe, hybrid heat pipe/
HTF, and multiple heat pipe designs.

• Chemisorption adsorber

The design of reversable heat pipes switching the hot and cold ends
of the heat pipe was used in several CSHP systems. Vasiliev et al. [111]
built a heat pipe adsorber with horizontally installed heat pipes to allow
two-way heat transfer. Heating elements at the outer end of the heat
pipe generated steam to heat the adsorber in the heating phase; in the
cooling phase, cold water passes through the outer end of the heat pipe
and the induced evaporative cooling in the adsorber. Split-type heat
pipes were used in a series of studies using CSHP to make ice for a
fishing boat [22,105,107,141,142]. The steam heat pipes were used to
transfer heat from the diesel engine exhaust gas to the sorbent for
desorption with an average heat transfer coefficient of 155.8 W/m2·K.
Finned tube adsorbers in these systems were then cooled by evapor-
ating liquid water in the heat pipe at low pressure during adsorption.
The liquid level and pressure in the heat pipe between two operating
modes was controlled by a pump. Depending on the temperatures of the
available heat and selected sorbent salt, the use of methanol and water
as the heat pipe medium was discussed [128].

The hybrid heat pipe/HTF design uses the heat pipe effect for
heating and a circulating HTF for cooling the adsorber. Li et al. [71]
pointed out that the split-type heat pipes involved significant steam
pressure difference between heating and cooling modes and that the
heat pipe pressure was very low during cooling. Instead, pumped water
was proposed for cooling to operate at more stable pressures. The

hybrid heat pipe/circulated HTF design was also used by Alyousef et al.
[143] with a valved heat pipe for transferring solar heat to the ad-
sorbers for desorption, and circulating cooling water in a separate loop
for cooling the adsorber.

In addition to heat pipe designs, Lu et al. [72] used heat exchange
tubes with internal 3-D fins as shown in Fig. 13 to further enhance the
heat transfer between the HTF and the heat exchanger wall. On the
other side of the heat exchanger wall, the chemisorption sorbents need
to be prefabricated into disks or blocks and inserted into the heat ex-
changer. Therefore, good contact is needed to reduce the heat re-
sistance on the sorbent-metal surface. Even though the consolidated
composite sorbent is considered to eliminate the swelling effect during
adsorption, Lu et al. [116] reported that the heat transfer coefficients at
the sorbent heat exchanger varied between 40 W/m2·K and 3,000 W/
m2·K during adsorption and attributed it to the expansion and con-
traction of the sorbent block.

• Physisorption adsorber

In addition to the two heat pipe designs, multiple heat pipe design
using separate heat pipes operating at different temperature ranges for
heating and cooling was proposed for physical adsorption systems.
Critoph et al. [144] contrived an adsorption refrigerator using two sets
of heat pipes with water and pentane outside a circular adsorber to
transfer heat from the heat source to support desorption. In a different
design, Critoph built an aluminum circular adsorber with a steam heat
pipe in the center for heating and an R22 heat pipe surrounding the
sorbent for cooling [145].

To enhance the heat transfer between the sorbent and the heat ex-
changer walls in the physical adsorption systems, sorbents such as
zeolites were directly coated on the surface of the heat exchanger

Fig. 13. Annular adsorbers without fins (left [67]) and with fins (right [137]).

Fig. 14. Tube-fin-type adsorber. A—schematic; B—sorbent-filled tube-fin heat exchanger [138]; C—3D fins inside tube (Lu et al. [72]).
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[146–148] to reduce the contact heat resistance between the sorbent
and the heat exchanger walls.

Table 6 provides a summary of different adsorber designs in lit-
erature.

4.2. Condenser/evaporator and integrated component design

Compared with the adsorbers in which design considerations en-
compass the sorbent and the external heat source, the C/E operates
under a simpler premise. With adequate heat transfer surface between
the ammonia phase change and the pumped HTF, the novel designs of
the C/E focus on reducing the thermal mass and vapor transfer path.
Furthermore, integrated designs combining the adsorber and C/E into a
single vessel for a modular system capable of continuous operation have
also been investigated.

The separate condenser and evaporator from Li et al. [71] were
integrated into a connected component with the condensate flowing
from the top condenser down into the evaporator/reservoir and the
ammonia vapor in and out of the component sharing one passage, re-
ducing the thermal mass compared with using two separate vessels.

Further integration of the C/E combines it with the adsorber to
create an even more compact component with less thermal mass and a
short vapor transfer path between the sorbent and the condensing/
evaporating surface. Iammak et al. [149] integrated the adsorber,
condenser, evaporator, and liquid refrigerant reservoir in one annular
tube, as shown in Fig. 16. The refrigerant vapor condensed when cooled
in the condenser, and the condensate accumulated in the evaporator/
reservoir at the bottom. When the adsorber section was cooled, the li-
quid refrigerant vaporized and flowed upward into the adsorber.

Jaehnig et al. [150] integrated the C/E under the adsorber by se-
parating the cylindrical vessel into two compartments. The whole
system was packed in a single pressure vessel in which the water–silica
gel working pair was used for thermal storage. The liquid level in the C/
E was controlled to avoid emersion of the heat exchanger and improve
heat transfer.

Tchernev et al. [131,139] integrated the adsorber with the C/E by
using the cylindrical wall of the adsorber as the heat transfer surface of
refrigerant condensation to reduce the vapor transport resistance be-
tween the adsorbent and the C/E, as well as to eliminate the need for a
separate C/E component.

5. Cycle and system

Although enhancing the heat and mass transfer in the sorbent ma-
terial and heat-exchanging components can improve system perfor-
mance with faster and more complete reactions, the thermodynamic
performance of a CSHP system is largely determined by its cycle con-
figuration. Based on the heat source of the chemisorption reactions in
the systems, CSHP cycles can be categorized into single-effect, double-
effect, and other configurations. By arranging the chemisorption reac-
tions in adsorption or resorption arrangements, numerous cycle con-
figurations have been investigated for CSHP applications by simulation
[16] and experiment [57,58,60]. This section summarizes the config-
uration and performance of these CSHP cycles and systems.

5.1. Single-effect cycles

Single-effect CSHP cycles take external high-temperature heat di-
rectly for desorption heat in all adsorbers. Depending on the how the
chemisorption reactions in the adsorber(s) are arranged, single-effect
systems can be further categorized into combined condenser-evaporator
(SCCE), separate condenser and evaporator (SSCE), and resorption
(SRES). Fig. 17 shows the generic operation of single-effect cycles. For
SCCE and SSCE cycles, pure ammonia is the low-temperature (LT)
material and salt is the medium-temperature (MT) material. Similarly,
for SRES cycles, the LT is the LTS, and MT is the HTS. At high pressure,
MT takes in high-temperature heat from the heat source and desorbs to
give off ammonia. The high-pressure ammonia vapor is condensed (in
SCCE/SSCE) or adsorbed (in SRES) and rejects useful heat. Once the
system gets to low pressure, useful heat is extracted from the MT and

Fig. 15. Flat-plate adsorber design by Tchernev et al. (left [131,139]) and Critoph and Metcalf (right [124]).

Table 6
Summary of adsorber designs and performances. H = heating; C = cooling.

Reference Adsorption type Heat exchanger Heat transfer method Average heat transfer coefficient [W/m2·K]

Heating Cooling

[63] Chemical Tubular shell Circulated oil — —
[106] Chemical Finned tube Reversable steam heat pipe 150–200 [38]
[128] Chemical Finned tube Reversable steam heat pipe 109.3 105.1
[128] Chemical Finned tube Reversable methanol heat pipe 90.1 84.8
[111] Chemical Finned tube Reversable steam/HFC heat pipe —
[72] Chemical Finned tube with inner 3D fins Steam heat pipe 204.9 208.8
[71] Chemical Finned tube Hybrid steam heat pipe (H)/pumped water (C) 745.4 [38] 832.6 [38]
[143] Chemical Finned tube Hybrid steam heat pipe (H)/pumped water (C) — —
[145] Physical Finned tubular shell Separate steam (H)/R22 (C) heat pipe — —
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the system starts to adsorb vapor ammonia. The ammonia in LT is re-
leased, taking in LT heat from the cold ambient.

5.1.1. Single-effect combined condenser-evaporator and single-effect
separate condenser and evaporator cycles

SCCE is the most basic chemisorption cycle, described in Fig. 1 as an
adsorber coupling with a single phase-change heat exchanger alter-
nately acting as the condenser and the evaporator under high and low

pressures. SCCE has been studied for chemisorption cooling applica-
tions [60,61,65,71,99] with a cooling COP of ~0.3. The low COP was
attributed to the heat loss caused by the temperature swing of the
sorbent and the heat exchanger metal, which reduced the COP by
10–20% [55]. Therefore, few SCCE cycles were used for cold-climate
heating in which the temperature swing heat loss could be exacerbated
by the large temperature lift.

The SSCE configuration, as shown in Fig. 18, avoids repeated
heating and cooling of the combined C/E during the operating cycle
switches by using separate and dedicated heat exchangers for con-
densation and evaporation. Although the two adsorbers are alternately
heated and cooled by external heat, the hot ammonia vapor always
condenses in the condenser, and the liquid ammonia always vaporizes
to take in LT heat in the evaporator. Thus, the SSCE cycle avoids the
heat losses and the associated COP reduction in the repeated heating
and cooling of the condenser and evaporator.

The ideal COP of SCCE and SSCE cycles according to (1) are shown
in Eq. (6) assuming =Q Qdes ads [127]. Since the reaction heat of deso-
rption and adsorption reactions are similar, and both are about twice
the vaporization heat of ammonia [55,61], the ideal heating COP of
SSCE and SCCE is 1.5 [61].

= ≈ + = +COP Q
Q

Q Q
Q

H
H

1
Δ

.ht SSCE SCCE
ht

in

cond ads

des

fg NH

reaction
, /

, 3

(6)

Pons et al. used an analytical model developed by Stitou et al. [46]
that was verified against an established phenomenological model and
validated with experimental data to simulate CSHP heating systems in
an SSCE configuration based on a SrCl2-8/1 reaction [16]. The heating

Fig. 16. Compact condenser/evaporator design (left [131], right [149]).

Fig. 17. Clapeyron chart of typical single-effect cycles.

Fig. 18. Typical configuration and operating modes of a single-effect separate condenser-evaporator cycle.
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COP was between 1.31 and 1.35 at a heating temperature of 40 °C and
between 1.21 and 1.23 at a heating temperature of 55 °C. The SHP at
40 °C was ~450 W/kg and below 300 W/kg at 55 °C. The low ambient
temperature of −15 °C required a high heat input temperature of
170–185 °C, compared with a 135 °C heat source for 5 °C ambient.
Vasiliev et al. [57] built and tested an SSCE system based on CaCl2
reactions and an ACF Busofit matrix and reported heating COP of 1.43
under 50 °C heating and −18 °C evaporation.

It is worth mentioning that type-II heat pump (heat transformers)
can also be assembled in SCCE [31] and SSCE [30] configurations and
used for heating in cold climate. The “Heat from Cold” cycles in-
troduced in uses methanol instead of ammonia as the refrigerant, and
elevates heat from the ambient of 2–20 °C up to 35–50 °C with typical
COPs below 1.0 [30,31]. These new cycles have the potential to be
applied using ammonia as the refrigerant.

5.1.2. Single-effect resorption cycle
The SRES direct couples two different chemisorption reactions

where the system extracts heat from the LT ambient through the des-
orption reaction of LTS and supplies heat via the adsorption reactions of
both LTS and HTS at high temperatures (Fig. 19). The ideal COP of a
SRES cycle according to (1) is calculated in Eq. (7) with all heat input
and output based on chemisorption reaction heat [55,61 127]; the ideal
heating COP of SRES is 2.0 [61].

= =
+

≈ +COP Q
Q

Q Q
Q

H
H

1 Δ
Δ

.ht SRES
ht

in

ads HTS ads LTS

des HTS

LTS

HTS
,

, ,

, (7)

SRES cycles have been studied to produce high-temperature heating
under subfreezing ambient conditions. However, because of the tem-
perature and operating pressure limits on LTS, the minimum ambient
temperature for resorption systems is usually above −10 °C. Oliveira
[44] calculated the heating COP of SRES using thermodynamic prop-
erty data of several working pairs. For CaCl2-MgCl2 and ZnCl2-NiCl2
pairs, the heating COP was 1.75 and 1.79, respectively. For CaCl2-CoCl2
working pair with simultaneous cooling at 5 °C and heating at 65–75 °C,
the calculated cooling COP was 1.0 and heating COP was 2.9 ~3.3
depending on the heat source temperature.

Pons et al. [16] simulated an SRES system using MnCl2-BaCl2 as the
working pair, and the system supplying 40–55 °C heat under 5 °C am-
bient achieved a COP above 1.52 and an SHP of 370 W/kg. Vasiliev
et al. [57] tested a resorption system using NiCl2 as the HTS and MnCl2
as the LTS. The system produced 50 °C heating and cooling at 0 °C with
a heating COP of 1.44 and an SHP of 350 W/kg. Xu et al. [58] tested
MnCl2-NH4Cl resorption systems for heating above 70 °C with only the
HTS adsorption reaction, while the LTS desorption took heat from the
0 °C ambient. With cycle times of more than 6 h, the chemisorption
reactions approached completion, and the heating COPs with only HTS
adsorption heat were above 0.92. Oliveira et al. [60] conducted similar
tests with an MnCl2-NaBr pair with HTS adsorption producing heat at
55 °C, and the heating COP was 0.9.

5.2. Double-effect cycles

When salts with different operating temperatures are used with
ammonia condensing and evaporating, a double-effect system can be
formed by directing the adsorption heat of HTS to drive the desorption
reaction of the medium-temperature salt (MTS), thereby reducing the
heat demand from a high-temperature heat source and improving
system COP. Double-effect cycles involve three different reactive ma-
terials; thus, their generic operations can be described on the Clapeyron
chart, as in Fig. 20, with LT representing the ammonia in adsorption
cycles and the LTS in resorption cycles, with the other two equilibrium
lines representing two different salts.

Fig. 20 illustrates the generic operation of double-effect cycles. The
HTS and MTS in double-effect cycles operate in opposite phases; that is,

when the HTS desorbs ammonia by the heat from a high-temperature
heat source, the MTS absorbs ammonia either from evaporation or
desorption of LTS. Once the operating modes of the two salts are
switched, the adsorption heat of the HTS, which is at higher tempera-
ture than the desorption threshold of the MTS, is used to directly drive
ammonia out of the MTS.

Therefore, with the same HTS desorption heat input from the heat
source, double-effect cycles are capable of producing heating with
condensation and adsorption in multiple components, leading to an
elevated thermal COP. The ideal heating COP of the double-effect se-
parate condenser-evaporator (DSCE) and double-effect resorption
(DRES) are calculated in Eq. (8) and Eq. (9) [127]:
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However, because of the added system complexity, the majority of
studies on multiple-effect cycles are via the simulation approach, with
only a few physical systems constructed and tested. The configuration
of the double-effect corresponding cycles of DSCE and DRES are shown
in Fig. 21.

Oliveira [44]calculated the heating COP of 2.27 for a DSCE system
based on thermodynamic properties of CaCl2-FeCl2 working pair under
supplying heat of 75–90 °C and ambient of 25 °C. Pons et al. [16] si-
mulated the performance of a DSCE heat pump system using MnCl2 as
the MTS and NiCl2 as the HTS. The system required a heat source above
280 °C and achieved heating COP above 1.43. The temperatures of the
heat rejection and cold ambient had little impact on the heating COP,
while the colder ambient of −15 °C compared with 5 °C reduced the
SHP from above 300 W/kg to 140 W/kg. The SHP is about half of the
SSCE system simulated under the −15 °C ambient conditions.

A DRES heat pump was also simulated by Pons et al. [16] for pro-
ducing heating under 5 °C ambient temperature. The DRES heat pump
used NiCl2, MnCl2, and BaCl2 as the HTS, MTS, and LTS and achieved a
heating COP of above 1.9. The SHP was also about half compared with
SRES systems operating under similar conditions.

The simulation and experimental studies on the CSHP heating sys-
tems are listed in Tables 7 and 8.

The comparisons of COP and SHP in different studies are shown in
Fig. 22. For ambient temperatures below −10 °C, only conventional
adsorption configurations (i.e., SSCE and DSCE) are viable, with

Fig. 19. Single-effect resorption cycle.

Z. Yang, et al. Applied Thermal Engineering 179 (2020) 115674

17



double-effect systems having a higher COP. At a higher ambient tem-
perature around 0 °C, resorption configurations (i.e., SRES and DRES)
become available and achieve higher COP than adsorption configura-
tions. The SHP, on the other hand, is affected by the temperature lift
defined as the temperature difference between heat rejection and cold
ambient. Generally, single-effect systems have higher SHPs than
double-effect systems. The two adsorption systems (SSCE and DSCE)
with a dip in SHP at 55 °C and 70 °C were simulated under −15 °C,
indicating that the SHP was also affected by the ambient temperature.

6. Conclusions and future research

Ammonia-based chemisorption is a promising technology to provide
energy-efficient heating, especially for residential applications in cold
climates. Recently, the chemisorption technology has received in-
creasing interest, and significant research and development efforts have
been invested to overcome the critical drawbacks of chemisorption
systems such as heat and mass transfer limits in the sorbent material.

This paper reviews the state of the art of the chemisorption tech-
nology specifically for cold-climate heating applications. Existing stu-
dies on the sorbent material, component, and cycle system levels are
summarized and reviewed. With the recent progress made in the
technology, more research is needed to overcome the challenges, in-
cluding the following:

• Material—salt
o The low equilibrium pressure of LTSs limits the use of the high-
COP resorption configuration. To ensure mass transfer in the LTS,
the minimum ambient temperature has been limited to above

−10 °C; however, the adsorption temperatures of the LTS are not
high enough to produce heating, as in the experimental studies of
Xu et al. [58] and Oliveira et al. [60]. Therefore, salts beyond the
existing metal halide salts with a more preferable equilibrium as
LTS are desired. One candidate, ZnSO4, is introduced by Goetz
et al. [61].

o Hysteresis of sorbent salts is an important phenomenon that can
significantly affect the performance or even viability of the che-
misorption system. Vapor equilibrium is the key factor when de-
termining the working pair and designing the system for a parti-
cular application. However, with hysteresis, the operational
chemical reaction equilibrium could deviate from the design and
result in reduced capacity and COP. Therefore, both the physio-
chemical principle behind the phenomenon and the means to
prevent or mitigate the effect require further study, especially for
salts suitable for cold-climate heating applications such as LiCl,
SrCl2, and others.

o Although a few salts have been investigated for cold-climate
heating applications, there are other candidates with theoretically
more favorable properties. Fig. 23 illustrates the sorption capacity
and desorption temperature of salts in the adsorption configura-
tion with a heat rejection temperature of 50 °C and an evaporation
temperature of 0 °C and −15 °C based on the equilibrium and
molar mass properties. The commonly used salts mentioned pre-
viously all have above 0.5 kg/kg sorption capacity. Meanwhile,
reactions such as LiCl-4/0 and LiCl-3/1 also have high theoretical
sorption capacity under the typical cold-climate heating condi-
tions but have not yet been investigated for heating applications.

Fig. 20. Clapeyron chart of typical double-effect cycles.

Fig. 21. Configuration and operation of double-effect separate condenser-evaporator (left) and double-effect resorption (right).

Table 7
Simulation studies of chemisorption heat pump heating systems by Pons et al.
[16]. SSCE = single-effect combined condenser-evaporator; SRES = single-
effect resorption; DSCE = double-effect separate condenser-evaporator;
DRES = double-effect resorption; COP = coefficient of performance;
SHP = specific heating power.

Configuration Salt Temp [°C] Temp lift
[°C]

COP SHP [W/
kg]

SSCE SrCl2 135/40/5 35 1.35 450
170/40/−15 55 1.23 290
135/55/5 60 1.31 430
185/55/−15 70 1.21 290

SRES MnCl2/BaCl2 130/40/5 35 1.55 380
150/55/5 60 1.52 370

DSCE MnCl2-NiCl2 280/40/5 35 1.45 350
285/40/−15 55 1.44 140
295/55/5 60 1.45 320
290/55/−15 70 1.43 140

DRES MnCl2-NiCl2/
BaCl2

230/40/5 35 1.92 220
250/55/5 60 1.90 210
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In addition, the mixture of different salts demonstrated deviation
of the “effective equilibrium” from the equilibrium of single-salt
ingredients as studied in [82,86,87] for mitigation of hysteresis.
However, it also suggests the possibility to tailor the equilibrium
of the sorbents to the target application by mixing salts.

o The system COP is also strongly affected by the reaction heat of
the working pair as discussed in [151,152]. With the step-like
equilibrium of the chemisorption processes, the equilibrium vapor
pressure of a high-reaction-heat salt is lower under the same
temperature, and therefore allows heat extraction from colder
ambient or utilization of lower temperature heat sources. Mean-
while, the reduction of system COP can be derived from Eqs.
(6)–(9) where a higher reaction heat would reduce the extra heat
from cold ambient relative to the heat input. The trade-off of
operating temperatures and the system COP should also be con-
sidered when designing the system.

• Material—matrix:
o Expanded graphite has proved to be a superior matrix material
providing high thermal conductivity and permeability. However,
the enhancement of heat and mass transfer must be balanced by
adjusting the consolidated density, conductivity, and permeability
of the matrix materials, which is especially important to ensure
sufficient mass transfer within the sorbent under low-pressure
operating conditions during refrigeration or in cold climates. The
effect of matrix material, matrix-salt ratio, compression method,
and the resulting thermophysical characteristics of commonly
used sorbent salt and matrix types needs to be comprehensively
studied.

o The change of thermal conductivity and permeability related to
the reaction progression needs more theoretical and experimental
study. As suggested by Lu et al. [91,116], such change could be
significant and therefore needs to be accurately considered during

modeling and design of the system.

• Component
o Reducing the thermal mass of components with innovative in-
tegrated component design is desirable. The thermal mass of
components can hurt system COP with unrecovered heat loss and
limit system power density by slowing down heat transfer.
Because the main vessels of chemisorption systems need to
withstand varying pressures during operation, the most effective
approach to reducing thermal mass is to integrate components
adjunct in functionalities. Meanwhile, such integration would
bring up challenges such as unwanted heat loss between in-
tegrated functional parts. Therefore, innovative design and en-
gineering are greatly needed.

o Heat pipe adsorbers have high heat transfer rates, but their
heating and cooling rate is not directly controlled as pumped HTF.
Therefore, future research should work toward improving heat
pipe adsorbers with accurate control of heat flow. To regulate the
system under varying heating output and mitigate maintenance
risks, a robust and controllable heat pipe adsorber design is de-
sired.

o Optimizing adsorber design while considering the properties of
the composite sorbent is another area of future work. As argued by
Critoph and Metcalf [124], an optimal combination of con-
ductivity and heat transfer path length, as well as permeability
and mass transfer path length, are more desirable for high overall
system performance.

• System
o More experimental and theoretical studies are greatly desired to
confirm the heating performance of CSHP systems under cold
ambient. So far, only one simulation and less than five experi-
mental studies have been found by the authors during literature
searches. The information provided in these publications is far

Table 8
Experimental studies of chemisorption heat pump heating systems. SSCE = single-effect combined condenser-evaporator; SRES = single-effect resorption;
COP = coefficient of performance; SHP = specific heating power.

Reference Configuration Salt Temp [°C] Temp lift [°C] COP SHP [W/kg]

Vasiliev 2001 [57] SSCE CaCl2 120/50/−18 68 1.43 850
SRES NiCl2/BaCl2 140/50/0 50 1.44 —

Xu 2011 [58] SRES MnCl2/NH4Cl 140/75/0 75 0.95a 35
145/75/0 75 0.95a 36
140/80/0 80 0.92a 24
140/70/−5 75 0.95a 29
145/80/5 85 0.95a 35
140/80/0 80 (11 h) 0.96a 16
140/70/−5 75 (10 h) 0.95a 18

Oliveira 2009 [60] SRES MnCl2/NaBr 165/50/−5 55 0.90a —

a Considering only high-temperature salt adsorption heat.

Fig. 22. Coefficient of performance (COP; left) and specific heating power (SHP; right) of chemisorption heat pump heating systems under different ambient
temperatures and temperature lifts. SRES = single-effect resorption; DSCE = double-effect separate condenser-evaporator; DRES = double-effect resorption.
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from sufficient to confirm the potential high COP of the tech-
nology.

o Applying performance enhancement cycles to heating applica-
tions needs to be studied. Heat and mass recovery have improved
the performance of chemisorption refrigeration systems
[106,107], but no such mechanism has been studied for heating
applications in which the positive effect can be even more pro-
nounced because of the large temperature lift.

o The type-II heat pump configurations have been recently proposed
to elevate ambient-temperature heat to the heat production tem-
perature using methanol as the refrigerant [32]. Therefore, al-
though type-II heat pump systems traditionally were not con-
sidered for space heating applications, further study of them using
ammonia for space heating is warranted.

The aforementioned challenges indicate that chemisorption systems
still require significant research and development to meet their full
potential of effectively generating heating and refrigeration driven by
renewable energy sources and under extreme climate conditions. The
challenges also point to the improvement needed for the technology to
play a more significant role in wider applications in the future: research
and development in materials, components, systems, and methodolo-
gies for system design and evaluation.
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a b s t r a c t

Thermally-driven ammonia-based chemisorption heat pumps (CSHP) have the potential to provide high-
efficiency space heating in cold climates. Using the reversible chemical bond between sorbent salt and
ammonia, CSHP thermochemically pumps heat from the cold ambient to the end-uses of space heating at
50 �C. The heating coefficient of performance (COP) of a CSHP is largely dependent on the selection of the
sorbent salts, cycle configuration, and the system operation. This study uses a thermodynamic model to
investigate the performance of six CSHP system configurations, including four single-effect and two
double-effect cycles. The feasibility and performance of 121 available NH3/salt reactions are studied for
each configuration. The thermal COP of the cycles and the primary energy COP of the gas-fired CSHP
systems are evaluated assuming 50 �C supply temperature for building space heating and the optimal
system designs are identified. The highest thermal COP for single-effect and double-effect cycles
under �25 �C ambient temperatures are predicted to be 1.22 and 1.57, respectively. The corresponding
primary energy COPs are above 1.0 and 1.15, which are 30% higher than condensing furnaces and is
sustained into the same cold temperatures.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Space heating accounts for over 2.35 quadrillion BTU, or 45% of
total residential site energy consumption in the U.S [1]. This per-
centage is even higher for households in the heating-dominated
cold-climate zones. According to the 2015 EIA residential energy
consumption survey, almost 90% of the heating system in cold-
climate residential buildings in the U.S. are either fuel-
combusting or electric-resistance based, and 5e6% are electric
heat pumps [2]. The fuel-combustion systems have efficiencies of

82e95% regardless of the ambient temperature, which have already
approached the ideal thermodynamic efficiency of 100%. Electric
furnaces and electric resistance heaters have an electric coefficient
of performance (COPe) below 1.0, which corresponds to a primary
energy COP (COPpe) even lower than the fuel-combusting heating
systems. The electric heat pump can produce heating with COPe of
4e5 under moderate ambient temperatures. However, as demon-
strated in Ref. [3e6], both the capacity and energy efficiencies of
electric heat pump heating systems decrease drastically below 2.5
as the ambient temperature drops below 0 �C$As a result, cold-
climate electric heat pumps have COPpe comparable to that of the
conventional fuel-combusting systems. With the low energy effi-
ciency of existing cold-climates heating systems, there is a strong
need for systems capable of producing heat at higher efficiency
under low ambient temperatures.

Thermally-driven chemisorption heat pumps (CSHP) is one of
the potential technologies to address the challenge of high-
efficiency space heating in cold climates. A CSHP uses reversible
chemical reactions between solid sorbent material and gaseous
refrigerants to pump heat from a cold environment to space-
heating temperatures. The COP of a CSHP system is largely deter-
mined by the selection of working pairs and cycle configurations, as

* Corresponding author. Purdue University, Lyle School of Civil Engineering, West
Lafayette, IN, USA.

E-mail address: yang573@purdue.edu (Z. Yang).
1 This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-

AC05-00OR22725 with the U.S. Department of Energy. The United States Govern-
ment retains and the publisher, by accepting the article for publication, acknowl-
edges that the United States Government retains a non-exclusive, paid-up,
irrevocable, world-wide license to publish or reproduce the published form of this
manuscript, or allow others to do so, for United States Government purposes. The
Department of Energy will provide public access to these results of federally
sponsored research in accordance with the DOE Public Access Plan (http://energy.
gov/downloads/doe-public-access-plan).

Contents lists available at ScienceDirect

Energy

journal homepage: www.elsevier .com/locate/energy

https://doi.org/10.1016/j.energy.2020.118213
0360-5442/© 2020 Elsevier Ltd. All rights reserved.

Energy 207 (2020) 118213

mailto:yang573@purdue.edu
http://energy.gov/downloads/doe-public-access-plan
http://energy.gov/downloads/doe-public-access-plan
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2020.118213&domain=pdf
www.sciencedirect.com/science/journal/03605442
http://www.elsevier.com/locate/energy
https://doi.org/10.1016/j.energy.2020.118213
https://doi.org/10.1016/j.energy.2020.118213


well as the system operation. Therefore, model-based performance
analysis and comparison of the CSHP systems with different salts
and cycle configurations are necessary to achieve a higher energy
efficiency than the existing heating systems.

There are several such studies in the literature on the COP of
chemisorption systems using different designs. The majority of
model-based comparative studies on chemisorption systems
focused on refrigeration applications [7e10]. Neveu and Castaing
[7] developed a thermodynamic model for a chemisorption heat
pump with internal heat recovery to study 16 possible ammoniate
salts for refrigeration application. They correlated system COP to
the heat source temperature and the evaporation temperature and
generated a domain of application for each of the salt. Goetz et al.
[8] mapped the performance of chemisorption refrigeration and
thermo-transformation systems for 26 ammoniate salts and single-
effect configurations. Li et al. [9] compared the performance of
chemisorption refrigeration systems using single-effect, double-
effect, and triple-effect cycle configurations. Pons et al. [10]
modeled five thermally-driven chemisorption systems (four salts
and four cycle-configurations) for not only refrigeration but also
heat pumping applications. Experimental tests were also used for
comparison. Wang et al. [11] experimentally compared the per-
formance of the resorption and the ammonia-evaporation config-
urations in deep freezing applications using three different salts.
Most existing studies focused on refrigeration applicationwith heat
rejection temperatures too low to provide heating;

There are a few comparative studies on using chemisorption for
heating applications [12,13]. Zhu et al. [12] developed a unified
thermodynamic model to evaluate the COP of sorption systems,
and the model was used to analyze the heating performance of
three single-effect chemisorption systems. Yang et al. [13] con-
ducted a comparative study of chemisorption reactions and cycles
for cold climate heat pumping, where the heating COP of CSHP
using 66 single-stage ammoniate reactions and six cycle configu-
rations were evaluated and compared. Despite the comparative
studies in the literature, the performance of chemisorption systems
under the low-ambient and high-supply temperatures typical for
cold-climate heat pumping applications has not been sufficiently
explored: a very limited number of salts and configurations were

considered compared to the vast candidate pool of salts and cycles.
The study conducted by Yang et al. did not consider double-effect
cycles or the multiple-stage reactions of the same salt that could
potentially lead to higher performance than the single-stage
reactions.

This study fills the gap by providing a comprehensive thermo-
dynamic performance study on the ammonia-based CSHP for cold-
climate heating applications to facilitate proper system design. The
paper first introduces the basic principle of CSHP followed by
research methods to evaluate the thermodynamic performance of
the CSHP systems with six cycles configurations and different the
ammonia-based chemisorption reactions under the cold-climate
conditions. Finally, the designs with optimal performance are
highlighted and compared with existing technologies.

2. Basic principles of chemisorption heat pump

In an ammonia-based CSHP system, the thermal effects of
chemisorption reaction and ammonia phase change are applied to
produce useful heating in sorbent- and ammonia-containing heat
exchangers under different temperatures and pressures. A general
expression of the reversible chemical reactions between ammonia
vapor and sorbent salt in a CSHP system is as equation (1). Metal-
halide such as CaCl2 and NaBr are the most commonly used sor-
bent salt in ammonia chemisorption system, and in equation (1) the
salt is generically referred to as MaXb, where M is the metal atom
and X is the non-metal atom that together make up the sorbent salt
capable of bonding with ammonia molecules and forming complex
compounds.

MaXb $n1NH3ðsÞþn2DHr4MaXb $ðn1�n2ÞNH3ðsÞþn2NH3ðgÞ
(1)

When external energy (n2DHr) is provided to heat the reactants
the reaction occurs in the forward direction where the ammoniate
complex (MaXb$n1NH3) is decomposed, releasing gaseous
ammonia. When heat is extracted the reaction occurs in the back-
ward directionwith the “dry” sorbent (MaXb$ðn1 � n2ÞNH3) absorbs
gaseous ammonia and synthesize into ammonia-rich compounds

Nomenclature

COP Coefficient of performance
CSHP Chemisorption heat pump
DRES Double-effect resorption system
DENE Double-effect system with NH3 evaporator
hfg Vaporization heat [kJ/kg]
HTF Heat transfer fluid
HTS High-temperature salt
HR Heat recovery
LTS Low-temperature salt
M Molar mass [kg/mol]
MTS Medium-temperature salt
P Pressure [Pa]
Q Heat [kJ]
R Gas constant [kJ/kg∙K]
SRES Single-effect resorption system
STM Specific thermal mass [KJ/K-kg sorbent]
SENE Single-effect system with NH3 evaporator
TM Thermal mass [kJ/K]
T Temperature [K]
DHr Reaction enthalpy [J/mol NH3]

ε Heat recovery effectiveness

Subscripts
ads Adsorption
condHX Flue gas condensing heat exchanger
cl Cooling
e Electricity
eq Equilibrium
H High
ht Heating
pe Primary energy
MaXb Generic chemical formula of metal halide salt
DSr Reaction entropy [J/K-mol NH3]
h Heat exchange effectiveness
amb Ambient
cond Condensation
des Desorption
evap Evaporation
E/PE Conversion from electricity to primary energy
HW Hot water supply
L Low
rej Heat rejection
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(MaXb$n1NH3).
Fig. 1 illustrates the schematic and working procedure of a basic

CSHP cycle with a sorbent-containing adsorber and a heat
exchanger acting as a condenser or an evaporator. The CSHP cycles
between the desorption and adsorption modes. In the desorption
mode, heat from a high-temperature source, Qdes, is supplied to the
adsorber to decompose the ammoniate salt and release ammonia
vapor. The ammonia vapor flows into the condenser to be cooled by
the medium-temperature heat sink and condense, releasing heat,
Qcond. The desorption mode ends with the sorbent in the adsorber
exhausted of ammonia and the ammonia accumulating in the
liquid phase in the condenser. The adsorption mode then starts by
cooling the hot and dry sorbent in the adsorber. The cooler sorbent
absorbs vapor and reduces the pressure to drive evaporation of the
liquid ammonia to extract heat, Qevap, from the cold ambient. The
synthesis of ammonia and the sorbent releases heat, Qads, to the
medium-temperature heat sink. The adsorption mode ends upon
exhaustion of ammonia in the evaporator, and the system switches
back to the desorption mode for continued operation.

The performances of CSHP systems are significantly influenced
by the sorbent material and the system configuration. To achieve a
high COP, the CSHP system needs to use sorbents with high sorp-
tion capacity and system cycles that fully use energy input to
produce useful heating.

3. Research methodology

The investigation of CSHP system performance starts with the
identification of the CSHP system designs that are feasible under
the cold-climate heating conditions. The system design includes
the selection of cycle configuration and the sorbent material. First,
the method to identify chemisorption reactions that can operate
under the cold-climate heating conditions is described. Then the six
cycle configurations included in this study and the method to
calculate their thermal COPs are introduced. For each combination
of material and cycle configuration, the cycle thermal COP and the
gas-fired system’s primary energy COP are calculated, and the latter
is compared with the efficiencies of the existing technologies.

3.1. Screening procedure to identify chemisorption reactions for
cold-climate space heating

A cold-climate heat pump typically needs to extract heat from
ambient at below 0 �C, while also rejecting heat to the end-use at
temperatures as high as 50 �C. Therefore, the sorbent materials
need to be carefully selected so that the desorption or adsorption
reactions can happen under such an operating condition. The
sorption capacity of a reaction is the mass of ammonia change
associated with a reaction. The specific sorption capacity of the
reaction is defined as the mass of ammonia change per unit mass of
the pure salt. Reactions with high specific sorption capacities
require less salt per unit capacity and typically enable a more

compact systemwith high energy and power density, and therefore
they are generally preferred in the screening.

The pressure-temperature equilibrium of such reactions is
described by the van’t Hoff equation as equation (2). In the van’t
Hoff equation, DHr and DSr are the enthalpy and entropy change
associated with the reaction per mole of ammonia change, R is the
ideal gas constant, T is the temperature of the sorbent salt in Kelvin,
Peq is the corresponding equilibrium vapor pressure of ammonia in
Pascal, and P0 is a reference pressure of 1 Pa.

ln
�
Peq
P0

�
¼ �DHr

RT
þ DSr

R
(2)

Using to the enthalpy and entropy of 66 ammonia-based
chemisorption reactions reported in Ref. [7,14], the pressure-
temperature equilibrium lines of these reactions are illustrated on
the Clapeyron Chart as in Fig. 4. The procedure for screening
feasible chemisorption reactions based on the operating tempera-
tures is illustrated in the flow chart in Fig. 2 and the Clapeyron chart
in Fig. 4.

Fig. 2 shows the screening procedure for the available reactions
by the low-temperature and high-temperature materials of the
working pair. The procedure starts with a decision of whether a
resorption configuration is used. In a non-resorption configuration
such as the basic CSHP in Fig. 1, the desorption and sorption pro-
cesses in the salt are coupled with ammonia condensation and
evaporation. However, in a resorption configuration, the
condenser-evaporator of the basic CSHP system is replaced with
another adsorber containing a different type of salt. The desorption
of the high-temperature-salt (HTS) leads to sorption reaction and
heat rejection in the low-temperature-salt (LTS), while on the other
hand, the sorption process of the HTS drives the LTS to absorb heat
and desorb ammonia.

The low operating pressure (PL) is the ammonia pressure when
the system is extracting heat from the cold ambient. In non-
resorption cycles, it is the saturation pressure of ammonia during
evaporation; in resorption cycles, it is the desorption equilibrium
pressure of the LTS during desorption. The high operating pressure
(PH) is the ammonia pressure when system is taking heat from the
high-temperature heat source. In non-resorption cycles, it is the
saturation pressure of ammonia during condensation; in resorption
cycles, it is the sorption equilibrium pressure of the LTS. The min-
imum operating pressure (Pmin) is the lower pressure boundary of
PL for a cycle to be considered feasible. The Pmin limit is imposed to
avoid the significant reduction of vapor transfer in the sorbent
under very low pressures as pointed out in Ref. [8,11,15].

The screening procedure is further illustrated in Fig. 3 for non-
resorption systems and Fig. 4 for resorption systems. In a non-
resorption system, ammonia is the low-temperature material in
the working pair. The first step of screening is to determine the PH
and PL as the ammonia saturation pressure at the temperatures of
heat rejection (Trej) and the ambient (Tamb). In Fig. 3 (1) the

Fig. 1. Basic CSHP configuration and operating modes.
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pressures are determined by the intersection point of the temper-
ature lines and the vapor-liquid line of ammonia. The second step is
to determine the lower temperature and pressure boundaries for
the feasible HTS: the equilibriumvapor pressure of a feasible HTS at
Trej needs to be lower than PL so that ammonia evaporation in the
evaporator and the ammonia sorption in the adsorber can occur
under the pressure difference. In Fig. 3 (2) the corresponding area is
below the PL line and to the right of the Trej line. The third step is to
determine the upper temperature and pressure boundaries: the
equilibrium vapor pressure of the HTS needs to be above PH to
continuously drive ammonia out of the salt to condense in the
condenser. Meanwhile, the corresponding equilibrium temperature
of the salt needs to be below the maximum source temperature
(Tmax) to utilize the available heat source. In Fig. 3 (3) the area is
bounded above the PH line and to the left of the Tmax line. By
applying these three steps, the range of feasible salts are identified
as the overlapping highlighted areas in Fig. 3 (4).

In a resorption system, two different salts need to be identified
as the LTS and the HTS. The first step of screening is to identify the
feasible LTS by comparing the equilibrium vapor pressure of each
salt with the minimum ammonia pressure (Pmin) at the ambient
temperature as in Fig. 4 (1). The equilibrium vapor pressure of the
LTS at Tamb needs to be above Pmin. Then for a feasible LTS, the PH
and PL of the system is determined based on the ambient temper-
ature and the heat rejection temperature as in Fig. 4 (2). Then the
feasible range of the HTS can be identified following the same
approach as non-sorption configurations based on the operating
pressures.

Single-stage reactions that fall within the feasible region such as
MnCl2-6/2 in Fig. 4 (3) can operate under the desired conditions. In
addition, multiple reactions of the same salt such as CaCl2-4/2 and
CaCl2-2/1 can all fall within the feasible region as in Fig. 4 (4), and
they can operate sequentially as a multiple-stage reaction (desig-
nated as CaCl2-4/1) under the operating temperatures to achieve a

high total sorption capacity. The combination of multiple reactions
that are based on the same salt can act as one integral reaction, as
illustrated in Fig. 4 (4) with the three CaCl2-based reactions
occurring sequentially. These multiple-stage reactions correspond
to a wider temperature span and offer a sorption capacity higher
than their single-stage components. In total there are 121 single-
stage and multiple-stage reactions to choose from for any chemi-
sorption systems.

As shown in Fig. 4 (1), the feasible range of LTS in the resorption
system is identified to the left of the Clapeyron chart near the
ammonia vapor-liquid line. Based on the PH and PL determined by
the LTS, the feasible range of the HTS is determined to the right of
the chart. The example LTS operating under low temperature is
NH4Cl-3/0, and an HTS that falls in the feasible range for this LTS is
MnCl2-6/2.

In real CSHP systems, the sorbent salts are often impregnated in
porous matrix materials such as expanded graphite to enhance the
heat and mass transfer performance and mitigate the detrimental
effect of salt swell and agglomeration during adsorption [16,17].
The interaction between the matrix material and ammonia is
negligible. Therefore, as long as the operating pressure is suffi-
ciently high as not to limit the mass transfer within the porous
composite as suggested in Refs. [8,11,15], the temperature-pressure
equilibrium of the reactions is not affected by the inclusion of the
porous matrix material, and thus the sorbent and reaction
screening results still apply to such composite sorbents.

3.2. CSHP cycle configurations

Based on the basic CSHP configuration with a salt-containing
adsorber and an integrated condenser-evaporator shown in Fig. 1,
more complex cycles are developed in the literature to improve the
utilization of the heat input and increase the system thermal effi-
ciency [14]. This study limits the number of heat exchangers to no

Fig. 2. Flow chart for the working pair screening procedure.
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more than 4.Within such limitation, single-effect and double-effect
cycles can be assembled with adsorbers, condensers, and evapo-
rators as listed in Table 1.

The two most basic configurations are single-effect with NH3
evaporator (SENE) and single-effect resorption (SRES) as described
in Ref. [8]. SENE consists of a salt-containing adsorber connected to
a condenser and an evaporator operating in alternating desorption-
adsorption half-cycles. SRES consists of two adsorbers containing
the LTS and the high-temperature-salt (HTS). SRES also operates in
alternating half-cycles where the HTS is heated and desorbs
ammonia to be adsorbed by the LTS and release heat, or the HTS is
cooled and adsorbs ammonia from the LTS.

More complex cycle configurations are developed based on the
SENE and SRES cycles. For these two single-effect cycles, heat-
recovery (HR) mechanism can be implemented to exchange heat
between two opposite half-cycle adsorbers to recover some heat
required to pre-heat the adsorber before desorption, an example of
which is the SENE-HR system investigated by Wang et al. [18].
Double-effect cycles are assembled by channeling the adsorption

heat of HTS to supply the desorption heat of reactions at lower
temperatures, such as the DRES cycle built and studied by Oliveira
et al. [19] and the double-effect cycle with NH3 evaporator (DENE)
investigated by Neveu et al. [7]. Table 1 lists the six cycle configu-
rations included in this study.

These cycles can be illustrated on the Clapeyron chart with the
equilibrium lines of the materials in the system as in Fig. 5. The
single-effect cycles involve two materialsdeither ammonia and
salt, or two different salts. Thus, they can be illustrated in Fig. 5 (a).
For SENE and SENE-HR cycles, ammonia is the low-temperature
(LT) material that extracts heat from cold ambient, and the sor-
bent salt is the high-temperature (HT)material that is heated by the
external energy source in Fig. 5 (a). For SRES and SRES-HR cycles,
the LTS is the LT and the HTS is the HT in Fig. 5 (a). During the
desorption half-cycle of the single-effect cycles, the high-
temperature heat from the energy source (Qin;H) enters the sys-
tem by heating and driving the desorption of the HT. Ammonia is
released by HTand then gets condensed or adsorbed in LT, releasing
useful heat at the medium temperature (Qrej;L). In the adsorption

Fig. 3. Reaction screening for non-resorption configurations. (1) determine the high (condensing) and low (evaporating) operating pressures based on the ammonia saturation
pressures at the ambient and heat rejection temperatures; (2) at the heat rejection temperature, the equilibrium pressure of the feasible salts should be below the ammonia
evaporating pressure to drive evaporation; (3) at the maximum heat source temperature, the equilibrium pressure of the feasible salts should be above the ammonia condensing
pressure to drive condensation; (4) salts falling in the overlapping area of (2) and (3) are suitable for the given operating condition. In the figure, PH and PL are the operating
pressures during desorption-condensing and adsorption-evaporating processes. Tamb, Trej and Tmax are the temperature of the ambient, heat rejection, and heat source.
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half-cycle, useful heat is extracted from the HT (Qrej;H), driving the
exothermic adsorption process leading to the endothermic evapo-
ration or desorption of ammonia in LT (Qin;L).

The DENE and DRES cycles involve three different materials, and
their operations can be described in Fig. 5 (b). The LT represents
ammonia in DENE and the LTS in DRES. The MT and HT represent
the medium-temperature and high-temperature salts in the
double-effect cycles. High-temperature heat entering the system by
heating the HT (Qin;H). The desorbed ammonia from HT is
condensed or adsorbed by LT, releasing useful heat (Qrej;L). Later
ammonia is evaporated or desorbed from LT to be adsorbed in HT,
and the adsorption heat (Qrej;H) is supplied to drive the desorption
of MT (Qin;M). The ammonia desorbed fromMTalso gets condensed
or adsorbed in LT, releasing another useful heat (Qrej;L). When this
ammonia gets adsorbed byMT, the released heat (Qrej;M) is supplied
to the end-use as well. In order to drive the chemical reaction and
phase change, the operating temperatures need to deviate from the
equilibrium. These “equilibrium drop” are illustrated in Fig. 5 as

DTeq.
The operation of a chemisorption system is always transient

with varying temperatures and progression of the chemisorption
reaction. Nevertheless, the performance of chemisorption systems
can still be analyzed using thermodynamic models based on the
overall change of state over an entire cycle under simplifying as-
sumptions [7,8,11]. The thermodynamic model is generic for each
specific cycle configuration and is not affected by the sorbent salt
selection. Therefore, such models can be used to evaluate and
compare the performance of different system designs.

3.3. Thermodynamic performance

The heating COP of a system is defined as the ratio of heat
produced over the heat consumption. For single-effect CSHP cycles
the useful heat (Qout;HW ) produced at the heat rejection tempera-
ture (THW ) includes the adsorption heat (Qrej;H) in adsorbers and
the condensation heat (Qrej;L) in the condenser. The heat input from

Fig. 4. Reaction screening for resorption configurations: (1) at the ambient temperature, the equilibrium pressure of the feasible LTSshould be above the lower limit of the system
operating pressure to avoid mass transfer limitations; (2) determine the high and low operating pressures based on the equilibrium pressures of a selected LTS at the ambient and
heat rejection temperatures; (3) determine the HTS using the high and low operating pressures and following the same procedure as non-resorption reactions; (4) for both
resorption and non-resorption configurations, multiple-stage reactions of the same salt within the feasible region are available. In the figure, PH and PL are the operating pressures
during desorption-condensing and adsorption-evaporating processes. Tamb, Trej and Tmax are the temperature of the ambient, heat rejection, and heat source.
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the energy source (Qin;H) is the heat input at high temperature (TH)
into the adsorber. With energy balance the total heat production
(Qrej;H þ Qrej;L) equals to the total heat input from both the high-
temperature energy source (Qin;H) and the cold ambient (Qin;L).
Thus, heating COP can be written as one plus the ratio of heat
extraction (Qin;L) at low temperature (Tamb) over the driving heat as
in equation (3), that is, one plus the cooling COP had it been used as
a chiller.

COPht ¼
Qout; THW
Qin; TH

¼ 1þ Qin;L

Qin; H
¼ 1þ COPcl (3)

Without considering the thermal mass of any material in the
operation process, the theoretical heat input and rejection in the
adsorber is only associated with the reaction enthalpy (DHr), and
the theoretical heat production in the condenser is proportional to

Table 1
Summary of cycle configurations included in this study.

Config. Heat recovery Single-effect Double-effect

NH3 Evaporator Non-HR

HR N/A

Resorption Non-HR

HR N/A

*ADS ¼ adsorber, COND ¼ condenser, EVAP ¼ evaporator.

Fig. 5. Chemisorption cycles on Clapeyron chart: (a) single-effect cycles and (b) double-effect cycles.
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the ammonia evaporation enthalpy (Hfg). The expressions of the
cycle heating COP are listed in Table 2. For single-stage reactions the
reaction enthalpy is directly used to calculate COP; for multiple-
stage reaction, an average reaction enthalpy per mole of
ammonia is used.

However, in real system operations, part of the high-
temperature heat is consumed to repeatedly heat the thermal
masses in the HTS adsorber from the previous adsorption tem-
perature to the high desorption temperature. The thermal masses
of the adsorber include the salt, binder-matrix, sorbed ammonia,
heat transfer fluid, and the metal of heat exchangers. In the
resorption configuration, part of the adsorption heat of the LTS is
also lost to pre-heating the thermal masses of the LTS adsorber
from below ambient temperature up to the heat supply tempera-
ture. Dead thermal mass (TM), therefore, was introduced by Glue-
senkamp [20] to reflect these losses. The TM, which is the product
of the mass and specific heat, summed for all masses in the heat
exchangers. In the unified thermodynamic model developed by
Zhu et al. [12] the effect of TM is accounted for using the ratio of
heat loss associated with the TM and the reaction or latent heat,
which varies between 0.14 and 0.76 according to the experimental
data in the literature. Li et al. [21] used the mass ratio of 5 between
the heat exchanger metal and the sorbent as a rule-of-the-thumb
estimation of the amount of TM in a well-designed adsorption
system, and the same method was used in Yang et al. [22] as well.
The impact of TM on the adsorption system performance was
further discussed in Refs. [12,22] where the TM was categorized
into two parts: inherent TM and design TM as in equation (4). In
this study, the design thermal mass includes that of the adsorber
heat exchanger metal and the heat transfer fluid (HTF) as in
equation (5). The inherent thermal mass includes that of the salt,
the binder-matrix such as expanded graphite, and the sorbed
refrigerant as in equation (6). The thermal mass of the sorbed
refrigerant is estimated using the liquid phase heat capacity.

TM¼ TMinherent þ TMdesign

�
kJ
K

�
(4)

TMdesign ¼ rHTFVHTFcHTF þ rmetalVmetalcmetal

�
kJ
K

�
(5)

TMinherent ¼msaltcsalt þmbinder�matrixcbinder�matrix

þmNH3cNH3

�
kJ
K

�
(6)

STM¼ specific thermal mass ¼ TM
msalt

�
kJ

K$kgsalt

�
(7)

A specific thermal mass (STM) metric, as expressed in equation
(7), was defined in Ref. [23] as the ratio of the total thermal mass
(excluding the retained refrigerant) to the salt mass. STMs of
experimentally tested adsorbers in Ref. [24e29] were calculated to
be ranging from 2.46 to 19.58. An STM of 6 kJ/kg∙K is used in this
study as a typical value for adsorbers, and the impact of different
STMs on the system performance is investigated later in this study.

The internal heat recovery mechanisms can reduce the negative
effect of TM on the system performance by recovering heat be-
tween the heat exchangers at the opposite half-cycles. For heat
recovery on the heat source side and ambient side, heat recovery
effectiveness εH and εL are defined respectively as in equations (8)
and (9) with Trec as the temperature of the initially hotter thermal
mass after heat recovery. Pre-heating the cold heat exchanger from
the Tamb with the sensible heat of the heat exchanger at THW can
only heat the cold heat exchanger up to the average temperature of
Tamb and THW . Therefore, the maximum value of εL is 0.5. The same
limit goes with εH and the heat recovery at the high-temperature
side. Table 2 lists the COP expressions of the six cycle configura-
tions with and without consideration of TM.

εL ¼
Trec � Tamb
THW � Tamb

(8)

εH ¼ Trec � THW
TH � THW

(9)

The expressions listed in Table 2 use the mass and specific heat
of various materials to calculate the thermal masses of different
components. Based on the mass of ammonia transferred during the
operation, the mass of salt can be calculated using the stoichio-
metric ratio of salt and ammonia in equation (1). Then using the
STM and the mass of salt, the thermal mass of all other components
in the system can be directly estimated.

The maximum amount of ammonia transferred in the operation
is determined by the difference of ammonia content in the sorbent
between desorption and adsorption phases. Only a fraction of the
maximum is reached depending on factors such as reaction rate
and cycle time. A realistic reaction completion fraction of 85% was
used by Li et al. [21] in chemisorption refrigeration system models,
and the same valuewas used in this study.Wang et al. [11] studied a
resorption cycle and pointed out pressure below 30 kPa during LTS
desorption would limit the mass transfer and significantly reduce

Table 2
Expression for COP of the 6 cycles with and without considering thermal mass.

Cycle Heating COP without Thermal Mass Heating COP Considering Thermal Mass

SENE
1þ MNH3

$hfg
DHr;salt 1þ

mNH3$
�
hfg � ðTHW � TambÞ$cNH3

�
mNH3$DHr;salt=MNH3

þmsalt$ðTH � THW Þ$STMads

SENE-HR
1þ MNH3

$hfg
DHr;salt 1þ

mNH3$
�
hfg � ðTHW � TambÞ$cNH3

�
mNH3$DHr;salt=MNH3

þ ð1� εHÞ$msalt$ðTH � THW Þ$STMads

SRES
1þ DHr; LTS

DHr;HTS
1þ mNH3$DHr;LTS=MNH3

þmLTS$ðTHW � TambÞ$STMads;LTS

mNH3$DHr;HTS=MNH3
þmHTS$ðTH � THW Þ$STMads;HTS

SRES-HR
1þ DHr; LTS

DHr;HTS
1þ mNH3$DHr;LTS=MNH3

þ ð1� εLÞ$mLTS$ðTHW � TambÞ$STMads;HTS

mNH3$DHr;HTS=MNH3
þ ð1� εHÞ$mHTS$ðTH � THW Þ$STMads;HTS

DENE
1þ 2$MNH3

$hfg
DHr;HTS 1þ

2$mNH3$
�
hfg � ðTHW � TambÞ$cNH3

�
mNH3$DHr;HTS=MNH3

þmHTS$ðTH � THW Þ$STMads;HTS

DRES
1þ 2$DHr;LTS

DHr;HTS
1þ 2$mNH3$DHr;LTS=MNH3

þmLTS$ðTHW � TambÞ$STMads;LTS

mNH3$DHr;HTS=MNH3
þmHTS$ðTH � THW Þ$STMads;HTS
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the cycle capacity. Therefore, a low-pressure limit of 50 kPa is
applied in this study. Additionally, the equilibrium temperature
drop from the external heat source or sink is assumed to be 5 �C at
the refrigerant side, e.g. in condenser/evaporator, and 10 �C on the
sorbent side, e.g. in the adsorber.

3.4. Primary energy efficiencies

The primary energy COP of gas-fired CSHP systems can be
calculated using equation (10) based on the cycle thermal COP
(COPcycle;ht), the gas-combustion efficiency (hburner), the flue gas
condensing heat exchanger efficiency (hcondHX), and the parasitic
electricity consumption compared with the gas consumption

(PelectricityQgas
). Evaluating the primary energy COP allows the energy ef-

ficiency of CSHP to be compared with other heating technologies.

COPpe ¼
Qsupply

Qgas þ CE/PE$Pelectricity
¼ COPcycle; ht$hburner þ hcondHX

1þ CE/P$Pelectricity
.
Qgas

(10)

In equation (10), the conversion ratio (CE/PE) of 3.365 is used for
the conversion of electricity to primary energy based on the na-
tional power production data [30]. The total supplied heat of a gas-
fired CSHP includes the heat from the heat exchangers in the heat
pump cycle and the recovered flue gas heat in the condensing heat
exchanger QcondHX ¼ Qgas$hcondHX. Following typical thermal effi-
ciencies of 80% and 95% based on higher heating value for non-
condensing and condensing furnaces, respectively. Therefore, in
equation (10), the burner efficiency hburner is 0.8, and the
condensing heat exchanger efficiency hcondHX is 0.15. According to
Garrabrant et al. [31], the ratio of parasitic electricity consumption
to gas input is about 4% for condensing furnaces and 6% for the gas-
fired absorption heat pump. Since CSHP requires less pump work
compared with absorption heat pumps, a parasitic power ratio of
5% was assumed in this work.

The operating conditions and assumptions in this study are
listed in Table 3. The temperature approach between the external
heat source and the refrigerant is assumed to be 5 �C in the
condenser and evaporator, and the temperature approach between
the external heat source and the salt in the adsorber is assumed to
be 10 �C due to the higher resistance in the solid-solid heat transfer.

4. Results and discussion

4.1. Screening of feasible reactions

The screening methodology was applied to all the 121 available
reactions under the typical gas-fired cold-climate heating condi-
tions: (1) <0 �C ambient, (2) 50 �C heat rejection, and (3) <300 �C

heat source limited by the safety temperature of most heat transfer
oil. Based on the cycle configuration, the feasible boundaries of the
eligible reactions are different. When coupled with ammonia
evaporation and condensation in SENE and DENE configurations,
the eligible reactions have an equilibrium that (1) remains at above
50 �C at the pressure corresponding to 0 �C ammonia saturation;
and (2) is below 300 �C at the pressure corresponding to 50 �C
ammonia saturation. Under below 0 �C ambient temperatures, the
selection of LTS in resorption configurations is limited to only NaBr-
5.25/0 and NH4Cl-3/0. The pressure constraints in resorption con-
figurations are thus corresponding to the equilibrium pressures of
NaBr-5.25/0 and NH4Cl-3/0 at 0 �C and 50 �C, respectively. The MTS
in double-effect cycles need to utilize the adsorption heat of HTS for
its desorption, and therefore its equilibrium at high pressure needs
to be cooler than the equilibrium of the HTS at low pressure, as
corresponds to the process in Fig. 5 (b).

Among the feasible reactions, a high sorption capacity is
preferred as it implies more compact components with less salt
required for the same ammonia transfer, therefore reducing the
thermal mass and improving the system COP. Fig. 6 show the
feasible reactions with the specific sorption capacity above 0.3 kg/
kg. The high-capacity reactions with over 0.5 kg/kg are located in
the right side of the plot and annotated.

Based on the expressions to calculate system COP in Table 2, the
system COP generally benefits from a lower HTS sorption heat, as
less heat is required from the energy source to drive the same
amount of ammonia transfer and heat pumping effect. These

Table 3
Operating conditions and model assumptions used in this work.

THW, heat rejection temperature 50 �C

Tamb, ambient temperature range �35 �Ce0 �C
Temperature approach at refrigerant side (e.g. Tamb e TNH3,eq) 5 �C
Temperature approach at sorbent side (e.g. Tamb e Tsalt,eq) 10 �C
Ammonia pressure limits >50 kPa; <5000 kPa
Specific thermal mass (STM) (TMtotal=msaltÞ 6.0 kJ1K�1kg�1 salt
Heat recovery effectiveness (εL and εH) 80%
Reaction completion fraction (fraction of maximum ammonia transfer) 85%
hburner, natural gas burner efficiency (Qoutput/Qgas) 0.80
hcondHX, condensing heat exchanger efficiency (Qcond/Qgas) 0.15
Primary energy conversion ratio of electricity (CE/PE) 3.365
Pelectricity/Qgas, ratio of CSHP electricity consumption to gas input 0.05

Fig. 6. Sorption capacity and sorption heat of high-capacity reactions.

Z. Yang et al. / Energy 207 (2020) 118213 9



reactions are located at the bottom in Fig. 6. The specific sorption
capacity and sorption heat of these high-capacity reactions are
listed in Table 4. The reactions involving CaCl2 and SrCl2 have both
high sorption capacity and low reaction heat, thus they are used in
existing experimental studies of chemisorption heat pumps [10,32].
The reactions of CoCl2, MgCl2, NiCl2 also have high sorption ca-
pacities, and their high equilibrium temperature makes them good
candidates as the HTS in resorption and double-effect systems
[10,32e34]. It is worth noting that some of these salts (especially
LiCl and CaCl2) are commonly used in aqueous solutions for liquid
absorption cycles. Since this paper focuses on chemisorption sys-
tems, the values shown in Table 4 are for the synthesis or decom-
position reactions of the ammoniate complexes of each salt.

In addition to the sorption capacity and reaction heat, the cost of
the salt should also be taken into account when selecting the
working pair for practical applications and commercialization. Liu
et al. compared the prices of water-absorbing salts for seasonal
thermal storage and found the prices of expensive sorbents such as
LiCl and LiBr are over 14 times higher than cheap salts such as CaCl2
[35]. Generally, the salts consisting of abundant and highly acces-
sible elements such as CaCl2 and MgCl2 are usually less expensive
compared with those with rare earth and other less common ele-
ments such as CoCl2 and SrCl2.

4.2. Comparison of cycle performance

Once the reactions feasible under cold-climate heating condi-
tions are identified for each cycle configuration, the cycle heating
COP can be determined. For each cycle configuration, the heating
COP was calculated using the corresponding expression in Table 2
with the equilibrium of the selected chemisorption reaction and
the properties of the sorbent material. The effect of the thermal
mass as well as the “equilibrium drop” temperature difference are
included in the calculation.

Fig. 7 shows the cycle COP of the best-performing reactions for
each cycle configuration. The temperature-pressure equilibrium of
chemisorption as described in equation (2) are discrete lines each
corresponding to a fixed stoichiometric ratio of salt-ammonia in
the chemical reaction. Therefore, the theoretical sorption capacities
of chemisorption reactions are agnostic to the change of operating
temperatures compared with the diminishing capacity of physical
adsorption and absorption under decreasing ambient tempera-
tures. Only the heat loss associated with thermal masses is affected
by varying the ambient temperature. As a result, the trends of COP
in Fig. 7 are linear, and the slope of the trendlines represents the
effect of TM. Implementing heat recovery mechanism in the single-
effect cycles reduces the TM heat losses and improves COP. The heat

recovery mechanism also flattens the slope of COP against ambient
temperature, indicating less performance sensitivity to tempera-
ture change. On the other hand, resorption cycles use more salt and
subsequently more heat exchanger metal compared to cycles with
NH3 evaporator, therefore they have more TM, leading to a higher
COP sensitivity to the temperature lift.

The limited temperature ranges of some systems in Fig. 7 result
from the limited feasibility of the selected reaction under low
ambient temperatures: for SENE operating at below�5 �C ambient,
LiCl-3/1NH3 is the optimal reaction with COP of 1.22 at �29 �C and
1.26 at 10 �C; at temperature above �5 �C, SrCl2-8/1NH3 becomes
feasible and provides higher COP of above 1.32. For SRES cycles, the
NaBreLiCl reaction combination provides higher COP than
NH4CleLiCl, but the former is only feasible with ambient warmer
than �1 �C, while the latter can operate under �13 �C. Imple-
menting heat recovery in the single-effect cycles can improve the
heating COP from 1.15 to 1.35 up to 1.29e1.42. For DENE cycles the
best-performing working pairs both use LiCl-3/2 as the medium
temperature reaction, as it has a relatively low equilibrium tem-
perature. Based on the process described in Fig. 5 (b), this allows
high-capacity reactions such as MgCl2-6/2 and NiCl2-6/2 to be used
as the HTS to lead to better performance. The combination of LiCl-3/
2 and NiCl2-6/2 can operate at below�30 �C with COP of 1.51e1.64.
At ambient of �10 �C and above, MgCl2-6/2 becomes feasible as the
HTS with a higher COP of 1.61e1.67. The heating COP of SENE and
DENE systems at �15 �C evaporation temperatures are around 1.2
and 1.55, which are slightly higher than the reported values from
previously published work by Pons et al. [10].

The performance of DRES appears to be very limited both in
terms of the temperature range and the COP. The best-performing
working pairs can only use NH4Cl-3/0 as the LTS and operate at
above �1 �C ambient, with COP of around 1.48. Such low perfor-
mance can be attributed to the limited selection of feasible HTS
under the limitation of the heat source temperature below 300 �C.
The ammonia vapor pressure of the LTS at low temperatures is
lower than the corresponding ammonia saturation pressure, i.e. PL
in Fig. 5 (b) is quite low, requiring the HTS equilibrium pressure to
be even lower to drive the adsorption process. Meanwhile, the
adsorption temperature of the HTS needs to be higher than theMTS
to supply the heat for MTS desorption.

Table 5 lists the minimum operating temperatures and cycle
COP under different TM assumptions for the optimal system de-
signs. The required heat source temperatures to drive single-effect
cycles are below 200 �C compared to the almost 300 �C require-
ment for double-effect cycles. The effect of heat loss and COP
reduction associated with thermal masses is much more pro-
nounced in double-effect cycles as well, with an ideal COP of

Table 4
High-capacity reaction feasible for cold-climate heating applications.

Reaction Specific
Sorption Capacity [kg NH3/kg salt]

Mean
Reaction Heat [kJ/kg NH3]

Desorption
Temperature [⁰C]

Evaporation
Temperature [⁰C]

LiCl-3/0 1.21 2839 193.4 < �30
CaCl2-8/1 1.07 2620 278.8 �13
CaCl2-8/2 0.92 2437 124.0 �13
LiCl-3/1 0.80 2733 175.0 < �30
LiCl-2/0 0.80 2942 193.4 < �30
SrCl2-8/1 0.75 2437 120.3 �21
CoCl2-6/2 0.72 3176 239.7 < �30
MgCl2-6/2 0.72 3274 243.4 < �30
CaCl2-8/4 0.61 2413 111.2 �13
MnCl2-6/2 0.54 2789 178.6 �21
FeCl2-6/2 0.54 3016 214.9 < �30
NiCl2-6/2 0.53 3483 290.2 < �30
NaI-4.5/0 0.51 2314 116.0 �15
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around 2.0 of DRES drop to around 1.5. Meanwhile, the TM in
single-effect cycles also reduces their heating COP, but the effect
can be considerably mitigated by heat recovery. The COP with only
inherent TM (salt and refrigerant) represents the efficiency limit of

the optimal design to minimize TM without heat recovery. Since
the sensible heat of the high-temperature adsorber thermal masses
in double-effect systems is used to drive the desorption in the low-
temperature adsorber, recovery of this heat is not feasible. There-
fore, the COP with HR in Table 5 are marked N/A.

Fig. 8 compares the amount of thermal mass corresponding to
1 MJ of heat production over a complete desorption-adsorption
cycle. The thermal masses in a cycle is 6 kJ/K per kg of salt and
are broken down into salt and binder-matrix, refrigerant, and the
adsorber heat exchanger metals and heat transfer fluid (HTF). For
all cycle types, the thermal mass associated with metal and HTF is
the dominant thermal mass.

The thermal masses of resorption and non-resorption cycles are
also compared in the figure. The resorption cycles replace the
ammonia condenser and evaporator with salt-containing ad-
sorbers, which introduces more salt and binder-matrix masses into
the system while also making the metal and HTF in the substitute
adsorbers operate under the alternating temperatures. Therefore,
for the same STM, the thermal masses of the salt and non-active
components per unit heat produced in resorption cycles are
much higher than their non-resorption counterparts. This explains
the higher sensitivity of resorption cycle COPs to ambient tem-
peratures in Fig. 7.

Furthermore, the required thermal masses to generate the same
amount of heat of single-effect cycles are less than double-effect
cycles. Therefore, despite their lower COP, the single-effect cycles
could have higher specific heating capacities than the double-effect
cycles. Moreover, as illustrated in Table 5, the higher-effect cycle
operates over wider temperature ranges, which further adds to the
heat loss associatedwith the thermalmasses. This helps explain the

Fig. 7. Heating COP of the best-performing reactions under each cycle configuration assuming STM of 6 kJ/kg salt-K.

Table 5
Best-performing reactions for each configuration at its minimum ambient temperature.

Cycle Reaction Min. Ambient Temp. [⁰C] Heat Source Temp. [⁰C] COP without TM COP with only inherent TM COP with full TM COP with HR

SENE LiCl-3/0 �29 179 1.502 1.264 1.223 1.318
SrCl2-8/1 �5 124 1.563 1.381 1.322 1.401

SRES NH4CleLiCl �13 188 1.589 1.276 1.158 1.286
NaBreLiCl �1 186 1.701 1.408 1.254 1.388

DENE LiCleMgCl2 �15 248 1.839 1.628 1.615 N/A
LiCleNiCl2 �29 295 1.788 1.529 1.514 N/A

DRES NH4CleLiCleNiCl2 �1 284 1.994 1.643 1.487 N/A
NH4CleLiCleCoBr2 �1 279 2.005 1.697 1.474 N/A

Fig. 8. Thermal mass of each configuration per MJ of heat production assuming
STM ¼ 6 kJ/kgsalt∙K.
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diminishing benefit of going for higher-effect systems when
comparing the COP without thermal masses and with full thermal
masses in Table 5.

4.3. Comparison of primary energy with conventional technologies

With the cycle heating COP calculated, the primary energy COP
of gas-fired CSHP system using these selected cycles can be eval-
uated using equation (10). Fig. 9 shows the calculated primary
energy COP of the gas-fired CSHP under cold-climate operating
temperatures. The CSHP system COPs are compared with the effi-
ciencies of conventional heating technologies from the literature.
The performance of specially designed cold-climate electric heat
pumps supplying hot water at 48.8 �C were from Ref. [36]. The
COPpe of 0.85 for condensing furnace is calculated from the gas
efficiency of 92% and electricity energy consumption 4% of gas
energy consumption [31].

The best-performing single-effect CSHP with heat recovery
mechanisms can maintain a primary energy COP >1.0 under the
ambient temperature of as low as �29 �C. Double-effect CSHP can
achieve primary energy COP >1.15 at �25 �C ambient. Compared
with the condensing furnaces, the COPpe of CSHP is 18e35% higher.
Compared with the drastic decline of efficiency electric vapor
compression heat pumps at below �20 �C ambient temperature,
the selected gas-fired CSHP systems can maintain a high efficiency
into the deeply freezing temperatures.

5. Conclusions

Chemisorption heat pumps (CSHP) offer a promising solution to
the challenge of high-efficiency heating in cold climates. The per-
formance of CSHP largely depends on the system design. This study
screened the available NH3/salt chemisorption reactions for space
heating applications and investigated the performance of various
CSHP designs under cold-climate heating conditions to facilitate
proper selection of the working pair and the cycle configuration.
The method to screening for feasible working pairs based on the
operating conditions is first described. Then six single- and double-
effect cycle configurations are introduced and the method to
calculate their heating COP is described. These methodologies are
carried out to identify feasible candidates from the 121 available

ammonia/salt reactions for each cycle configuration. The heating
COPs of the feasible systems are evaluated and analyzed, and the
best-performing system designs are identified. The results show
that at below �25 �C ambient temperatures, the single-effect and
double-effect cycles can achieve heating COP of 1.22 and 1.51,
respectively. Meanwhile, due to the significant influence of the
thermal masses on the system performance, the resorption cycles
with high ideal COP ends up with lower performance when the
thermal masses are considered, while also having a narrower
temperature range. The primary energy COPs of the gas-fired CSHP
system are calculated based on the cycle COPs and assumptions of
combustion and parasitic power consumption. The gas-fire CSHP
system demonstrated 30% higher primary COP than condensing
furnaces, and the high efficiency is well sustained at below �25 �C.
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Abstract: The thermal masses of components influence the performance of many adsorption heat 

pump systems. However, typically when experimental adsorption systems are reported, data on 

thermal mass are missing or incomplete. This work provides original measurements of the thermal 

masses for experimental sorption heat exchanger hardware. Much of this hardware was previously 

reported in the literature, but without detailed thermal mass data. The data reported in this work 

are the first values reported in the literature to thoroughly account for all thermal masses, including 

heat  transfer  fluid. The  impact  of  thermal mass on  system performance  is  also discussed, with 

detailed  calculation  left  for  future work. The degree  to which heat  transfer  fluid  contributes  to 

overall effective thermal mass is also discussed, with detailed calculation left for future work. This 

work provides a framework for future reporting of experimental thermal masses. The utilization of 

this framework will enrich the data available for model validation and provide a more thorough 

accounting of adsorption heat pumps. 

Keywords: adsorption; thermal mass; mass ratio; inactive mass; specific thermal mass; resorption   

 

1. Introduction 

Many  adsorption  systems  (including  chemisorption  systems)  are  operated with  intermittent 

heating and cooling of components. Thus, the thermal mass (TM; the product of mass and specific 

heat capacity in units of kJ/K) of the components influences performance. For example, Ziegler (2002) 

[1] concluded from an overview of existing studies that a key challenge for adsorption systems is the 
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temperature cycling of TM that negatively affects efficiency. Wittstadt et al. (2017) [2] reviewed the 

recent development for adsorption heat exchangers and pointed out that TM affects efficiency and 

power density within the cyclic operation of adsorption heat pumps. Furthermore, modeling of such 

systems  requires an accounting of  the TM. However,  limited experimental data are available  that 

provide a full accounting of the full TM of sorption components. 

An inherent tradeoff exists between the thermal cooling or heating capacity of a system and its 

TM. The most efficient cyclic adsorption heat exchanger (HX) will tend toward zero TM, but at the 

expense of reduced heat transfer surface area, thereby leading to longer cycle times, larger size, and 

lower power density  than  a  less  efficient design with higher TM. Metcalf  and Critoph  (2004)  [3] 

investigated the heat and mass transfer intensification limits for carbon—ammonia heat pumps but 

found that the problem is largely in what can be manufactured.   

The link between TM and performance has been discussed in the literature. Goetz et al. (1993) 

[4] studied the effect of the TM of the reactive salts and the exchanger and suggested that, based on 

the experimental  results  from Neveu  (1990) and Douss  (1988)  [5,6],  the drop  in  the  coefficient of 

performance (COP) due to the TM was expected to be around 5–10%. 

Li et al.  (2009)  [7]  investigated  the  impact of  the mass  ratio between  the metallic part of  the 

reactor and the reactive salt in thermochemical refrigeration systems using a thermodynamic model. 

The mass ratio for an optimally designed solid–gas sorption system was estimated to be around 5:1. 

Under a higher mass ratio, the added reactor TM increased both desorption heat consumption and 

adsorption heat production without affecting the cold production, which reduced the cooling COP. 

Demir et al. (2008) [8] identified TM as a critical parameter for cycle times. Paul et al. (2018) [9] 

studied how to improve efficiency by reducing TM by implementing microchannel HXs. 

There are several  terms known  for TM  in  the  literature and the research community; Table 1 

summarizes the common terms. Heat exchanger materials are commonly divided into two categories, 

one  representing  the  sorbent material  itself  and  the  other  representing  all  other materials, with 

analogy  to  a  colloquially  familiar  dichotomy  such  as  living/dead,  host/guest,  or  simply 

active/inactive.  Identifying  the  active  (adsorbent)  mass  and  inactive  (non‐adsorbent)  mass  is 

relatively straightforward. However, identifying the inactive TM is more complicated. Among the 

terms for TM, perhaps the primary one is “dead thermal mass.” Little was found in the literature for 

ratios of TMs, although “dead thermal mass ratio” was used by Gluesenkamp (2012) and Zhu et al. 

(2019) [10,11]. 

The sorbent material itself has TM. Thus, while it is logical to distinguish between live and dead 

mass, a distinction between  live and dead TM  is not very useful. For  this  reason,  this paper uses 

“thermal mass” and does not use “dead thermal mass.” 

Table 1. Common terms relating to adsorption heat exchanger thermal mass. 

Sorbent Material Mass (kg)  Non‐Sorbent Material Mass (kg) 

Live mass  Dead mass 

Active mass  Inactive mass 

Active mass  Inert mass 

Host or active mass  Guest material 

There are three metrics utilized in this paper: mass ratio, specific TM (STM), and effective specific 

heat, as defined in detail in Section 2. Only mass ratio is commonly reported in existing literature. 

In the following sections, mass ratios and TMs in the literature are summarized. 

1.1. Mass Ratios of Heat Exchangers   

The mass ratio of adsorber metallic masses to adsorbent material was referred to as the “adsorber 

bed to adsorbent mass ratio (AAMR)” by Sharafian et al. (2016) [12]. This concept is referred to as 

simply “mass ratio” in the present work.   

The mass ratio of adsorber bed metal to adsorbent mass for 18 fin and tube adsorber bed systems 

reported in the literature is summarized by Sharafian et al. (2016) [12]. Reported values range from 
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as low as 0.654 to as high as 20.9 kg/kg, with 88% of values being between 1.4 and 7.9 kg/kg. These 

reported values are strictly mass ratios and do not account for TM.   

Additional mass  ratios  reported  in  the  literature are  summarized by Sharafian and Bahrami 

(2014) [13]. This list includes ten finned tube adsorbers that are also reported by Sharafian et al. (2016) 

[12], plus 16 more adsorbers of other types including plate, plate–fin, shell–tube, hairpin, and annulus 

tube. The mass ratio values for the non‐finned tube types reported by Sharafian and Bahrami (2014) 

[13] ranged from as low as 2.0 to as high as 13.3 kg/kg. 

1.2. Thermal Masses of Heat Exchangers   

The literature was surveyed for reporting of TM, as summarized in Table 2. The authors found 

that  only mass  ratio  is  commonly  reported  in  the  existing  literature,  although  some  cases were 

identified from which TM can be extracted. 

Table 2 reports the TM of HXs reported in the literature. Two normalizations were calculated: 

TM normalized against the sorbent mass (TM/msorb; specific thermal mass [STM]) and TM normalized 

against the total HX mass (TM/mHX; effective specific heat [ceffective]). Each of these terms is described in 

more detail in Section 2. The numerical values of STM and ceffective were not reported in the original 

reference, but were computed in this work based on the geometry reported in the original reference. 

Only two experimental systems were found in the literature that reported all of the data required 

to calculate a full accounting of HX TM. From Gluesenkamp (2019) and Qian et al. (2013) [10,14], full 

geometric details were provided for an adsorption HX adsorber/desorber with water as refrigerant 

and FAM‐Z02 as adsorbent,  including heat  transfer  fluid  (HTF). From Sharafian et al.  (2016) and 

Rouhani  (2019)  [12,15],  full geometric details were also provided  for a water/FAM‐Z02 adsorber, 

including HTF. The component described by Sharafian et al. (2016) and Rouhani (2019) [12,15] was 

investigated in both coated and packed configurations. The packed configuration was packed with 

two quantities of sorbent, 0.5 and 1.5 kg. All three studies (coated, 0.5 kg packed, and 1.5 kg packed) 

are shown in Table 2. 

In three additional studies from Xu et al. (2011), Bao et al. (2011), and Lepinasse et al. (1994) [16–

18], a nearly complete dataset has been provided to calculate TM for resorption HXs; however, the 

HTF data were not provided (Table 2). Had the HTF been included, the reported STM would have 

been higher for these HXs. 

Table 2. Studies  in  the  literature  that provide all or some data needed  to calculate heat exchanger 

(HX) thermal mass (TM). HTS, high‐temperature salt; LTS, low‐temperature salt. 

System and Working 

Pair 
HX  HTF 

Specific Thermal 

Mass: TM/msorb 

(kJ1K−1kgsorb−1) 

ceffective: TM/mHX 

(kJ1K−1kgHX−1) 
Reference 

Adsorption: water/ FAM‐

Z02 

Coated round 

tube–plain fin 
Water  5.62*  1.64*  [10,14] 

Adsorption: water/ FAM‐

Z02 

Coated round 

tube–corrugated fin 

Silicon oil  4.17*  0.77* 
[15] 

Water  7.01*  1.28* 

Adsorption: water/ FAM‐

Z02 

Packed round 

tube–corrugated fin 

Silicon oil 
5.96*1   

2.53*2   

0.77*1 

0.78*2   
[12,15] 

Water 
10.30*1   

3.98*2   

1.31*1 

1.21*2 

Resorption: ammonia/ 

MnCl2 (HTS)/ BaCl2 (LTS) 
Packed shell–tube  Not reported 

2.34† (HTS) 

2.18† (LTS) 

0.49† (HTS) 

0.47† (LTS) 
[18] 

Resorption: ammonia/ 

MnCl2 (HTS)/ NH4Cl 

(LTS) 

Coated annular 

tube 
Not reported 

4.77† (HTS) 

3.85† (LTS) 

0.47† (HTS) 

0.48† (LTS) 
[16] 

Resorption: ammonia/ 

MnCl2 (HTS)/ NaBr (LTS) 
Packed fin–tube  Not reported 

4.55† (HTS) 

5.00† (LTS) 

0.47† (HTS) 

0.47† (LTS) 
[17] 

*  Includes HTF; † HTF data not provided and cannot be directly compared  to other values  in  this 

work; 1 msorb = 0.5 kg; 2 msorb = 1.5 kg. 

This work aims to cover the gap in knowledge regarding adsorption HX TM by reporting new 

experimental data  for several pieces of experimental hardware  from  several  research  laboratories 
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around  the  world.  This  research  provides  new  experimental  data  to  the  literature  with  a  full 

accounting  of  TM  for  fabricated  experimental  adsorption  components.  By  describing  the 

experimental data in terms of STM and ceffective, the authors also provide a useful correlation between 

the easily‐measured mass ratio and the difficult‐to‐measure STM. Mass ratio is easily measured in 

the laboratory but not directly useful to system simulation or performance prediction. STM is useful 

to modeling and performance prediction. This work focuses only on experimental measurements and 

does not attempt to quantify any correlation between STM and system performance. 

2. Methodology 

2.1. The Definition of Heat Exchanger Thermal Mass   

In general, TM is the product of mass and specific heat capacity in units of kJ/K. This work only 

examines the TM of adsorption HXs. In adsorption HXs, both the sorbent (the live mass) and the dead 

mass have TM. The TM of live mass is inherent to the sorbent material and is thus called TMinherent. 

The amount of dead mass depends on the HX design, and, thus, the TM of non‐sorbent materials is 

called TMdesign. The sum of these TMs is the total TM, TMtotal, as shown in Equation (1). 

𝑇𝑀 𝑇𝑀 𝑇𝑀        
kJ
K
  (1) 

 

(1)

The TMdesign can be written as in Equation (2). It is the sum of the heat transfer fluid (HTF) thermal 

mass and the thermal masses of N number of materials of construction (“materials” or “mat”). In this 

work, binders or other materials integrated with the sorbent material are considered as part of the 

sorbent  (unless  otherwise  noted),  and  are  thus  not  explicit  in  Equation  (2).  The  role  of HTF  is 

addressed in detail in the next section. Since many material types can be used  in HX construction 

(e.g.,  copper,  aluminum, polymers,  and  steel),  each with  their  own properties,  the materials  are 

written as a sum of i = 1 to i = N material types.   

𝑇𝑀 𝜌 𝑉 𝑐 𝜌 , 𝑉 , 𝑐 ,        
kJ
K

 (2) 

 

(2)

The TMinherent can be written as in Equation (3), where Y is the mass ratio refrigerant sorbed in the 

sorbent (kgref/kgsorbent), which varies over time. The product msorbentYCp,ref,adsorbed is the thermal mass of 

the refrigerant sorbed in the sorbent. This thermal mass will be lower during heating (from Tadsorption 

to Tdesorption) than during cooling (from Tdesorption to Tadsorption) since less refrigerant is retained in the sorbent 

after completing desorption.   

𝑇𝑀 𝑚 𝑐 𝑌𝑐 ,       
kJ
K

 (3) 

 

(3)

Neglecting the sorbed refrigerant would simplify the calculation of TMinherent in two significant 

ways: (1) the calculated thermal mass no longer involves the equilibrium composition of the sorbent; 

and (2) the thermal mass can be treated as constant in both sorption and desorption processes. For 

many adsorption HXs, neglecting the TM of sorbed refrigerant will have only a small impact on TMtotal 

(even  though  it may  be  a  significant portion  of TMinherent).  In  these  cases, Equation  (3)  simplifies 

significantly to Equation (4).   

𝑇𝑀 𝑚 𝑐       
kJ
K

 (4) 

 

(4)

The  approach  of  neglecting  sorbed  refrigerant  thermal mass  (i.e.,  Equation  (4))  is  utilized 

throughout this work. Quantification of the impact of neglecting sorbed refrigerant, and the expected 

dependence on working pair or HX design, is left for future studies. For the present study, this choice 

of scope allows the focus to be on providing a dataset of experimental values. It is important to note 

that this represents a limitation of the present study, and it may not be relevant for working pairs 
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with a large quantity of retained refrigerant, or for very low thermal mass HX designs where TMdesign 

is small compared to TMinherent and msorbentYCp,ref,sorbed is a significant fraction of TMtotal. 

To summarize, the definition of TMtotal used in this work is shown in Equation (5). This definition 

of TMtotal does not depend on sorbent composition, under the assumption that the sorbate’s thermal 

mass is neglected. All TMtotals were evaluated using the material properties specified in Table 3. Any 

temperature‐dependence of these properties was neglected and the fixed values in Table 3 were used. 

𝑇𝑀 𝜌 𝑉 𝑐 𝜌 , 𝑉 , 𝑐 , 𝑚 𝑐       
kJ
K

 (5) 

 

(5)

Additional terms used in this work are expressed in Equations (6)–(9). Equation (6) defines the 

HX mass (mHX [kg]) as the sum of sorbent, HTF, and materials of construction. Equation (7) defines 

the mass ratio (MR, [kg/kg]) as the ratio of mHX to mass of sorbent (msorb). Equation (8) defines specific 

thermal mass STM (kJ1K−1kgsorb−1) as the TMtotal per unit sorbent mass. Equation (9) defines the effective 

specific heat (ceffective, [kJ1K−1kgHX−1]) as the TMtotal per unit HX mass. 

The utility in defining ceffective this way is that it provides a path to a straightforward translation 

between an easily measured quantity (component MR) and a less easily measured one (component 

TMtotal). In other words, if one seeks to know the TMtotal of an HX for which a detailed measurement 

of TMtotal has not been made, the mass of the unknown component can be multiplied by a relevant 

ceffective to obtain an estimated TMtotal. 

This translation requires knowledge of typical values of ceffective. If the ceffective is reported for many 

similar components, a statistical expectation can be established for the typical ceffective for that type of 

component. The work in this paper is the first step to such a catalog of data. 

𝑚 𝑚 𝑚 𝑚          𝑘𝑔  () 
 

(6)

𝑀𝑅
𝑚
𝑚

         
𝑘𝑔

𝑘𝑔
  (7)

𝑆𝑇𝑀 
𝑇𝑀
𝑚

         
kJ

K ∙ 𝑘𝑔
  (8)

𝑐
𝑇𝑀
𝑚

         
kJ

K ∙ 𝑘𝑔
  (9)

A useful property of  these definitions  is  that STM, MR,  and  ceffective  are  related,  as  shown  in 

Equation (10). Since MR is much easier to measure than STM, Equation (10) can be used to predict 

STM based on an expected value of ceffective. 

𝑆𝑇𝑀 𝑐 𝑀𝑅         
kJ

K ∙ 𝑘𝑔
 (10)

Table 3. Thermophysical data. 

Material 

Specific Heat 

Capacity 

(kJ1kg−1K−1) 

Density 

(kg1m‐³) 
Reference 

Activated carbon (monolithic)  1.05  750  [19] 

Aluminum (purity > 99%)  0.91  2700  [20] 

Ammonia (liquid)  4.60  639  [21] 

Binder SilRes MP50 E  1.27  Not used  Measured 

TiAPSO SCT‐323  0.90  Not used  Estimated value 

Adsorbent SAPO‐34 directly crystallized  0.90  1500  [22] 

Copper    0.385  8.96  [23] 

Water  4.19  1,000  [20] 

AQSOA FAM Z02 grains  0.69  Not used  [24] 

AQSOA FAM Z02 powder  0.822  600–700  [24,25] 



Energies 2020, 13, 1150  6  of  19 

 

Silicon oil (HL80, Julabo)  1.726  910  [26] 

Siogel  0.62  Not used  [24] 

Activated carbon  1.1  Not used  [27] 

Silane binder  1.3  Not used  [28] 

Stainless steel (316)  0.49  7954  [29] 

MnCl2–graphite 1:2 mixture  1.24  470  [16] 

NH4Cl–graphite 1:2 mixture  0.611  470  [16] 

MnCl2–graphite 13:7 mixture  0.61  495  [17,18] 

BaCl2–graphite 13:7 mixture  0.51  507  [17,18] 

MnCl2–graphite 13:7 mixture  0.611  310  [17] 

NaBr–graphite 13:7 mixture  0.541  300  [17] 

1 Calculated based on weighted average of  𝑐   and  𝑐 , and mass ratio of binder/salt provided 

in the reference. 

2.2. Definition of a Relevant Control Volume 

To apply these definitions to an adsorption HX, a control volume must be chosen. Three possible 

control  volumes  are depicted  in  Figure  1a,c  for  three  classes  of HX. The  comprehensive  control 

volume has the advantage of including all thermal masses expected to undergo a temperature change 

with  each  adsorption/desorption  cycle,  including HTF  and  plumbing  between  the HX  and  the 

switching valves, which  is  relevant  to whole‐system performance. However,  the system  is highly 

dependent on any particular implementation of an HX. In addition, many laboratory/experimental 

systems are not relevant to full systems because they are small‐scale and lack a header or include 

instrumentation and other components within the comprehensive control volume, which would not 

be present in a commercial system. 

Treating  the  comprehensive  control  volume  is  complicated  because  significant  spatial 

temperature variations can exist within the control volume, and can vary with number of cycles. For 

example,  if the sorbent  is cycled between 25 and 100 °C in adsorption and desorption phases, the 

enclosure might experience minimum and maximum temperatures of 25 and 35 °C in the first cycle, 

and stabilize to minimum and maximum temperatures of 40 and 60 °C after several cycles. In contrast, 

the  “HX‐only”  control  volume  can  usually  be  characterized  by  a  single  set  of  minimum  and 

maximum temperatures. 

For simplicity, values in this work are reported for the HX‐only control volume. The HX‐only 

control volume  includes the sorbent, metal, and HTF within the core and headers. It excludes the 

enclosure and any plumbing between the headers and the switching valves. In the case of a shell–

tube or plate–shell HX, the headers and shell are typically inextricable, and have been excluded from 

the HX‐only control volume. 
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Figure 1. Illustration of control volumes and heat transfer fluid (HTF) relevant to thermal mass for: 

(a) round tube–fin; (b) flat tube–fin; and (c) shell–tube or plate–shell HXs. 

2.3. The Role of Heat Transfer Fluid   

An emphasis is placed here on HTF because  it is the most commonly neglected parameter  in 

reported data for computing thermal mass. 

In typical designs, the HTF is a full participant in the thermal cycling behavior of the component. 

In other words, all the HTF retained in the HX must be fully heated and cooled with each cycle. There 

may be system‐level options to minimize the impact of the HTF thermal mass, but in all cases, the 

HTF thermal mass contributes to the heat that must be added and removed from the component with 

each cycle. 

The HTF can be accounted for in various control volumes, as illustrated in Figure 1. In this work, 

the HX‐only control volume was used. 

2.4. The Role of Heat Exchanger Enclosures 

The  enclosure  (or  shell)  of  an  HX  does  not  fully  participate  in  the  temperature  swings 

experienced by the sorbent and heat exchange materials inside. Thus, the thermal mass of the shell 

has reduced importance compared with the HX core. The degree of participation depends on factors 

including the switching duration, the thermal diffusivity of the shell, the effectiveness of heat transfer 

between the shell and the core (radiation, convection, and conduction mechanisms), and the degree 

of insulation on the exterior of the shell. 

In this work, this complexity is treated by ignoring the thermal mass of the HX shell. A rigorous 

treatment would require that shell or enclosure thermal mass be considered. 
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3. Experimental Results for Specific Thermal Mass 

In this section, experimentally measured masses (and their corresponding TMtotals) are presented 

for several sorption HXs. Flat tube–fin HX are investigated, including packed adsorber beds (Sections 

3.1 and 3.2) and coated HXs (Sections 3.3 and 3.4). Round tube–corrugated fins are investigated in 

Section 3.5 (both coated and packed), a modular finned tube in Section 3.6, shell–tube in Section 3.7, 

plate–shell in Section 3.8, and a fiber HX in Section 3.9. 

3.1. Flat Tube–Fin—Packed (Water as Refrigerant) 

Two packed HX components are described here: one packed with silica gel, and one with zeolite. 

Different adsorber configurations based on a defined aluminum flat tube–fin HX, shown in Figure 2, 

were  realized  and  tested  by means  of  a  laboratory‐scale  test  rig  (cooling  capacity  up  to  1  kW) 

described by Frazzica et al. (2016) [30]. The HX was characterized by an aluminum mass of 0.51 kg 

and an HTF volume of 300 cm3 with an HX core‐only volume of approximately 1000 cm3. The overall 

heat transfer area, comprising the fins, accounted for 0.94 m2. As a packed adsorber bed, it was tested 

using the zeotype material (i.e., grains of AQSOA‐Z02) and later with silica gel (grains of Siogel). The 

mass of AQSOA‐Z02 was 0.26 kg, while the mass of Siogel was 0.31 kg. In both cases, the grain size 

distribution was 0.6–0.8 mm;  thus,  the mass difference was  related  to  the different density of  the 

material, as well as the shape of the grains. Being characterized by an irregular shape, Siogel had a 

higher packing density. The specific heat for the two adsorbent materials was derived from the work 

by Santori et al.  (2013)  [24].  In particular, average values of 0.75 and 0.72 kJ/kg K were used  for 

AQSOA‐Z02 and Siogel, respectively. The experimental characterization of the adsorbers, carried out 

in a dedicated test rig described by Sapienza et al. (2011) [30], showed an average cooling power of 

0.30 and 0.20 kW for the AQSOA‐Z02 and Siogel configurations, respectively. No effect of the inert 

mass of the vacuum chamber was considered in the performance evaluation. 

 

Figure 2. Small‐scale aluminum heat exchanger [30]. 

3.2. Flat Tube–Fin—Packed (Ethanol as Refrigerant) 

A concept similar to that of Section 3.1 was developed for a laboratory‐scale activated carbon‐

ethanol refrigerator, whose nominal cooling capacity was 0.5 kW [31]. For each adsorber, four tube–

fin aluminum HXs were employed, such as the one presented in Figure 3, working in parallel. Each 

adsorption HX had about 1.9 kg of aluminum and hosted 0.6 kg of activated carbon. The internal 

volume for HTF was 550 cm3. The considered specific heat of the activated carbon was 1.1 kJ/kg K, as 

reported by Brancato et al. (2015) [27]. In the experimental tests reported by Palomba et al. (2017) [32], 

the inert mass due to the adsorber vacuum chamber was also considered. Particularly, the thermal 

cycling of the flanges on top of the chamber and the whole shell was monitored during the testing. 

The results allowed estimating  that  the  thermal energy  input allocated  to heating  the  flanges and 

shell accounted for about 15% of the total thermal energy used to drive the prototype. 
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Figure 3. Tube–fin aluminum heat exchanger filled with activated carbon for a small‐scale adsorption 

refrigerator, employing ethanol as the refrigerant [31]. 

3.3. Flat Tube–Fin—Coated   

An innovative binder‐based coating was developed and applied to the HX shown in Figure 4. It 

employed 90 wt % of AQSOA‐Z02 and 10 wt % of silane as the binder, which had a specific heat of 

1.3 kJ/kg K [28]. The amount of adsorbent material loaded inside the HX was much lower than that 

of the packed bed because the coating thickness of 0.12 mm maximizes the heat and mass transfer 

efficiency, thus achieving a specific power as high as possible. 

 

Figure 4. Flat tube–fin coated adsorber [28]. 

3.4. Flat Tube–Fin—Coated   

Figure 5 shows a series of the flat tube–fin HXs coated with TiAPSO SCT‐323 from Clariant AG, 

Bitterfeld, with binder SILRES MP 50 E from Wacker Chemie AG [33]. The HX without coating and 

flanges had a weight of 0.465 kg and was completely made of aluminum. The mass of the HTF (water) 

inside the flat tubes was 0.1 kg, and in the headers and the additional tubes was 0.15 kg. 

Five variants with different coating  thicknesses were manufactured and measured by Bendix 

et al. (2017) [33]. The measurements revealed that variant HX‐4 with an adsorbent mass of 0.445 kg 

was a good compromise between efficiency and power density. If  the coating  thickness (or  filling 

factor) was  increased  further, heat and mass  transfer  limitations  led  to  significantly  lower power 

output. 
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Figure 5. Coated flat tube–fin heat exchanger [33]. 

3.5. Round Tube–Corrugated Fin—Coated and Packed (Water as Refrigerant) 

A custom‐built sorption heat pump testbed was designed and used to study the performance of 

FAM‐Z02‐coated and ‐packed adsorber beds [12,15]. As shown in Figure 6, round tube–corrugated 

fin HXs, manufactured by Hayden Automotive, were chosen as the adsorber beds. The weight of the 

bare HX (mmat) was about 2.6 kg, consisting of 2.1 kg of copper tubes and 0.5 kg of aluminum fins. 

The internal volume of the HTF was 837 cm3, equivalent to 0.762 kg of silicon oil with density of 910 

kg/m3 (at 30°C) and heat capacity of 1.726 kJ1kg−1K−1 (at 30°C). The volume of the adsorber bed loaded 

with sorbent was 4079 cm3, while the total volume of the adsorber bed was 5,521 cm3. 

In the packed configuration, the HX was filled with 0.5 or 1.5 kg of 2 mm diameter FAM‐Z02 

particles.  In  the  coated  configuration,  the  identical HX was  coated with  0.766 kg of FAM‐Z02  in 

coating thickness of 0.3 mm, fabricated by Mitsubishi Plastics. The overall heat transfer area of the 

coated bed was 2.8 m2. 

 

 

 

 

Figure 6. Round tube–corrugated fin adsorber bed with FAM‐Z02‐coated and ‐packed configurations 

[12,15]. 

3.6. Modular Finned Tube 

Figure 7 shows a modular generator design for a carbon‐ammonia heat pump [34]. The modules 

were  heated  and  cooled  by  air  and  were  arranged  in  a  rotating  bank  to  allow  regeneration 
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approaching counter‐flow heat transfer. The thermal mass of the HTF (air) was negligible. However, 

a significant mass of aluminum  fins was  required  for effective heat  transfer. The central 12.7 mm 

diameter stainless steel tubes contained active carbon and were 600 mm long and had a wall thickness 

of 0.25 mm and a mass of 93 g. The aluminum fins were 0.3 mm thick on a 1 mm pitch, with a total 

mass  of  543  g.  Since  the modules  rotated,  the  outer  ducting  for  the  air  flow was  at  a  constant 

temperature and thus its thermal mass could be neglected. The highly regenerative cycle allowed for 

a relatively high COP despite the high thermal mass of aluminum fins, but came at the expense of 

long cycle time and low power density. 

 

Figure 7. Modular finned tube carbon‐ammonia adsorber [34]. 

3.7. Shell–Tube 

Figure 8 shows the core of a shell–microtube HX developed for a carbon‐ammonia adsorption 

heat pump [35]. The unit was made from nickel‐brazed stainless steel, with approximately 800 tubes 

that were 300 mm long, 1.2 mm in diameter, and 0.2 mm in wall thickness. The unit contained 1.12 

kg of active carbon with a density of 750 kg m−3. The microtube design gave a good trade‐off between 

short conduction path  length  in  the active carbon  for high power density and  low TMtotal  for high 

COP. The HX contained 1.71 kg of stainless steel (1.46 kg in the core and 0.25 kg in the headers) and 

0.22 kg of water (0.12 kg  in the tubes and 0.1 kg  in the headers). The outer shell did not undergo 

thermal cycling and thus was excluded from the mass of the unit. 

 

Figure 8. Heat exchanger core of ammonia/carbon heat pump generator [35]. 

3.8. Plate–Shell   

Figure 9 shows a core of a plate–shell HX for a halide salt‐ammonia adsorption heat pump [36]. 

The HX incorporated a heat pipe, enabling high heat flux and full utilization of the contacting surface 

area with condensation heat transfer during heating desorption, and convection heat transfer during 

cooling adsorption. 

The unit was made from 56 plates of 316 stainless steel with 3 mm thickness and 10 mm spacing. 

The HX contained 7.8 kg of stainless steel and 2.36 kg of HTF (water) inside the stacked plates and 

HX tubes between the inlet and outlet. The unit contained 2.4 kg of nanocoated halide salt and carbon‐

based  matrix  materials  as  the  sorbent.  The  density  of  the  composite  sorbent  was  520  kg m−3. 
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Additionally, the shell of the HX was 24.9 kg of 316 stainless steel. The summary in Table 4 does not 

include  this mass. Experimentally,  the  shell mass was  found  to undergo 40% of  the  temperature 

change experienced by the halide salt sorbent and active HX surfaces. 

 

Figure 9. Plate–shell heat exchanger. 

3.9. Fiber Heat Exchangers   

Figure 10 shows an HX with flat tubes and fibrous aluminum structures between the flat tubes. 

The fibrous structures are directly crystallized with SAPO‐34 with the partial support transformation 

(PST) technique [37]. The fibrous structures are made of aluminum fibers sintered together, brazed 

onto the aluminum flat tubes and finally coated with adsorbent crystals [38]. The first experimental 

results for directly crystallized fibrous structures showed the potential of this approach to massively 

increase power density [39]. These findings were confirmed later at the scale of a complete adsorption 

module  including a fiber HX  [40]. The fibers had a mean diameter of approximately 130 μm. The 

mean thickness of the SAPO‐34 crystallite layer was around 50 μm. The fibrous structures had a large 

volume‐specific surface area, more than 7000 m²/m³. The total surface area of the fibers of this HX 

was approximately 41 m². 

The mass of HTF (water) inside the flat tubes was 1.07 kg, and in the header and the additional 

tubes was 0.83 kg. The measurements of the module indicated that the TM of the housing also plays 

a  role since heat  is  transferred  from  the adsorber and  the combined evaporator–condenser  to  the 

housing. 

 

Figure 10. Fiber heat exchanger developed and tested by Wittstadt et al. (2017) [40]. 

3.10. Summary of Experimental Results   

The main results of the original measurements made for this paper are summarized in Table 4. 

For each HX, the TMtotal, sorbent mass, and total heat exchange mass are reported. From these three 
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raw measured values,  the MR, STM,  and  ceffective were  calculated  according  to  their definitions  in 

Equations (7)–(9). 

Representative  propagated  measurement  uncertainties  in  TMtotal,  STM,  and  ceffective  were 

computed for one case. For the plate–shell HX described in Section 3.8, the propagated uncertainties 

were 2.3% in TMtotal, 2.7% in STM, and 2.2% in ceffective. These were based on measurement uncertainties 

of 5% in mHTF, 2% in mmatrix and msorb, and 1% in mHX, and property uncertainties of 0.3% in cHTF, 1% in 

cHX, and 4% in cmatrix and csorb. Other cases are expected to be similar. 

Repeatability of measurements was not addressed in this work. 

Table 4. Measured mass ratios (MR), specific thermal masses (STM), and ceffective, excluding shells and 

enclosures for HX‐only control volume of adsorber heat exchangers (HXs). 

Component 

(Section) 

Working 

Pair (refr./ 

Sorbent) 

HTF 
TMtotal 

(kJ1K−1) 

Sorbent 

Mass 

msorb 

(kgsorb) 

HX 

Mass*m

HX 

(kgHX) 

MR, 

mHX/msorb 

(kgHX1 

kgsorb−1) 

STM, TM/msorb 

(kJ1K−1kgsorb−1) 

ceffective 

TM/mHX 

(kJ1K−1 

kgHX−1) 

Flat tube–fin, 

packed (Section 

3.1) 

Water/ silica 

gel 
Water  1.92  0.31  1.12  3.58  6.10  1.70 

Flat tube–fin, 

packed (Section 

3.1) 

Water/ 

zeolite 
Water  1.90  0.26  1.07  4.12  7.31  1.78 

Flat tube–fin, 

packed (Section 

3.2) 

Ethanol/ AC  Water  4.66  0.60  3.05  5.08  7.77  1.53 

Flat tube–fin, 

coated (Section 

3.3) 

Water/ 

zeolite 
Water  1.80  0.092  0.90  9.80  19.58  2.00 

Flat tube–fin, 

coated (Section 

3.4) 

Water/ 

zeolite 
Water  1.97  0.45  1.24  2.77  4.40  1.59 

Round tube–fin, 

packed (Section 

3.5) 

Water/ 

FAM‐Z02 

Silicon 

oil 

2.98  0.5  3.86  7.72  5.96  0.77 

3.80  1.5  4.86  3.24  2.53  0.78 

Round tube–fin, 

packed (Section 

3.5) 

Water/ 

FAM‐Z02 
Water 

5.15  0.5  3.94  7.87  10.30  1.31 

5.97  1.5  4.94  3.29  3.98  1.21 

Round tube–fin, 

coated (Section 

3.5) 

Water/ 

FAM‐Z02 

Silicon 

oil 
3.20  0.766  4.12  5.39  4.17  0.77 

Round tube–fin, 

coated (Section 

3.5) 

Water/ 

FAM‐Z02 
Water  5.37  0.766  4.20  5.49  7.01  1.28 

Round tube–fin, 

coated (1.2) 

Water/ 

zeolite 
Water  14.1  2.82  9.68  1.84  5.00  1.46 

Modular finned 

tube (Section 3.6) 
NH3/A  Water  0.6  0.078  0.71  9.1  7.7  0.85 

Shell–tube 

(Section 3.7) 
NH3/ AC  Water  2.75  1.12  3.05  2.72  2.46  0.9 

Plate–shell 

(Section 3.8) 

NH3/ 

nanocoated 

halide salt 

Water  20.8  3.4  13.56  3.99  6.12  1.53 

Flat tube–fiber 

(Section 3.9) 

Water/ 

zeolite 
Water  18.58  3.30  13.69  4.15  5.63  1.36 

* Heat exchanger mass includes sorbent mass and HTF mass, per Equation (6). In this table, the HX‐

only control volume has been used. refr., refrigerant 

Table 5 provides additional details for each HX studied  in  this work. This  table provides  the 

individual contributions to mass and thermal mass of the three main components: HTF, metal, and 

sorbent. In most cases, the HTF is the largest contributor to thermal mass. 
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Table 5. Details of measured masses and thermal masses, excluding shells and enclosures for HX‐

only control volume of adsorber heat exchangers. 

Component (Section) 

Masses  Thermal Masses 

HTF 

(kg) 

Metal 

(kg) 

Sorbent 

msorb 

(kgsorb) 

HTF 

(kJ1K−1

) 

Metal 

(kJ1K−1) 

Sorbent 

(kJ1K−1) 

Flat tube–fin, packed 

(Section 3.1) 
0.3 (water)  0.51  0.31  1.25  0.46  0.226 

Flat tube–fin, packed 

(Section 3.1) 
0.3 (water)  0.51  0.26  1.25  0.46  0.195 

Flat tube–fin, packed 

(Section 3.2) 
0.55 (water)  1.9  0.60  2.30  1.73  0.66 

Flat tube–fin, coated 

(Section 3.3) 
0.3 (water)  0.51 

0.084 (sorbent) 

0.009 (binder) 
1.25  0.46  0.074 

Flat tube–fin, coated 

(Section 3.4) 
0.25 (water)  0.47 (Al)  0.45  1.05  0.42  0.501 

Round tube–fin, packed 

(Section 3.5) 

0.76 (silicon oil) 

0.83 (water) 

2.1 (copper) 

0.5 (Al) 

0.5 

1.5 

1.31 

3.49 
1.25 

0.41 

1.23 

Round tube–fin, coated 

(Section 3.5) 

0.76 (silicon oil) 

0.83 (water) 

2.1 (copper) 

0.5 (Al) 
0.766 

1.31 

3.49 
1.25  0.63 

Round tube–fin, coated 

(1.2) 
1.66 (water)  5.20 

2.82 

 
6.96  4.68  4.23 

Modular finned tube 

(Section 3.6) 
5e‐4 (air)  0.636  0.078  5e‐4  0.53  0.07 

Shell–tube (Section 3.7)  0.222 (water)  1.71  1.12  0.92  0.86  1 

Plate–shell (Section 3.8)  2.36 (water) 
7.8 (stainless 

steel) 
3.4  9.86  3.82  5.44 

Fiber heat exchanger 

(Section 3.9) 
1.9 (water)  8.5 (Al)  3.3  7.94  7.65  2.97 

1 Includes 0.10 for binder. 

4. Discussion 

The data for the 16 adsorber cases compiled in Table 4 are plotted in Figures 11 and 12. The data 

are the 15 measurements presented in Section 3, plus one measurement from the literature (described 

in Section 1.2). 

Figure 11a plots the MR as a function of sorbent mass. Sorbent mass here is a proxy for HX size. 

In general, for larger HXs, the MR declines. Figure 11b plots the STM as a function of sorbent mass. 

In general, similar to the trend for MR, the STM declines for larger HXs. 

Figure 12 plots STM as a function of MR. This relationship between STM and MR has a reduced 

dependence  on HX  size.  Two  linear  fit  lines  are  shown:  one  considering  the  five  flat  tube–fin 

adsorbers (all of which used water as the HTF), and another considering all 13 adsorbers with water 

as the HTF. 
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Figure  11.  Mass  ratio  (a)  and  specific  thermal  mass  (b)  plotted  against  sorbent  mass  for  the 

components evaluated in this work. 

 

Figure 12. Specific thermal mass plotted against the mass ratio for the heat exchangers reported in 

this study. 

One observation based on Figure 12 is the STM can often be predicted fairly well using a simple 

linear fit to the data. Considering only those adsorbers with water as HTF, STM = 1.45  MR, where 

1.45 is a ceffective (kJ1K−1kgHX−1) obtained empirically to fit the data compiled in this work, with the fitted 

line forced to traverse the origin of the plot (0,0), as required by Equation (10). Specifically, using this 

fit,  the root mean‐square error  (RMSE) of  the prediction relative errors was 32%. The correlations 

predict the STM for 10 of the 13 reported HXs within −28%/+19% maximum relative error. The outliers 

are the coated round tube–fin from Section 1.2 (−47% prediction error), the modular finned tube from 

Section 3.6 (+71% prediction error), and the shell–tube from Section 3.7 (+60% prediction error). 

Restricting consideration to the flat tube–fin HX (including packed and coated), a separate fit 

can be determined, in which the ceffective = 1.70 (kJ1K−1kgHX−1) (in other words, STM = 1.70  MR). The fit 
for this geometry is such that all five data points are predicted fit within −15% to +10% prediction 

error, and the RMSE of the relative errors was 9%. 
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The three HXs that use silicon oil as the HTF appear as outliers because HTF has a large influence 

on TMtotal, and changing from high specific heat water (c = 4.19 kJ1kg−1K−1) to low specific heat oil (c = 

1.73 kJ1kg−1K−1) has a large influence on STM, but a much smaller influence on MR. 

This study focused on TMtotal within the HX‐only control volume, and Table 6 compares the “HX 

core‐only” to the HX‐only control volume for some of the components reported in this study. Data 

for  the HX  core‐only  control  volume was only  compiled  for  five  of  the  evaluated  adsorbers. By 

comparing the last two columns in Table 6, it is apparent that significant differences exist between 

these two control volumes, with the header (also called “collector”) contributing an additional 23–

63% to the TMtotal of the core‐only control volume. In other words, the header is critical to the adsorber 

TMtotal and should not be neglected. 

Future work should consider  the effect of additional  thermal masses  that are  included  in  the 

“comprehensive” control volume. 

Table 6. Comparison of thermal mass in header with HX core. 

Component (Section) 

Header Mass 

(Mass Difference between 

HX‐Only and HX Core‐Only) 

Header Thermal Mass 

(Difference between HX‐

Only and HX Core‐Only) 

Thermal Mass, HX Core‐

Only 

HTF 

(kg) 

Metal 

(kg) 
(kJ1K−1)  (kJ1K−1) 

Adsorber, flat tube–fin, 

coated (Section 3.4) 
0.15  0.13  0.76  1.21 

Adsorber, round tube–fin, 

packed (Section 3.5) 1 

HTF: silicon oil 

0.30  1.49  1.08 
1.90 (0.5 kg packed) 

2.12 (0.766 kg coated) 

Adsorber, round tube–fin, 

packed (Section 3.5) 3 

HTF: water 

0.33  1.49  1.93 
3.22 (0.5 kg packed) 

3.44 (0.766 kg coated) 

Adsorber, shell–tube 

(Section 3.7) 
0.1  0.25  0.52  2.23 

Adsorber, fiber heat 

exchanger (Section 3.9) 
0.83  2.23  5.48  13.08 

1 Values in this row are estimates since exact geometrical information on the header was not available. 

To further illustrate the importance of HTF to TMtotal and STM, consider the case of a single round 

tube–fin packed adsorber (Section 3.5) that was used with two different HTFs: water and silicon oil. 

The silicon oil had a slightly lower density (910 vs. 1000 kg1m−3) and a much lower specific heat (1.73 

vs. 4.19 kJ1kg−1K−1). As a result, referring to Table 4, the TMtotal reduced from 5.15 to 2.98 kJ1K−1 (42% 

lower), with a corresponding drop in STM from 10.30 to 5.96 kJ1K−1kgsorb−1 (also 42%). This occurred 

with only a minor change in MR, from 7.87 to 7.72 kgHX1 kgsorb−1 (2% lower). 

5. Conclusions 

TMtotal and STM are useful  to  the analysis of sorption  systems by providing measures of  the 

thermal mass of sorption components. New experimental data for the thermal masses of nine sorption 

HXs are presented. The thermal mass of the shell or enclosure was not included. The overall STM 

varied from 2.46 to 19.51 kJ1K−1kgsorb−1. 

The reported ceffective ranged from 0.77 to 2.00 kJ1K−1kgHX−1. Because of this wide range of values, 

the STM is not generally accurately predictable for a generic adsorption HX. A ceffective of 1.45 can serve 

as  a  general  rule  of  thumb  for  attaining  the TMtotal  for  a  flat  tube–fin  adsorber  from  the  readily 

calculated MR. 

However, the accuracy of ceffective is much better when consideration is restricted to flat tube–fin 

type geometry (either packed or coated adsorbent) with water as HTF. With these constraints, the 

STM was predicted with an RMSE of 9% and a worst‐case prediction error of 15% by multiplying the 

simple MR (mHX/msorb) by an empirically fitted ceffective of 1.70 kJ1K−1kgHX−1.   
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This rule of thumb can be useful for estimating the TMtotal of a flat tube–fin HX when only its MR 

is readily obtainable. As more data are compiled in the literature, it may become possible to develop 

additional guidelines for ceffective for different HX types. 

Nomenclature 

A  area (m2) 

AC  activated carbon 

AT  approach temperature (K) 

c  specific heat capacity (kJ1kg−1K−1) 

ceffective  effective specific heat 

HTS  high temperature salt 

HX  heat exchanger 

LTS  low temperature salt 

m  mass (kg) 

MR  mass ratio (kgHX/kgsorbent) 

STM  specific thermal mass 

TM  thermal mass (kJ/kg) 

V  volume (m3) 

Y  ratio of refrigerant (sorbate) mass to sorbent mass (kgref/kgsorbent) 

Greek   

𝝆  density (kg/m3) 

ω  humidity ratio (kgw/kgda) 

Subscripts   

0  initial 

HTF  heat transfer fluid 

liq  liquid 

mat  material (non‐HTF, non‐sorbent), typically metals, comprising the heat exchanger 

total  total (thermal mass) 

ref  refrigerant (sorbate) 

sorb  sorbent   
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a b s t r a c t 

A straightforward thermodynamic model is developed in this work to analyze the efficiency limit of di- 

verse sorption systems. A method is presented to quantify the dead thermal mass of heat exchangers. 

Solid and liquid sorbents based on chemisorption or physical adsorption are accommodated. Four pos- 

sible single-effect configurations are considered: basic absorption or adsorption (separate desorber, ab- 

sorber, condenser, and evaporator); separate condenser/evaporator (two identical sorbent-containing reac- 

tors with a condenser and a separate direct expansion evaporator); combined condenser/evaporator (one 

salt-containing reactor with a combined condenser/evaporator module); and resorption (two sorbent- 

containing reactors, each with a different sorbent). The analytical model was verified against an empirical 

heat and mass transfer model derived from component experimental results. It was then used to evaluate 

and determine the optimal design for an ammoniate salt-based solid/gas sorption heat pump for a space 

heating application. The effects on system performance were evaluated with respect to different working 

pairs, dead thermal mass factors, and system operating temperatures. The effect of reactor dead mass as 

well as heat recovery on system performance was also studied for each configuration. Based on the anal- 

ysis in this work, an ammonia resorption cycle using LiCl/NaBr as the working pair was found to be the 

most suitable single-effect cycle for space heating applications. The maximum cycle heating coefficient of 

performance for the design conditions was 1.50 with 50% heat recovery and 1.34 without heat recovery. 

© 2019 Elsevier Ltd and IIR. All rights reserved. 
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1. Introduction 

A natural gas–driven sorption heat pump for space heat- 

ing applications was proposed and studied by Blackman et al. 

(2017) with the goal of reducing primary energy consumption 

and energy cost compared with conventional fuel-fired boilers and 

furnaces. The heat pump uses ammoniated salt or a salt pair 

to absorb ammonia refrigerant with three configuration options: 
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Nomenclature 

ADS adsorption system 

ABS absorption system 

COP coefficient of performance 

DTMR dead thermal mass ratio, kJ kJ −1 

L latent heat, kJ kg −1 

Y loading, kg kg −1 

Q heat per unit of refrigerant, kJ kg −1 

T temperature, 0 C 

m mass, kg 

ρ density, kg m 

−3 

V volume, m 

3 

�H reaction heat, kJ kg −1 

�T temperature difference, K 

�Y differential loading, kg kg −1 

C p specific heat, kJ kg −1 K 

−1 

x vapor quality 

ɛ heat exchange effectiveness 

ψ maximum cooling COP (ratio of latent heats defined 

in Table 1 ) 

HTS high temperature salt 

LTS low temperature salt 

DTM dead thermal mass, kJ K 

−1 

DTMR dead thermal mass ratio 

RES resorption cycle 

SCE ammoniate adsorption cycle with separate con- 

denser/evaporator 

CCE ammoniate adsorption cycle with combined con- 

denser/evaporator 

θ1 Parameter associated with the dead thermal mass of 

the �T L -coupled heat exchangers 

θ2 Parameter associated with the dead thermal mass of 

the �T D -coupled heat exchangers 

ɛ 1 sensible heat recovery fraction for �T L -coupled heat 

exchangers 

ɛ 2 sensible heat recovery fraction for �T D -coupled 

heat exchangers 

λ COP approach factor 

C/E condenser/evaporator 

Subscripts 

0 low temperature heat source 

1 medium temperature heat sink 

2 high temperature heat source 

D desorber/difference 

E evaporator 

L lift 

des desorbing 

cond condensing 

comp ammonia complex 

abs absorbing 

ads adsorbing 

evap evaporating 

ht heating 

cl cooling 

i inlet 

sol solution 

max maximum 

min minimum 

ref refrigerant 

ret retained 

liq liquid 

mat material 

HTF heat transfer fluid 

HTR high temperature reactor 

LTR low temperature reactor 

SHX solution heat exchanger 

the ammoniate adsorption cycle with separate condenser and 

evaporator (SCE), the ammoniate cycle with combined con- 

denser/evaporator (CCE), and the resorption cycle (RES). These con- 

figurations are the basic sorption cycle configurations in solid/gas 

chemisorption heat pump studies ( Li et al., 2014; Wang et al., 2014; 

Wongsuwan et al., 2001 ). They are the foundation for various ad- 

vanced cycles. Compared with the more advanced configurations of 

each type, they require the fewest components to develop a pro- 

totype machine ( Blackman et al., 2017 ). To reveal the major char- 

acteristics of different cycle configurations, this study focused on 

these three basic configurations instead of other advanced ones. 

The SCE cycle shown in Fig. 1 a consists of two identical 

solid/gas reactors, a condenser, and an evaporator; the CCE cycle 

shown in Fig. 1 b consists of a solid/gas reactor and a combined 

condenser/evaporator; and the RES cycle shown in Fig. 1 c consists 

of two solid/gas reactors. In the first half-cycle of operation, the 

heat pump is driven by natural gas where the heat evolving from 

a natural gas burner is used to desorb ammonia from the reactor to 

the condenser (SCE and CCE) or the reactor B (RES). The condensa- 

tion (SCE and CCE) or reaction heat (RES) is used for space heating 

purposes. In the second half-cycle, the heat of adsorption from the 

reactor is used for heating purposes while an outdoor fan coil is 

thermally connected to the evaporator (SCE and CCE) or reactor B 

(RES) to absorb low-temperature thermal energy from outdoor air. 

It should be noted that the SCE studied in this work has two iden- 

tical reactors running out of phase and simultaneously. One reac- 

tor is connected to the condenser, and the other is connected to 

the evaporator every half cycle. The condenser and evaporator run 

continuously. 

Performance analysis and comparison of different configura- 

tions using various working pairs are necessary to determine the 

optimal design for prototype development. Moreover, the effect of 

dead thermal mass (or DTM, defined here as the sensible heat load 

[kJ K 

−1 ] due to the cyclic temperature swing of the sorbent, re- 

tained refrigerant, heat transfer fluid, and bed material) and dif- 

ferent operating conditions should also be considered. In liter- 

ature, the performance of various sorption cycles was analyzed 

by modeling and test approaches ( Goetz et al., 1997 ; Zhu et al., 

2016 ). Modeling is the faster and cheaper approach to evaluate a 

design. Three types of model are usually considered: thermody- 

namic model, lumped-parameter model, and distributed-parameter 

model ( Pesaran et al., 2016 ). The thermodynamic model is the 

fastest and most straightforward model with acceptable error. It is 

always applied for fast preliminary analysis of sorption systems in 

many studies. 

Thermodynamic studies of absorption cycle started from Carnot 

heat engine-heat pump model ( Herold et al., 2016 ). Zebbar et al. 

(2012) applied exergy analysis to find irreversibility of a cycle. Op- 

timizations were made based on that. Herold (1999) provided a 

zero-order model and compared calculated COP with real machine 

data. The model showed a more realistic result than the reversible 

model. Xie and Jiang (2015) proposed a new absorption heat pump 

model based on ideal solution circulation. A temperature lift co- 

efficient was connected to COP to illustrate basic performance of 

absorption heat pump. 

Cacciola and Restuccia (1995) applied thermodynamic model 

based on first law analysis to calculate and compare the COP and 

cooling capacity of adsorption cycle with three different work- 

ing pairs. Zeolite/water was concluded to be the most suitable 
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Fig. 1. Three possible sorption cycle configurations: (a) SCE, sorption with separate (dedicated) evaporator/condenser; (b) CCE, sorption with combined condenser/evaporator; 

and (c) RES, resorption. 

pair for domestic applications in southern Europe. Meunier et al. 

(1998) defined entropic temperature and introduced an equiva- 

lent Carnot cycle for thermodynamic modeling of sorption sys- 

tems. Difference between liquid absorption and solid adsorption 

technologies was compared by internal entropy production calcula- 

tion. Pons and Poyelle (1999) applied similar analysis to study two 

types of vapor recovery cycles. Dead thermal mass was not con- 

sidered in the model. Douss and Meunier (1988) investigated the 

effect of operating temperatures on the COP of activated-carbon- 

methanol adsorption cooling systems with experimental test and 

a thermodynamic model. The model considered the extra sensible 

heat requirement of sorbent, refrigerant, and reactor metal under 

the desorption mode. Freni et al. (2015) developed a thermody- 

namic model to evaluate adsorption heat pump cycle with com- 

bined condenser-evaporator. Dead mass was considered in calcula- 

tion of desorption and evaporation heat. 

Li et al. (2014) provided a uniformed thermodynamic model to 

calculate performance of solid/gas sorption cycles. Sensible heat 

consumption was considered as a factor to improve cycle COP. 

However, the expression of sensible heat was too general and 

was unable to present key difference between cycles. Neveu and 

Castaing (1993) used a thermodynamic model to compare perfor- 

mance of different solid/gas recovery cycles upgraded from SCE. 

Dead mass of material and heat transfer fluid were not consid- 

ered. They also provided a three temperature model from first and 

second law of thermodynamics ( Neveu, & Castaing, 1996 ). Sharma 

and Kumar (2017, 2018 ) applied a thermodynamic model in metal 

hydride based sorption systems to choose suitable metal hydride 

pair. Material dead mass was considered. The author also consid- 

ered mass transfer kinetics at different working pressures when se- 

lecting working pair candidates. 

Present studies established a thermodynamic model for very 

specific cycles. It is hard to compare key differences between var- 

ious cycles clearly. For simplification, some studies ignored dead 

thermal mass effect that would over estimate the performance of 

the system. Dead thermal mass is influenced by both design abil- 

ity and inherent salt mass and should be discussed separately to 

better understand the improvement potential of the system. For 

fast preliminary analysis of sorption systems with many configu- 

rations and working pair options, and to facilitate qualitative com- 

parison among such options, a thermodynamic model that is ac- 

curate, computationally efficient, and transparent in its technical 

meaning is needed. 

In this work, a unified thermodynamic model for system COP of 

sorption cycles was developed to enable rapid performance com- 

parison between, and analysis of, various cycle configurations and 

working pairs. A simple expression that accommodates ammoniate 

salt-based chemisorption and many other sorption cycle types was 

provided. A table was provided to clearly compare key differences 

between systems: cycle configuration, working pair selection, and 

system design. Meanwhile, dead mass was considered in a new 

way that: (a) has separate terms for design-related and inherent 

mass, (b) is more relevant to cycle performance, and (c) is easier 

to compute. 

2. Analytical model 

An analytical model is developed in this section to evaluate the 

heating COP of various sorption cycle configurations. The following 

assumptions are made to simplify the model: 

a. Single effect cycles : Only single effect cycles are considered, in 

order to reveal the major characteristics of different cycle con- 

figurations. 

b. Cyclic steady state : The parameters (temperatures and refriger- 

ant loading) at the end of a whole cycle are the same as those 

at the beginning of the cycle. 

c. Mass transfer temperature : The desorption process happens only 

at T des , the absorption/adsorption process happens only at 

T abs / T ads , and the evaporation process happens only at T evap . 

d. Thermodynamic equilibrium : Cycle time is not considered; it is 

assumed that processes reach equilibrium with no mass trans- 

fer limitations (solution leaves the desorber and absorber in 

equilibrium). 

e. No heat losses : Losses through pipes and walls are neglected. 

f. Sorbent temperature : References are made only to the sorbent 

bed temperatures (temperatures of external heat transfer fluids 

are not considered). 

g. Lumped capacitance : The sorbent temperature is assumed to be 

spatially uniform. 

2.1. COP expression for conventional absorption and adsorption cycles 

In this work, the conventional absorption cycle is the ba- 

sic single stage single effect absorption cycle that consists of a 

desorber, an absorber, a condenser, an evaporator, and optionally 

a solution heat exchanger ( Herold et al., 2016 ). The conventional 

adsorption cycle refers to the basic adsorption cycle with a con- 

denser, an evaporator, and one (or two) adsorption bed(s) as de- 

scribed by Wang et al. (2014) . The conventional adsorption cycle 

is only differs from the SCE in Fig. 1 because the conventional ad- 

sorption cycle uses physical adsorption instead of chemisorption. 

Analytical models for the cooling or heating COP of absorption 

and adsorption cycles have been proposed numerous times before; 

for example in Gluesenkamp (2012) and Freni et al. (2015) The 

heating COP of a sorption cycle is defined as the ratio between 
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useful heat Q 1 and driving heat Q 2 , as shown in Eq. (1) . It can also 

be expressed in terms of low temperature source heat Q 0 and driv- 

ing heat Q 2 . 

CO P ht = 

Q 1 

Q 2 

= 1 + 

Q 0 

Q 2 

= 1 + CO P cl (1) 

For a sorption heat pump, the useful heat usually includes heat 

from both the absorber/adsorber and the condenser, and the driv- 

ing heat is the heat into the desorber. Based on energy balance, the 

heating COP of a sorption heat pump can be expressed as one plus 

the ratio of evaporator heat to desorber heat—that is, one plus the 

cooling COP, had it been used as a chiller. Therefore, the following 

derivations will focus only on the evaporator heat and the desorber 

heat, which are defined as heat per unit mass flow of refrigerant. 

For both absorption and adsorption cycles, the evaporator heat 

per unit mass flow of refrigerant can be expressed as Eq. (2) . Dur- 

ing cyclic steady state operation, only the latent heat of evap- 

oration is considered. In the equation, x evap, i is the inlet vapor 

quality to evaporator, which depends on temperature lift �T L = 

T cond − T e v ap and choice of refrigerant, as shown in Eq. (3) . 

Q E = L e v ap 

(
1 − x e v ap,i 

)
(2) 

x e v ap,i = 

C p,re f,liq �T L 

L e v ap 
(3) 

The desorber heat is composed of the latent heat and the sen- 

sible heat. The latent heat is the main part of the heat require- 

ment in desorber and is the same for absorption and adsorption 

cycles. The sensible heat is slightly different between absorption 

and adsorption cycles. For an absorption cycle, the sensible heat- 

ing of the solution through the desorber is considered. The des- 

orber heat is shown in Eq. (4) . Note that Eq. (4) uses loading Y 

(i.e., the mass ratio of refrigerant to sorbent) instead of the conven- 

tion more common for absorption systems (i.e., the mass fraction 

refrigerant for ammonia/water, or mass fraction sorbent for wa- 

ter/LiBr). The sensible heat depends on the inlet solution mass flow 

per unit mass flow of refrigerant, the driving temperature differ- 

ence �T D = T des − T abs , the maximum loading in the desorber Y max , 

the differential loading �Y = Y max − Y min , and the effectiveness of 

the solution heat exchanger ɛ SHX . The solution temperature differ- 

ence can be calculated from �T sol = ( 1 − ε SHX )�T D , and the mass 

flow of solution per unit mass flow of refrigerant is ( 1+ Y max ) 
�Y 

. Then, 

by combining Eqs. (1) –( 4 ), the heating COP for absorption cycle can 

be expressed as Eq. (5) . Note that the use of Y max is due to as- 

sumption c, which states that all desorption occurs at T des . Thus all 

refrigerant in the sorbent at the end of sorption (associated with 

Y max ) must be sensibly heated in the transition from sorption to 

desorption. 

Q D = L des + C p,sol ( 1 − ε SHX ) �T D 
( 1 + Y max ) 

�Y 
(4) 

CO P ht = 1 + 

L e v ap − C p,re f,liq �T L 

L des + C p,sol ( 1 − ε SHX ) �T D 
( 1+ Y max ) 

�Y 

(5) 

For an adsorption cycle, the desorption and adsorption pro- 

cesses occur separately in the same reactor. The sensible heat 

should include heating of the adsorbent, retained refrigerant, heat 

transfer fluid (HTF), bed material, and other possible “dead thermal 

masses” in the adsorber/desorber. Gluesenkamp (2012) defined a 

term dead thermal mass ratio (DTMR) to capture the relative size 

of these dead thermal masses. In this framework, the dead ther- 

mal mass (DTM), defined in Eq. (6a) is the aggregate of all thermal 

masses that must be heated and cooled each cycle. The DTMR is 

defined in Eq. (6b) as a dimensionless ratio of sensible heat to la- 

tent heat per cycle, including heat transfer fluid, heat exchanger 

materials, and the sensible heat of the sorbent and refrigerant. The 

sensible heat per cycle is DTM [kJ K 

−1 ] multiplied by �T D [K], and 

the latent heat per cycle is the latent heat of desorption [kJ] per 

cycle. Note that the product of �Y and m ads give the mass of re- 

frigerant transferred per half-cycle (also referred to as the active 

mass). 

Using the DTMR, we can derive the heating COP for a typical 

adsorption cycle without heat recovery in Eq. (7) . A more detailed 

expression that accounts for heat recovery is included in the work 

of Gluesenkamp (2012) . Note that DTM is strictly a function of 

the geometry of the physical sorbent heat exchanger. As will be 

shown later, the impact of DTM on the cycle efficiency is mediated 

by DTMR, which also includes operating parameters (temperatures 

and working fluid properties). 

DT M = ρHT F V HT F C p,HT F + ρmat V mat C p,mat + m ads ( C p,ads + Y max C p,re f,liq ) 

(6a) 

DT MR = 

�T D DT M 

�Y m ads L des 

(6b) 

CO P ht = 1 + 

L e v ap − C p,re f,liq �T L 

L des ( 1 + DT MR ) 
(7) 

2.2. COP expression for ammoniate sorption with separate dedicated 

condenser and evaporator 

In this section, the heating COP of an ammoniate sorption cy- 

cle with separate dedicated condenser and evaporator is derived. 

The expression for evaporator heat is the same compared with the 

conventional adsorption cycle. The desorber heat consists of both 

reaction heat and sensible heat. The reaction heat �H des depends 

on the working pair and reaction process. The sensible heat is like 

that of the conventional adsorption cycle except that ammoniate 

composite instead of refrigerant is retained in the desorber. The 

DTMR and heating COP for ammoniate sorption cycle are shown in 

Eqs. (8) and ( 9 ). 

DT MR = 

�T D 
�Y m ads �H des 

( ρHT F V HT F C p,HT F + ρmat V mat C p,mat 

+ ( 1 + Y max ) m ads C p,comp ) (8) 

CO P ht = 1 + 

L e v ap − C p,re f,liq �T L 

�H des ( 1 + DT MR ) 
(9) 

2.3. COP expression for cycle with combined condenser/evaporator 

The combined condenser/evaporator configuration can be used 

for both physical adsorption (such as water/silica gel) and chemical 

sorption (such as ammonia/ammoniated salts). The distinguishing 

characteristic of the CCE cycle is that a single chamber is used as 

the condenser in one half cycle and as the evaporator in the other 

half-cycle. This leads to two main differences compared with the 

conventional cycle. Firstly, the refrigerant will not go through an 

expansion process; therefore, the vapor fraction of the refrigerant 

at the beginning of evaporation is zero. Secondly, the dead ther- 

mal masses in the combined condenser/evaporator are cooled from 

T cond to T evap during the evaporation process, which reduces the 

evaporator heat and undermines the COP. The DTMR for evapora- 

tor and evaporator heat is shown in Eqs. (10) and ( 11 ). The m ref, ret 

is the retained mass of refrigerant at the end of the condensing 

process. 

DT M R E = 

�T L 
�Y m ads L e v ap 

( ρHT F,E V HT F,E C p,HT F,E + ρmat,E V mat,E C p,mat,E 

+ m re f,ret C p,re f,liq ) (10) 



386 C. Zhu, K.R. Gluesenkamp and Z. Yang et al. / International Journal of Refrigeration 99 (2019) 382–392 

Table 1 

Expressions for characters in different systems. 

System configuration Abbr. ψ θ1 θ2 

Absorption cycle ABS 
L e v ap 

L des 

C p,re f,liq �T L 

L e v ap 
C p,sol �T D 

( 1 + Y min ) 

�Y L des 

Adsorption cycle ADS 
L e v ap 

L des 

C p,re f,liq �T L 

L e v ap 
DTMR 

Separate condenser/ evaporator cycle SCE 
L e v ap 

�H des 

C p,re f,liq �T L 

L e v ap 
DTMR 

Combined condenser/ evaporator cycle CCE 
L e v ap 

�H des 

DTMR E DTMR D 

Resorption cycle RES 
�H LT S 

�H HT S 

DTMR LTR DTMR HTR 

Q E = L e v ap ( 1 − DT M R E ) (11) 

The desorber DTMR in Eq. (6) for conventional adsorption des- 

orber or in Eq. (8) for ammoniate sorption desorber can be used 

for COP calculation for the combined condenser/evaporator cycle 

depending on the sorption process. The heating COP for this com- 

bined condenser/evaporator cycle with ammoniate sorption desor- 

ber is shown in Eq. (12) . For CCE cycle with conventional adsorp- 

tion desorber, latent heat L des should be used instead of reaction 

heat �H des . 

CO P ht = 1 + 

L evap ( 1 − DTM R E ) 

� H des ( 1 + DTM R D ) 
(12) 

2.4. COP expression for resorption cycle with two reactors and two 

adsorbents 

For the resorption cycle with two reactors (a high tempera- 

ture reactor (HTR) and a low temperature reactor (LTR) and two 

adsorbents (high/low temperature salt [HTS and LTS]), the cool- 

ing COP is defined as the heat absorbed by the LTR divided by 

heat required by the HTR. Correspondingly, heating COP is cooling 

COP plus one. Like the combined condenser/evaporator cycle, DTM 

should be considered in both reactors. Eqs. (13) and ( 14 ) illustrate 

the DTMR for low and high temperature reactors. The heating COP 

is expressed in Eq. (15) . The temperature lift �T L is defined as the 

difference between the adsorption and desorption temperature of 

LTS ( T ads, LT S − T des, LT S ); the temperature difference �T D is defined 

as the difference between the desorption and adsorption tempera- 

ture of HTS ( T des, HT S − T ads, HT S ). When there are multiple steps of 

reactions for LTS or HTS, the COP should combine all the reactions 

together as shown in Eq. (16) . 

DT M R LT R = 

�T L 
�Y HT S m HT S �H LT S 

( ρHT F,LT R V HT F,LT R C p,HT F,LT R 

+ ρmat,LT R V mat,LT R C p,mat,LT R 

+ ( 1 + Y max,LT S ) m LT S C p,LT S,comp ) (13) 

DT M R HT R = 

�T D 
�Y HT S m HT S �H HT S 

( ρH T F,H T R V H T F,H T R C p,H T F,H T R 

+ ρmat,HT R V mat,HT R C p,mat,HT R 

+ ( 1 + Y max,HT S ) m HT S C p,HT S,comp ) (14) 

CO P ht = 1 + 

�H LT S ( 1 − DT M R LT R ) 

�H HT S ( 1 + DT M R HT R ) 
(15) 

CO P ht = 1 + 

∑ n 
i =1 

�Y LT S,i �H LT S,i 

�Y LT S 
( 1 − DT M R LT R ) 

∑ m 

j=1 
�Y HT S, j �H HT S, j 

�Y HT S 
( 1 + DT M R HT R ) 

(16) 

Fig. 2. System with heat recovery (using a combined condenser/evaporator as an 

example). 

2.5. Unified expression for all configuration types 

Based on Eqs. (1) , ( 5 ), ( 7 ), ( 9 ), ( 12 ), and ( 15 ) or ( 16 ), the uni- 

versal expression of heating COP for a sorption system is shown in 

Eq. (17) , and the meaning of each term is explained in Table 1 . The 

systems related to ammoniate sorption are SCE, CCE, and RES. 

CO P ht = 1 + ψ 

1 − θ1 

1 + θ2 

(17) 

Any one of these configurations is generally capable of incorpo- 

rating heat recovery, according to the following considerations. 

Heat recovery can be accomplished from the �T L -coupled heat 

exchange process, where at least two discrete heat exchangers are 

used for heat exchange with T cond and T evap . The fraction of sen- 

sible heat recovered from the �T L -coupled heat exchangers is de- 

noted here as ɛ 1 , as shown in Fig. 2 . 

Similarly, any one of these configurations is capable of incorpo- 

rating heat recovery from the �T D -coupled heat exchange process, 

when at least two discrete heat exchangers are used for heat ex- 

change with T des and T ads . The fraction of sensible heat recovered 

from the �T D -coupled heat exchangers is denoted here as ɛ 2 , as 

also shown in Fig. 2 . 

To accommodate heat recovery, Eq. (17) , which assumes no heat 

recovery, can be modified as shown in Eq. (18) . Note that heat re- 

covery ɛ 1 is always zero for cycles not considering dead thermal 

mass in the low temperature heat source–driven reactor. 

Note that the effectivenesses ε 1 and ε 2 act only on the sensi- 

ble heat. This can be observed by inspection of Eq. (18) and the 

definition of θ1 and θ2 , by evaluating these expressions with val- 

ues of ε 1 = ε 2 = 0 and ε 1 = ε 2 = 1. In other words, in this work, 

heat recovery effectiveness is the fraction of sensible heat that can 

be recovered. A scheme that recovers latent heat as well (such as 

the well-known generator-absorber exchange or GAX cycle) would 

have an effectiveness greater than one since latent heat is recov- 
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Table 2 

Comparison of DTM design and DTM inherent for each configuration and heat exchanger type. 

Type a DTM design DTM inherent 

ABS 0 ( 1 − ε SHX )( 1 + Y max ) m abs C p,sol 

ADS ρHTF V HTF C p,HTF + ρmat V mat C p,mat m ads ( C p,ads + Y max C p,re f,liq ) 

SCE ρHTF V HTF C p,HTF + ρmat V mat C p,mat ( 1 + Y max ) m ads C p,comp 

CCE—Evaporator ρHTF,E V HTF,E C p,HTF,E + ρmat,E V mat,E C p,mat,E m ref, ret C p, ref, liq 

CCE—Desorber ρHTF,D V HTF,D C p,HTF,D + ρmat,D V mat,D C p,mat,D ( 1 + Y max ) m ads C p,comp 

RES—LTR ρHT F,LT R V HT F,LT R C p,HT F,LT R + ρmat,LTR V mat,LTR C p,mat,LTR (1 + Y max,LT S ) m LT S C p,LT S,comp 

RES—HTR ρH TF,H TR V H TF,H TR C p,H TF,H TR + ρmat,HTR V mat,HTR C p,mat,HTR (1 + Y max,HT S ) m HT S C p,HT S,comp 

a ABS = absorption cycle; ADS = adsorption cycle; DTM = dead thermal mass; SCE = separate condenser 

and evaporator; CCE = combined condenser/evaporator; RES = resorption cycle; LTR = low temperature re- 

actor; HTR = high temperature reactor. 

ered in addition to sensible heat. 

CO P ht = 1 + ψ 

1 − ( 1 − ε 1 ) θ1 

1 + ( 1 − ε 2 ) θ2 

(18) 

In Eqs. (17) and ( 18 ), the ratio expression after ψ shows the gap 

between real cooling COP and maximum single effect cooling COP 

because of the effects of dead thermal mass and other penalties. 

We name this ratio as the COP approach factor ( λ), as shown in 

Eq. (19) . A higher λ means the COP is closer to maximum COP. 

When λ equals 1, the real COP is equal to maximum COP. 

λ = 

1 − ( 1 − ε 1 ) θ1 

1 + ( 1 − ε 2 ) θ2 

(19) 

Combining this definition with Eq. (18) yields Eq. (20) . 

CO P ht = 1 + ψλ (20) 

In Eqs. (6) , ( 8 ), ( 10 ), ( 13 ), and ( 14 ), the DTM can be defined as 

the sum of two parts as shown in Eq. (21) . For each heat exchanger 

type, the definitions of DTM design and DTM inherent change slightly, as 

shown in Table 2 . 

DT M = DT M design + DT M inherent (21) 

The DTM design represents the dead thermal mass of HTF and 

heat exchanger material. Clearly, this has a very strong dependence 

on reactor dimensions and design. This is generally the primary 

source of dead thermal mass, and it can be optimized. 

The DTM inherent represents the dead thermal mass of salt and 

refrigerant. These depend primarily on inherent thermophysical 

properties. However, it is also important to note that, since the 

quantity of refrigerant may vary with cycle time and other oper- 

ating conditions, the DTM inherent does have some slight dependence 

on operating conditions. 

For reactor design, the ideal condition is when DTM design equals 

zero. With a given working pair, working condition, mass of salt, 

and mass of refrigerant vapor, a better design usually means a 

lower DTM design and higher performance. 

3. Model verification and validation 

In this section, we focus on the cooling COP because it is the 

most widely available in existing literature. The heating COP model 

is considered verified and validated at the same time because of its 

connection with cooling COP (as expressed in Eq. (1) ). 

Most published literature on experimental and modeled perfor- 

mance of sorption systems does not include sufficient information 

to determine the dead thermal mass of the system in question. A 

few examples were found. For all of these examples that included 

sufficient information about dead thermal mass, we performed val- 

idation against experimental studies and verification with numeri- 

cal studies, as described in Sections 3.1 and 3.2 . 

3.1. Conventional absorption and adsorption cycles 

For conventional absorption and adsorption cycles, the COP ex- 

pression used in this work is identical to those used by the two 

previous references, as follows. 

The COP expression for a conventional absorption heat pump 

was verified previously by Gluesenkamp (2012) by comparing the 

analytical model of cooling COP with the result from a numerical 

model for single effect absorption chiller in Herold et al. (2016) . 

The analytical model COP was 0.735, and the COP from the detailed 

numerical model was 0.720. 

The COP expression for a conventional adsorption heat pump 

was verified previously by Qian et al. (2013) . The cooling COP an- 

alytical model was compared with experiment data of 170 test 

points for a synthetic zeolite-based adsorption system. The differ- 

ence was within a ± 10% range. 

3.2. Resorption cycle with two reactors and two adsorbents 

Two sources, both using ammoniate sorption, were used to con- 

firm the analytical model for the resorption cycle with two reactors 

and two adsorbents. The sensible heat of both reactors was consid- 

ered. 

The analytical model in this work was verified against the nu- 

merical model for the resorption cycle using two solid–gas reactors 

studied by Lepinasse et al. (1994) . MnCl 2 and BaCl 2 were used as 

HTS and LTS, respectively. Lepinasse et al. (1994) validated their 

numerical model against experimental results. The input parame- 

ters for the model calculation are shown in Table 3 . 

Lepinasse et al. (1994) used their numerical model to calculate 

the COP under three different dead thermal mass scenarios: con- 

sidering DTM of adsorbent only; considering DTM of adsorbent and 

material; and considering DTM of adsorbent, material, and HTF. 

The authors did not provide information about the type of HTF 

used. Therefore, we cannot verify our result against theirs for the 

case of including DTM of HTF. We used the analytical model from 

this work to calculate COP assuming DTM of HTF is zero, and the 

comparison between our result and literature’s result is shown in 

Table 4 . The COP calculated by two models had less than ± 0.02 

difference. The analytical model in this work showed good agree- 

ment with the classical numerical model and required less calcu- 

lation time. 

Secondly, the analytical model in this work was validated by 

experimental results from two classical experiments of the resorp- 

tion cycle. One used MnCl 2 as HTS and NH 4 Cl as LTS ( Xu et al., 

2011 ), and the other used the same HTS with NaBr as LTS ( Bao 

et al., 2011 ). The parameters provided by these studies are listed 

in Table 5 as calculation input. The result is shown in Table 6 . 

The COP difference between calculation and experiment result is 

less than 0.04. Therefore, the analytical model demonstrates a good 

agreement with experimental result. 
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Table 3 

Parameters used in coefficient of performance verification a . 

Value Unit 

T des , HTS 150 °C 
T ads , HTS 30 °C 
T des , LTS 5 °C 
T ads , LTS 30 °C 
�T D 120 K 

�T L 25 K 

Properties of reactors HTS LTS 

Mass of salt 2.57 2.125 kg 

Mass of expanded graphite 1.385 1.145 kg 

Mass of heat exchange material 15 12 kg 

Volume of HTF 9 7.8 L 

Density of HTF N/A b N/A b kg L −1 

Specific heat of HTF N/A b N/A b kJ kg −1 K −1 

Specific heat of salt b 0.6 0.44 kJ kg −1 K −1 

Specific heat of expanded graphite c 0.61 0.61 kJ kg −1 K −1 

Specific heat of liquid refrigerant c 4.59 4.59 kJ kg −1 K −1 

Specific heat of stainless steel c 0.46 0.46 kJ kg −1 K −1 

Maximum loading 0.486 0.710 kg −1 
salt 

Differential loading 0.432 – kg −1 
salt 

Reaction heat d 2789 2250 kJ kg −1 
ref 

Notes: HTS = high temperature salt; LTS = low temperature salt; 

HTF = heat transfer fluid. 
a Source: Lepinasse et al. (1994) . Modelling and experimental investiga- 

tion of a new type of thermochemical transformer based on the coupling 

of two solid–gas reactions. Chemical Engineering and Processing: Process In- 

tensification , 33 (3), 125–134. 
b Values were not provided in the original source. 
c Specific heat comes from: Bao et al. (2011) . Working pairs for resorp- 

tion refrigerator. Applied Thermal Engineering , 31 (14), 3015–3021. 
d Reaction heat comes from: Li et al. (2014) . Progress in the develop- 

ment of solid–gas sorption refrigeration thermodynamic cycle driven by 

low-grade thermal energy. Progress in Energy and Combustion Science , 40, 

1–58. 

In this section, the analytical model of cooling COP was verified 

against numerical model results in the literature and was validated 

against experimental results in the literature. The maximum cool- 

ing COP deviation was less than 0.04. Based on Eq. (1) , the heating 

COP model was also verified and validated, and the relative differ- 

ence in COP would be lower for heating COP. 

4. Using the model to choose the best cycle for an example 

application 

In this section, the verified analytical model is used to evaluate 

and determine the optimal cycle configuration and working pairs 

for a sorption heat pump used in a space heating application. In 

this example application, the assumed design target of the sorp- 

tion heat pump for space heating is to produce 10 kW of 50 °C hot 

water at an ambient of −10 °C and with a heat source temperature 

of 250 °C. 

4.1. Selection of working pair 

To select optimal working pairs for the sorption heat pump, 

equilibrium lines of potential ammoniates are illustrated on a 

Fig. 3. The Clapeyron diagram of different reaction steps. [Notes: 0-NH 3 ; 1- 

NH 4 Cl (3/0); 2-PbCl 2 (8/3.25); 3-NaBr (5.25/0); 4-BaCl 2 (8/0); 5-LiCl (4/3); 6-PbCl 2 
(3.25/2); 7-CaCl 2 (8/4); 8-CaCl 2 (4/2); 9-LiCl (3/2); 10-LiCl (2/1); 11-MnCl 2 (6/2); 

12-LiCl (1/0); 13-MgCl 2 (6/2); 14-NiCl 2 (6/2). 1 ©—ambient temperature; 2 ©—hot wa- 

ter supply temperature; 3 ©—heat source temperature; 4 ©—assumed highest feasi- 

ble pressure; 5 ©—assumed lowest feasible pressure. Reaction enthalpy and entropy 

come from Li et al. (2014) ]. 

Clapeyron diagram in Fig. 3 . The operating temperatures and pres- 

sures are also shown in Fig. 3 . The choices of LTS shown in the 

blue area on Fig. 3 are constrained by the ambient temperature. 

However, the operating pressure should also be considered, as in 

practice high vacuum conditions (i.e., low ammonia vapor pres- 

sures) usually lead to a limited mass transfer rate and subsequently 

low heating power. Therefore, the LTSs operating at higher pres- 

sure (lighter blue area) are better options than those that operate 

at low pressure (darker blue area). The choices of HTS are shown 

in the red area of Fig. 3 . In the case of the HTS selection, the con- 

straints are imposed by the hot water supply and heat source tem- 

peratures as well as the working pressure. 

For the resorption cycle, comprising two reactors with two ad- 

sorbents, the potential LTSs include NH 4 Cl, PbCl 2 , NaBr, and BaCl 2 , 

whereas the potential HTSs include LiCl, MnCl 2 , and MgCl 2 . In 

considering sorption cycles with only one adsorbent, the candi- 

dates include LiCl, MnCl 2 , and MgCl 2 . Based on Eqs. (7) , ( 9 ), ( 12 ), 

and ( 15 ), the maximum cooling COP (assuming DTMR = 0), regard- 

less of system configuration and dead thermal mass factors, has 

been calculated and is shown in Table 7 . The term ψ is the ratio 

of reaction heats, which also corresponds to the maximum single 

effect cooling COP. The reaction heat ψ discussed here is defined 

as the amount of heat rejected or absorbed in the chemical re- 

action with one unit of ammonia vapor adsorbed by or desorbed 

from the salt sorbent; it is defined for each system type in Table 1 . 

With the selected working pairs, the resorption cycles in 

general demonstrate better maximum COP than sorption cycles 

demonstrate because the reaction heat of LTS is larger than the 

Table 4 

Comparison of coefficient of performance (COP) calculation result between analytical and numerical models. 

With dead thermal mass of adsorbent With dead thermal mass of adsorbent + heat exchange material 

DTMR HTR 0.31 0.58 

DTMR LTR 0.09 0.14 

COP analytical (this work) 0.56 0.44 

COP numerical 
a 0.54 0.45 

Note: DTMR = dead thermal mass ratio; LTR = low temperature reactor; HTR = high temperature reactor. 
a Lepinasse et al. (1994) . Modelling and experimental investigation of a new type of thermochemical transformer based on the cou- 

pling of two solid–gas reactions. Chemical Engineering and Processing: Process Intensification 33 (3), 125–134. 
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Table 5 

Parameters used in coefficient of performance validation a . 

Working pair 

MnCl 2 /NH 4 Cl MnCl 2 /NaBr 

�T D K 65 120 

�T L K 30 30 

HTS LTS HTS LTS 

Mass of salt g 100.09 55.35 55.5 34.59 

Mass of expanded graphite g 50.06 27.51 29.88 18.63 

Mass of heat exchange material g 774.38 582.89 732.42 515.98 

Specific heat of salt kJ kg −1 K −1 0.61 1.55 0.6 0.505 

Specific heat of expanded graphite kJ kg −1 K −1 0.61 0.61 0.61 0.61 

Specific heat of refrigerant kJ kg −1 K −1 4.59 4.59 4.59 4.59 

Specific heat of stainless steel kJ kg −1 K −1 0.46 0.46 0.46 0.46 

Maximum loading kg −1 
salt 0.486 0.812 0.518 0.781 

Differential loading kg −1 
salt 0.432 – 0.507 –

Reaction heat kJ kg −1 
ref 2740 1630 2924 1790 

Notes: HTS = high temperature salt; LTS = low temperature salt. 
a Source: Xu et al., (2011) . Resorption system with simultaneous heat and cold production. 

International Journal of Refrigeration 34 (5), 1262–1267. 

Table 6 

Comparison of coefficient of performance (COP) between 

analytical model and experiment result. 

Working pair 

MnCl 2 /NH 4 Cl MnCl 2 /NaBr 

DTMR HTR 0.368 0.759 

DTMR LTR 0.246 0.232 

COP analytical (this work) 0.33 0.27 

COP experiment 
a 0.35 0.31 

Notes: DTMR = dead thermal mass ratio; LTR = low temper- 

ature reactor; HTR = high temperature reactor. 
a Source: Xu et al., (2011) . Resorption system with simul- 

taneous heat and cold production. International Journal of 

Refrigeration 34 (5), 1262–1267. 

Table 7 

Heating coefficient of performance and sorbent mass for different 

working pairs. 

Resorption ψ Sorbent mass [g kJ −1 ] 

HTS LTS HTS LTS 

MnCl 2 (6/2) NH 4 Cl (3/0) 1.62 0.66 0.60 

LiCl (3/0) NH 4 Cl (3/0) 1.61 0.29 0.60 

MgCl 2 (6/2) NH 4 Cl (3/0) 1.53 0.43 0.60 

MnCl 2 (6/2) PbCl 2 (8/3.25) 1.72 0.66 1.71 

LiCl (3/0) PbCl 2 (8/3.25) 1.71 0.29 1.71 

MgCl 2 (6/2) PbCl 2 (8/3.25) 1.62 0.43 1.71 

MnCl 2 (6/2) NaBr (5.25/0) 1.75 0.66 0.55 

LiCl (3/0) NaBr (5.25/0) 1.73 0.29 0.55 

MgCl 2 (6/2) NaBr (5.25/0) 1.64 0.43 0.55 

MnCl 2 (6/2) BaCl 2 (8/0) 1.81 0.66 0.68 

LiCl (3/0) BaCl 2 (8/0) 1.79 0.29 0.68 

MgCl 2 (6/2) BaCl 2 (8/0) 1.69 0.43 0.68 

Sorption ψ Sorbent mass [g kJ −1 ] 

MnCl 2 (6/2) 1.43 0.66 

LiCl (3/0) 1.42 0.29 

MgCl 2 (6/2) 1.37 0.43 

Notes: HTS = high temperature salt; LTS = low temperature salt. 

ammonia latent heat. The working pair of MnCl 2 /BaCl 2 has the 

highest ψ (see Table 7 ); however, the extremely low operating 

pressure of BaCl 2 as the LTS is a major concern because of low 

power density. In practice, lower power density tends toward a 

larger (and thus more expensive) system for a given heating ca- 

pacity. NaBr and PbCl 2 as LTS have similar ψ and higher operating 

pressure, but PbCl 2 has much lower energy density ( Li et al., 2013 ) 

manifested as an elevated sorbent mass per unit of reaction heat in 

one desorption or sorption mode (g kJ). As shown in Table 7 , using 

MnCl 2 or LiCl as the HTS leads to higher COPs compared with us- 

ing MgCl 2 as the HTS. However, again LiCl has higher energy den- 

sity and lower sorbent mass per unit of reaction heat than that of 

MnCl 2 . 

The best candidates for the resorption cycle are NaBr (5.25/0) 

as LTS and LiCl (3/0) as HTS because this working pair has demon- 

strated a good ψ and a low sorbent mass per unit of refrigerant 

latent heat. Correspondingly, in the case of the SCE and CCE sorp- 

tion cycles, LiCl as HTS is considered the best option. 

4.2. Selection of system configuration 

The aim of this section is to find a suitable system configuration 

to realize a higher COP more easily. This is determined by both ψ 

(defined in Section 4.1 ) and the COP approach factor λ (defined in 

Eq. (20) ). 

We defined DTM as the sum of design-related DTM design and 

fluid-related DTM inherent (see Eq. (21 )). In Fig. 5 , the effect of 

DTM design on θ1 , θ2 , and λ for each working pair and configura- 

tion is illustrated. Generally systems are easier to build with a 

higher allowance for DTM design , but the performance is limited; 

with low DTM design and higher theoretical performance, realizing 

the design becomes increasingly challenging. We plot the figure 

applying LiCl/NaBr for RES cycle and LiCl for SCE and CCE cycles to 

illustrate the main trends. We also plot two of the most commonly 

used working pairs for RES as reference of how much the DTM design 

and λ can be in common practice; oil is assumed to be the HTF 

with density of 890 (kg m 

−3 ) and specific heat of 1.8 (kJ kg −1 K 

−1 ). 

To make the DTM design for different applications comparable, we 

use the ratio of DTM design divided by active mass of refrigerant 

( �Ym ads ) to represent DTM design level of one application. The ac- 

tive mass of refrigerant means the total mass of refrigerant vapor 

adsorbed for heating in sorption mode. For simplicity, we assume 

that DTM design of LTR equals DTM design of HTR for the RES configu- 

ration and that DTM design of the salt reactor is twice the DTM design 

of the C/E for the CCE cycle. These assumptions are deemed rea- 

sonable for the authors’ current application but might be different 

for other exchanger designs and heat transfer fluid flow network 

designs. With the present model the system designer can change 

the relation between DTM design of HTR, LTR, and C/E according to 

their own design level and draw a similar figure for comparison. 

According to Fig. 4 , the SCE and CCE cycles using LiCl salt have 

the same θ1 , θ2 , and λ when DT M design = 0 . As the DTM design level 

increases, the CCE has a lower λ than SCE cycle. The λ difference 

between the CCE and SCE cycles increases because the CCE cycle 



390 C. Zhu, K.R. Gluesenkamp and Z. Yang et al. / International Journal of Refrigeration 99 (2019) 382–392 

Fig. 4. Effect of dead thermal mass (DTM), θ1 , and θ2 on λ. The relative dead thermal mass of the low-temperature-coupled component(s) are denoted θ 1 ; and θ2 for the 

high-temperature coupled components. These combine to form the penalty factor λ as defined in Eq. (19) . 

Table 8 

Comparison of different system configurations. 

Configuration Working pair ψ θ1 θ2 COP ht , ε 1 = ε 2 = 0 COP ht , ε 1 = ε 2 = 0.5 

SCE LiCl (3/0) 0.42 0.27 0.48 1.21 1.29 

CCE LiCl (3/0) 0.42 0.44 0.48 1.16 1.27 

RES LiCl/NaBr 0.73 0.32 0.48 1.34 1.50 

Notes: COP = coefficient of performance; SCE = separate condenser and evaporator; CCE = combined 

condenser/evaporator; RES = resorption cycle. 

has to consider the DTM design of C/E HTF and materials. Comparing 

λ of SCE using LiCl and RES using LiCl/NaBr, the λ of the RES cy- 

cle is higher than that of the SCE cycle when the DTM design level 

is low; the λ of the SCE cycle is higher than that of the RES cy- 

cle when the DTM design level is high. Given reactor design prop- 

erties like mass of HTF and mass of material, the DTM design level 

can be calculated, and the performance of different cycles can be 

compared easily. For example, the DTM design levels of design cal- 

culated according to Table 9 for SCE, CCE, and RES configurations 

are shown as black “X” mark points in Fig. 4 . The SCE cycle has 

slightly better λ than the RES cycle. However, the difference of λ
is small so that the RES cycle using LiCl/NaBr may still have higher 

COP than the SCE cycle because RES has higher ψ according to the 

working pair property advantage in Table 7 . 

Table 8 provides the analytical performance parameters of 

different configurations. Configurations without heat recovery 

( ε 1 = ε 2 = 0) and with 50% heat recovery were considered. Since 

heat recovery in this work only involves sensible heat recovery, a 

value of 50% corresponds to equilibration of the temperatures of 

two relevant heat exchangers before switching phases, and thus 

represents an upper limit for many systems. 

Fig. 5. Contribution of each dead thermal mass factor to DTMR for the LiCl/NaBr 

RES and CCE cycles (Notes: HTF = heat transfer fluid; 

C/E = condenser/evaporator; DTMR = dead thermal mass ratio; RES = resorption cy- 

cle; CCE = combined condenser evaporator cycle). 

The LiCl/NaBr resorption cycle has the highest heating COP of 

1.34 without sensible heat recovery. And this number can be im- 

proved to 1.50 when 50% sensible heat recovery is applied. 
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Table 9 

Dead mass for LiCl/NaBr reactor and condenser/evaporator (C/E) 

reactor. 

LiCl NaBr C/E 

Mass of heat transfer fluid kg 15.1 15.1 7.9 

Mass of salt kg 20.7 43.8 –

Mass of heat exchange material kg 60 60 27 

This section illustrated the use of the analytical model in the 

selection of working pairs and configurations, the analysis of each 

dead thermal mass factor effect on performance, and the influence 

of working condition on performance. The analytical model is also 

applied to study the effect of reactor design on performance for 

each configuration and the effect of sensible heat recovery on per- 

formance. 

5. Discussion 

5.1. Dead thermal mass 

In this section, the influence of dead thermal mass ratio DTMR 

on the performance of the sorption and resorption cycles is dis- 

cussed for the working pairs selected in Section 4.1 . Note that the 

salt LiCl will go through three reaction steps: 3/2, 2/1, and 1/0. 

In this work, the dead masses shown in Table 9 are assumed for 

each component. Based on the experience of the authors in devel- 

opment of the system described in Blackman et al. (2017) , these 

masses are considered reasonable for a system producing 10 kW of 

50 °C hot water at an ambient of −10 °C and with a heat source 

temperature of 250 °C. 

The contribution of each component of dead thermal mass to 

the DTMR of each reactor is calculated based on the geometry of 

the novel sorption heat pump reactor; the results are shown in 

Fig. 5 . In the resorption cycle with the LiCl reactor and NaBr re- 

actor, the dead thermal mass of the HTF contributes to almost half 

of the DTMR; in the CCE sorption cycle, DTMR of the C/E is influ- 

enced mainly by the retained refrigerant at the end of the conden- 

sation process. In the SCE sorption cycle, the DTMR of condenser 

and evaporator is zero. 

5.2. Model response to working temperatures 

As ambient temperature changes from the design point tem- 

perature, the temperature lift �T L ( i.e., T cond − T e v ap ) is influenced 

more than the temperature difference �T D ( i.e., T des − T abs ); there- 

fore, the DTMR of a LiCl reactor (HTS) remains almost the same. 

However, the DTMR of a NaBr reactor (LTS) and C/E are reduced 

for higher ambient temperature and increased for lower ambient 

temperature; therefore, the heating COP increases at temperatures 

higher than design point and decreases at lower temperatures. For 

simplicity, we assume that differential loading �Y is constant. In 

reality, this would require varying cycle time, with complex im- 

pacts on cycle power and �Y . However, such an analysis is beyond 

the scope of the present study. A wider temperature range is con- 

sidered here to predict cycle performance under extreme cold and 

warmer condition. As evaluated using Eq. (20) , the heating COP of 

the RES, CCE, and SCE cycles increases from 1.31 to 1.37, 1.14 to 

1.19, and 1.19 to 1.22, respectively, when the ambient temperature 

rises from −23 °C to 5 °C. 

6. Conclusion 

In this study, a unified analytical model to calculate heating 

COP and enable rapid comparison of five different sorption cycles 

(ABS, ADS, SCE, CCE, and RES) was derived. This conceptual model 

allows direct comparison of diverse cycle types. The term DTMR 

was used to describe the effect of dead thermal mass on COP. The 

COP approach factor λ was defined based on the dead thermal 

mass for ammoniate sorption with separate condenser/evaporator, 

combined condenser/evaporator, and resorption cycles to allow di- 

rect comparison among these cycle types. 

Using available numerical and experimental results in the lit- 

erature, the analytical model was verified by a classical numerical 

model and validated by experiment results. The model was used 

along with a Clapeyron diagram to select a suitable working pair 

for an ammoniate sorption heat pump for space heating. LiCl/NH 3 

was selected for the RES cycle, and LiCl was selected for the SCE 

and CCE cycles. 

The contribution of different dead thermal mass factors to the 

DTMR was studied based on the working pair selection. For salt 

reactors, the main contribution comes from HTF; for the C/E, the 

main contribution comes from retained refrigerant. 

The model was also applied to predict the performance change 

under different working conditions. The heating COP of the RES, 

CCE, and SCE cycles increases from 1.31 to 1.37, 1.14 to 1.19, and 

1.19 to 1.22, respectively, when the ambient temperature rises from 

−23 °C to 5 °C. 

The comparison of different system configurations applying se- 

lected working pairs was carried out using the analytical model. 

The effect of dead thermal mass of HTF and reactor material on λ
was studied. The CCE cycle has lower λ than the other two cycles. 

In a practical range of DTM design , LiCl/NaBr RES cycle and LiCl SCE 

cycles have very similar λ. Therefore, the LiCl/NaBr RES cycle will 

have better COP because of the benefit of higher ψ . 

Based on a simple analytical model calculation, for space heat- 

ing applications at ambient temperature −10 °C, heat delivery tem- 

perature of 50 °C and up to 250 °C driving heat source tempera- 

ture, without heat recovery the highest efficiency is obtained with 

the LiCl/NaBr resorption cycle, with a COP 11–15% higher than 

that of the competing options. With 50% recovery of sensible heat, 

LiCl/NaBr still has the highest COP, 16–18% higher than that of the 

competing options. The LiCl/NaBr RES cycle is shown to be a good 

option for the sorption cycle in space heating applications. 
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H I G H L I G H T S

• The optimum design heating capacity of the sorption heat pump ranges between 22 and 44% of peak capacity.

• Two climates, two energy price scenarios, and two sorption system types were evaluated.

• A detailed building model was used to calculate hourly building loads.

A R T I C L E I N F O
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A B S T R A C T

Gas-driven sorption heat pumps (GDSHP) show significant potential to reduce primary energy use, associated
emissions and energy costs for space heating and domestic hot water production in residential applications. This
study considered a bivalent heating system consisting of a sorption heat pump and a condensing boiler, and
focuses on the optimal heating capacity of each of these components relative to each other. Two bivalent systems
were considered: one based on a solid chemisorption cycle (GDSHPA), and one based on a resorption cycle
(GDSHPB). Simulations of year-round space heating loads for two single-family houses, one in New York and the
other Minnesota, were carried out and the seasonal gas coefficient of performance (SGCOP) calculated. The
sorption heat pump’s design heating capacity as a fraction of the bivalent system’s total heating capacity was
varied from 0 to 100%. Results show that SGCOP was effectively constant for sorption heat pump design capacity
greater than 41% of the peak bivalent GDSHPA design capacity in Minnesota, and 32% for GDSHPB. In New
York, these values were 42% and 34% for GDSHPA and GDSHPB respectively. The payback period was also
evaluated based on postulated sorption heat pump component costs. The fastest payback was achieved with
sorption heat pump design capacity between 22 and 44%.

1. Introduction

Sorption heat pumps may use the combustion of natural gas as a
heat source to drive a sorption cycle. This cycle effectively pumps heat
from a low temperature source to a sink of a higher temperature al-
lowing for more effective gas utilisation for space and domestic water
heating. Cycle heating efficiencies as high as 140% (i.e. COP 1.4) for
gas-driven sorption heat pumps (GDSHP) are not uncommon [1].

A bivalent heat pump system consists of a heat pump unit and a
supplemental heating source. This study considers a GDSHP integrated
with a supplementary condensing boiler. Since, in general, the peak
building demand conditions occur for relatively few hours of the year,
the more costly sorption module should be dimensioned to avoid in-
efficient operation at low part loads, whilst cost effectively maximising
the seasonal efficiency defined by the seasonal gas coefficient of per-
formance (SGCOP). Additionally, this approach opens the possibility of
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cost-effective GDSHPs tailor-sized for specific climates.
Based on the working principle, heat pumps can be categorized as

vapor-compression (including electric-driven and gas-driven) or vapor-
absorption heat pumps [2]. The majority of heat pumps deployed
today, and the majority covered in the literature, are of the vapor-
compression type. The most common bivalent heat pump system for
residential and small commercial applications is the air-to-air vapor
compression heat pump with electric resistance as the supplemental
heat source, using electricity from the grid. However, other config-
urations have been investigated. These include various heat pump heat
sources (ground-source, solar thermal, and combinations), supple-
mental heating type (gas-fired condensing boiler, solar thermal), and
electricity source (solar PV, fuel cell) [3–5]. A large number of studies
are available on vapor compression heat pumps; while vapor-absorp-
tion heat pumps, having a low environmental impact, have gained
considerable attention in recent years [6].

For lower installed costs, heat pump systems are configured with the
heat pump unit (higher cost and higher efficiency) sized for less than
peak building loads and the supplemental heating source (typically,
lower cost and lower efficiency) sized to meet the peak heating de-
mand. It is widely known that, when sized carefully and strategically
operated and controlled, the use of supplemental heating source can
also improve annual efficiency and lower annual operating cost. This is
because heat pump efficiency can suffer at very low part loads, and
using a supplemental heating source avoids over-sizing of the heat
pump component [7,8].

Various studies have investigated the sizing and operation strategies
for heat pump systems. In these studies, the key sizing and/or operating
parameters investigated include: (a) the capacity of heat pump with re-
spect to the building load, expressed in relation to the bivalent tem-
perature — the ambient temperature at which the heat pump output
matches the building load [7–10]; (b) the bivalent operation mode:
either bivalent-parallel when the heat pump continues to operate in
parallel with the auxiliary heat source or bivalent-alternative when only
the auxiliary heat source would operate at temperatures below the bi-
valent temperature [10]; (c) the cut off temperature—the ambient tem-
perature below which the heat pump unit is switched off, thus only
running the auxiliary heat source [10]; (d) heat pump control—on-off
versus modulating control [8–11]; (e) sizing of thermal storage [7,11].

Several studies analyzed different heat pump types in different cli-
mates with different sets of operating parameters. Most importantly, the
system performance is most sensitive to the sizing of the heat pump
(thus, the bivalent temperature). Additionally, improved system per-
formance results from bivalent-parallel operation over bivalent-alter-
native operation [11], and from modulating control over on-off control

[8–10]. For larger sized heat pump systems (that is, low bivalent tem-
peratures), the performance improvement from a lower cut-off tem-
perature relative to bivalent temperature is negligible [11]. Similarly,
the performance change from varying the size of thermal storage in case
of systems with water as the heat sink was marginal to none [7]. The
analysis in this study assumes bivalent parallel operation, no cycling
losses associated with the on-off operation, and no thermal storage
(such as a condensing boiler tank).

In most studies that have evaluated the sizing or operation strategy
of a specific heat pump system, the evaluation criteria typically include
the annual or seasonal system efficiency, and/or the operating cost
(especially for systems using two different fuels). Only a few studies
have factored in the installed cost of the system in terms of total cost of
ownership [12] and levelized cost of energy [13]. Installed costs of the
system are accounted for in studies which compared different types of
heat pump systems, for example, Busato et al. [14] compared net pre-
sent worth and payback period for an electric heat pump, a natural gas
engine-driven heat pump, and a natural gas boiler, and Aste et al. [15]
compared net present costs for air-to-air heat pumps, air-to-water heat
pumps, ground-source heat pumps, and ground-water heat pumps.

In the present study, due to the modular nature of the sorption
component, which is the costlier component in the system, the sizing of
the sorption heat pump system (i.e., the sorption modules vs auxiliary
heat source—the condensing boiler) requires the optimization criteria
to also account for the capital cost. Therefore, this paper seeks to fill a
gap by exploring the optimal sizing of sorption heat pump and backup
heating systems, since literature review yielded few studies on re-
sidential-scale sorption heat pump systems and no sizing studies for
sorption heat pumps. This work aims to develop a sizing strategy for
bivalent sorption heat pumps considering the similarities to the sizing
of bivalent electric heat pumps.

The present study considers a parallel bivalent system, in which
both the heat pump and boiler components are capable of simulta-
neously providing heat at temperatures between the heat pump cut-off
temperature and the bivalent temperature. Furthermore, two modular
sorption unit types are considered with two different sorption cycle
principles. One sorption module (SM) based on the solid chemisorption
cycle principle (type A) and the other a resorption cycle (type B), both
employing ammonia as the working fluid. For this study, simplified
performance correlations for each SM type were used to determine the
optimum capacity of the SM implemented in a bivalent GDSHP.
Optimum capacity was determined based on both cost and performance
indicators. Two climate zones in the USA were studied, representative
of a cold (Minnesota) and a moderate (New York) climate.

Nomenclature

ACH air changes per hour ventilation rate
AHU air handling unit
CE combined condenser-evaporator vessel
f function
f2 function
GCOP gas coefficient of performance
GDSHP gas driven sorption heat pump with boiler and sorption

module
GDSHPA gas driven sorption heat pump with boiler and type “A”

chemisorption module
GDSHPB gas driven sorption heat pump with boiler and type “B”

resorption module
HTS high temperature salt
LTS low temperature salt
Q heating capacity of GDSHP system
R reactor vessel containing low temperature salt (in

chemisorption type sorption module)
RA reactor vessel A containing high temperature salt (in re-

sorption type sorption module)
RB reactor vessel B containing low temperature salt (in re-

sorption type sorption module)
SCOP seasonal coefficient of performance
SGCOP seasonal gas coefficient of performance
SM sorption module
SMA sorption module Type A (chemisorption-based)
SMB sorption module Type B (resorption-based)
Tout outdoor ambient temperature
Tsupply temperature heat transfer fluid supplied to air handling

unit
ΔTlift temperature lift of sorption module (supply temperature

minus outdoor temperature)
η thermal efficiency (energy out as fraction of energy into a

component)
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2. Sorption modules

This study considers a sorption module, defined as a fully modular
sorption heat pump device. The sorption module can operate based on
an absorption or adsorption cycle principle as described by Blackman
et al. [16]. It is modular because it can be combined with a backup
boiler, and the sorption heat pump sizing is continuously variable: by
virtue of its design, it can be sized and/or coupled together with an-
other sorption module without the need for significant re-design. This
allows it to be readily designed for any capacity. These modules can be
employed for heating and/or cooling purposes and operate at ambient
temperatures below 0 °C due to the use of ammonia as a refrigerant
[17,18].

2.1. Basic sorption module component (Type A)

The sorption component referred to in this work as “Type A” is a
sorption heat pump module component comprising two cylindrical
vessels, the reactor (R) and the combined condenser-evaporator (CE).
The vessels each house a heat exchanger made up of disc-shaped steel
plates engineered in such a way as to allow a heat transfer fluid to flow
within the discs. The heat exchanger of the reactor provides thermal
energy to, or removes thermal energy from, a matrix material infused
with a salt (alkali halide) which reversibly absorbs ammonia. The
matrix is housed, in good thermal contact, between the heat exchanger
discs (see Fig. 1). The CE is identical to the R except that the matrix
material between the heat exchanger discs does not contain salt. The R
and CE vessels have an opening at the top to allow ammonia to flow
back and forth via a connecting pipe.

The Type A sorption module (SMA) operates in a batch process with
two main modes of operation; absorption and desorption [19]. In ab-
sorption mode, the difference in vapor pressure between the salt and
the ammonia causes ammonia to evaporate from the CE (operating as
an evaporator) and form a salt ammoniate in the reactor. The reaction
between salt and ammonia creates heat which is removed via a flow of
heat transfer fluid in the heat exchanger discs. This heat can then be
transferred to the building's heat distribution system. Upon completion
of absorption (when all the ammonia has reacted with the salt), the SM
switches to desorption mode. The desorption mode is characterised by
the heating of the reactor via high temperature heat transfer fluid he-
ated by a natural gas burner. The heating of the reactor forces the
desorption of ammonia from the salt in the reactor matrix. This

desorbed ammonia condenses in the CE where the condensation heat
produced in the CE is removed via the heat transfer fluid flowing in the
CE’s heat exchanger and this heat is also transferred to the heat dis-
tribution system. The SMA is characterised by high temperature lift and
high heating capacity with a moderate coefficient of performance
(COP) [17].

2.2. Resorption module component (Type B)

The resorption module component (referred to in this work as Type
B) operates under the resorption principle where two different salts
(alkali halides) are employed, each having a different chemical affinity
for ammonia. The salt with the higher affinity is known as the high
temperature salt (HTS), and the salt with lower affinity for ammonia is
referred to as the low temperature salt (LTS) [20]. In desorption mode,
the fluid from the high temperature heat transfer fluid source (from the
natural gas burner) drives the flow of ammonia from the HTS which is
housed in the primary reactor (R1) to the LTS housed in the secondary
reactor (R2). In absorption mode, the refrigerant flows from the LTS to
the HTS, while the LTS absorbs low temperature (below ambient tem-
perature) thermal energy and expels the ammonia. The ammonia reacts
with the HTS, generating heat that is removed with the heat transfer
fluid and transferred to the building's heat distribution system [21].
SMB is characterised by moderate temperature lift and low heating
capacity with high COP [17].

2.3. Sorption heat pump module

To adequately perform as a heat pump unit, the sorption module
components should be outfitted with hydronic connections, a natural
gas burner, pumps, and valves. In addition, an outdoor fan coil is used
to capture low temperature ambient heat during the absorption mode of
operation. Fig. 2 shows the sorption module system concept for op-
eration as a heat pump [17].

3. Gas-driven sorption heat pump

This work evaluates bivalent GDSHPs comprised of a sorption heat
pump module (SM) and a condensing boiler as described in [17]. Two
variants of SM are considered to investigate their performance and
optimal sizing under different climatic conditions. The bivalent GDSHP
operates using the bivalent parallel operation strategy presented in

HTS Salt 
infused 
matrix

Ammonia 
Flow

Insulation

Vessel Wall

Matrix

Insulation

Vessel Wall

High Temperature Heat 
Source (or Heat Rejection 

Fluid) Outlet

Heat Rejection 
(or Outdoor)

Fluid Inlet

Heat Rejection 
(or Outdoor)
Fluid Outlet

High Temperature Heat 
Source (or Heat Rejection 

Fluid) Inlet

Fig. 1. Schematic diagram of main components of basic sorption module Type A (SMA).
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[11]: the SMs provide 100% of the building load when ambient tem-
peratures are at or above the bivalent temperature. At temperatures
below the bivalent temperature both the SM and the condensing boiler
operate simultaneously to meet the required heating demand. At even
lower ambient temperatures, below the cut-off operation temperature
for the SM, the SM operates in a non-heat pumping mode in which it
operates with condensing boiler efficiency. The bivalent GDSHP unit

was considered to be connected to a hydronic air handling unit (AHU)
(see Fig. 3).

A Type A gas-driven sorption heat pump (GDSHPA) consists of the
SMA coupled with an auxiliary condensing boiler. Similarly, the Type B
gas-driven sorption heat pump (GDSHPB) consists of the SMB coupled
with an auxiliary condensing boiler.

CE or R2R or R1

Gas Burner

Flue Gas 
Heat Exchanger

Natural 
Gas Input

Flue Gas 
Outlet

Heating Suppy
(to AHU)

Heating Return
(from AHU)

Outdoor 
Fan Coil

Fig. 2. Schematic drawing of sorption module with complementary components for heat pump operation.

Fig. 3. Schematic of bivalent gas-driven sorption heat pump concept in a house with centrally ducted heating.
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3.1. Auxiliary condensing boiler

The GDSHPA and GDSHPB systems include an auxiliary condensing
boiler that complements the SM when the SM alone cannot meet the
required heating demand. Well-dimensioned natural gas-fired conden-
sing boilers typically have efficiencies between 90% and 96% [22–24].
For the purposes of this study, a generic condensing boiler with a
constant efficiency (ηboiler) of 92% was assumed for both GDSHPA and
GDSHPB.

4. Methodology

To investigate the impact of the SM capacity sizing for different SM
types in different climatic conditions, space heating load simulations for
two single-family houses were carried out. These hourly building space
heating load data were generated via simulations with a 2006
International Energy Conservation Code (IECC) [25] compliant En-
ergyPlus residential prototype model for New York and Minnesota. The
prototype building models were representative of typical construction
in these regions. The SM size was defined by the normalised parameter
“Design capacity ratio of SM”. Where:

=Design capacity ratio of SM design heating capacity of SM
peak heating capacity of system

(1)

From the simulated space heating demand of the building, the
hourly outdoor temperatures and the required heating supply tem-
peratures were determined.

The specific heating capacity of each SM type at different outdoor
temperatures was employed in the sizing of the SM, while the required
auxiliary condensing boiler capacity and thus overall system size, were
calculated. The seasonal gas coefficient of performance (SGCOP) for
each GDSHP system type was also calculated.

Evaluations were done for GDSHPA and GDSHPB for 4 scenarios: 1 –
low fuel prices and cold climate, 2 – low fuel prices and moderate cli-
mate, 3 – high fuel prices and cold climate, 4 – high fuel prices and
moderate climate.

To investigate the applicability of each bivalent GDSHP system
variant, the systems were evaluated using two metrics: SGCOP and
simple payback period for varying sizes of the sorption module (SM).
The analysis was conducted for a given design capacity ratio of each SM
type. From this design capacity ratio, SGCOP, operating costs and total
system costs, were calculated. For the operating cost, the fraction of
heating provided by the SM and the load covered by the auxiliary
condensing boiler were calculated for each hour. The system cost was
calculated based on the design capacity of the SM and the capacity of
the auxiliary condensing boiler. This calculation process was repeated
for various SM sizes.

4.1. Simulation of building and climate

In order to account for the influence of different climates on the
energy performance of the system, two climate locations are con-
sidered:

• New York City, NY (40.7°N, 73.8°W), representative of mixed-humid
climate characterized by CDD10°C ≤ 2500 and HDD18°C ≤ 3000, and

• Minneapolis, MN (44.9°N, 93.2°W), representative of a cold-humid
climate characterized by 4000 < HDD18°C ≤ 5000; according to
ASHRAE Standard 169-2006 [26].

Table 1 shows the climate characteristics of these locations in-
cluding the heating design conditions. The outdoor air temperature bin
trends for these locations are plotted in Fig. 4 based on the Typical
Meteorological Year, version 3 (TMY3) weather data [27].

To model residential space heating loads for a typical existing house

in these locations, the 2006 IECC version of the publicly available re-
sidential prototype building models developed by Pacific Northwest
National Laboratory (PNNL) were used for the analysis. These models
are used extensively for developing and evaluating residential energy
codes in the US and are available for all climate zones in all states in the
US, different foundation types and heating systems, and successive
versions of IECC [28]. The model represents a two-story, 223 m2 (2400
ft2) single-family detached house with a vented attic and a crawlspace.
The house has wood-frame construction with insulation properties as
required by 2006 IECC for the respective climate zones. Table 2 lists the
general characteristics and climate-specific requirements of the
building. The space heating loads were modelled in EnergyPlus 8.4.0
using TMY3 climatic data for New York City and Minneapolis, Minne-
sota (see Fig. 5). Table 3 shows the building peak and annual space
heating loads.

For each hour with space heating load, the required heating fluid
supply temperature (Tsupply) to the AHU is calculated according to an
outdoor temperature reset schedule. Where:

= ° °
° + °T linear interpoloation T

T|57.2 C@ 23.3 C
37.8 C@ 15.6 Csupply

out

out (2)

4.2. Sorption module performance

In this work, we adopt experimental measurements of SMs perfor-
mance as carried out in [17]. Experimental evaluations as described in
[17] were conducted for two sorption module prototypes; Type A and
Type B, where one cycle constituted a desorption phase immediately
followed by an absorption phase. Each sorption module prototype was
connected to two hydronic circuits, heated by steam generated from an
electric heater. Several test sequences were carried out comprising at
least 40 cycles for each sorption module prototype [17]. The average
heating capacity and COP of the sorption modules were measured at
various temperature lifts. Temperature lift was defined as the tem-
perature difference between the heat delivery temperature and heat
transfer fluid leaving the CE or RB during absorption mode [17].

It was observed that for both SM prototypes type A and type B, the
average heating capacity was inversely proportional to the temperature
lift. Given that the sorption modules are designed to be totally modular,
the number of heat exchanger discs, that is, the heat transfer area of the
heat exchangers, determines the heating capacity of the module [17].
Thus, SM heating capacity is given in units of power per square metre of
heat transfer area (i.e. as a heat flux). The sorption module capacity was
linear with respect to temperature lift (Eq. (3a) for SMA; Eq. (3b) SMB),
and the SM COP was second-order with respect to temperature lift (Eq.
(4a) for SMA; Eq. (4b) for SMB).

= × +Q T46.95 5629.7[W/m ]A lift
2 (3a)

= × +Q T38.29 3018.9[W/m ]B lift
2 (3b)

= + +COP T T0.0001( ) 0.0088( ) 1.1596A lift lift
2 (4a)

Table 1
Climate characteristics of locations used in heat load simulations.

New York City,
NY

Minneapolis, Minnesota

ASHRAE climate zone 4A (Mixed-
Humid)

6A (Cold-Humid)

TMY3 degree-days 1984 CDD10°C

2627 HDD18°C

1532 CDD10°C

4202 HDD18°C

99.6% heating dry-bulb
temperature

−10.7 °C −25.2 °C

Cities with similar climate zone Paris, France
Seoul, South
Korea

Oslo, Norway
Moscow, Russia
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= + +COP T T0.0004( ) 0.0268( ) 0.9817B lift lift
2 (4b)

In [17], the experimental evaluations of the SMs were carried out
with fixed cycle times of 75 min which allowed for full desorption and
absorption under all conditions tested. Additionally, since Eqs. (3a) and
(3b) only account for the temperature lift across the SMs, for the total
temperature lift of the GDSHP appliance (including the various heat
exchangers), in this work an additional 15 °C ‘penalty’ is applied.

Therefore, for the GDSHPA and GDSHPB systems:

= + °T T T C( ) 15Âlift required supply out, (3)

Fig. 6 shows the supply temperature and the required temperature
lift (ΔTlift,required) corresponding to the outdoor air temperature. As
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Fig. 4. Outdoor air temperature bins for New York City, NY and Minneapolis, MN.

Table 2
Summary of the general and climate-specific characteristics of the building.

General building characteristics

Building type Single-family detached house
Construction Wood-frame construction, vented attic, crawlspace

foundation
Conditioned floor area 223 m2

Conditioned volume 476 m3

Gross wall area 221.2 m2

Window-to-wall ratio 15%
Internal heat loads Lighting: 2.57 W/m2, Plug loads: 6.53 W/m2,

Occupants: 3
Thermostat set points Heating: 22.2 °C, Cooling: 23.9 °C

Climate-specific thermal
properties of building

New York City, NY Minneapolis, MN

Wall U-factor 0.495 W m−2 K−1 0.356 W m−2 K−1

Ceiling U-factor 0.186 W m−2 K−1 0.186 W m−2 K−1

Floor U-factor 0.277 W m−2 K−1 0.180 W m−2 K−1

Window U-factor 2.273 W m−2 K−1 1.988 W m−2 K−1

Window SHGC 0.394 0.394
Infiltration rate 0.721 ACH 0.162 ACH
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Fig. 5. Hourly and bin-average space heating loads for Minneapolis, MN and New York City, NY.

Table 3
Energy simulation results.

New York City, NY Minneapolis, MN

Peak space heating load 13.4 kW 10.3 kW
Annual space heating load 20,898 kWh 16,435 kWh

0

20

40

60

80

100

120

-30 -20 -10 0 10 20

Te
m

pe
ra

tu
re

 (°
C)

Outdoor Air Temperature (°C)

Heating supply temperature Required temperature lift

SMA 

SMB

Fig. 6. Supply temperature and required temperature lift across the sorption
module at varying outdoor air temperature.
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reported in [17] the maximum temperature lift of the prototype A and
prototype B were 80 °C and 60 °C respectively. Considering the required
temperature lift, Table 4 summarises the cut-off temperatures of the
SMs, that is, the temperature below which the SMs run in non-heat-
pumping mode.

Based on calculations of the required temperature lift for each hour,
the heat flux (in kW/m2) of SM is calculated as:

= =Q
A

f T
A

( )
measured

lift required

measured

1 ,

(4)

Then, the capacity of the SM and the fraction of space heating load
provided by the SM of given area A [m2] is calculated as

= ×Capacity kW A( )
1000SM (5)

=fQ
Capacity

Q
max , 1SM

SM

(6)

The fraction of space heating load to be provided by the auxiliary
condensing boiler is given by:

=fQ fQ(1 )boiler SM (7)

Thus, the space heating loads met by the SM and the boiler will be
given by Eqs. (8) and (9) respectively:

=Q Q fQSM SM (8)

=Q Q Qboiler SM (9)

The natural gas consumption was given by:

= +NGuse Q
GCOP

QSM boiler

boiler (10)

In addition to the consumption of natural gas, the SMs, as well as
the auxiliary burner utilise electricity. A condensing boiler used for
hydronic heating systems as presented in [29] was considered. For a
system configuration similar to that expected for the GDSHP and hy-
dronic AHU, the condensing boiler delivers 68 kWh of thermal energy
per kWh of electricity consumed. That is, the condensing boiler had an
electrical coefficient of performance (ECOP) of 68. Additionally, for the
purposes of this study, it was assumed that the ECOP of the sorption
module is 25% lower than that of the condensing boiler due to addi-
tional electrical components. Therefore, the electricity consumption of
the GDSHP was given by:

Table 4
Maximum temperature and sorption module cut-off temperature.

Maximum temperature lift Sorption module cut-off temperature

SMA 80 °C −13 °C
SMB 60 °C 0.4 °C

Table 5
Energy prices used the two energy price scenarios; low energy price case and
high energy price case.

Low energy price scenario High energy price scenario

Natural gas 0.034 USD/kWhthermal

(10 USD/MMBtu)
0.068 USD/kWhthermal

(20 USD/MMBtu)
Electricity 0.12 USD/kWh 0.22 USD/kWh

Fig. 7. Analysis methodology.
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= +Elec Q
ECOP

Q
ECOPuse

boiler

boiler

SM

SM (11)

4.2.1. Calculation of COP
Knowing the required temperature lift for each hour, the COP of SM

is calculated as:

=COP f T( )lift required2 , (12)

The efficiency of the main burner and post burner (i.e. flue gas) heat
recovery of the SM are estimated as = 0.10post burner and

= 0.84main burner [23]. The gas coefficient of performance of SM was
calculated as below:

= + ×GCOP COP if T

T else

,

; 0
post burner main burner lift required

lift max

,

, (13)

The SGCOP is given by:

= +SGCOP fQ GCOP fQSM boiler boiler (14)

4.3. Economic calculations

The economic analysis was performed using the following con-
siderations for energy prices and system costs.

4.3.1. Energy prices
Two energy price scenarios were evaluated: the low energy price

case with $10/MMBtu for natural gas and $0.12/kWh for electricity
and high energy price case with $20/MMBtu for natural gas and $0.22/
kWh for electricity (see Table 5). The low and high energy prices were
determined from the current US average and highest state average re-
sidential energy prices, respectively [30,31].

From natural gas and electricity prices, the annual operating cost of
the GDSHP system was calculated by:

= +Annual operating cost NGuse NGprice Elecuse Elecprice

(15)

4.3.2. System costs and payback period
For gas-driven absorption and adsorption heat pumps, the current

installed costs vary from €315 ($335) per kW to €1300 ($ 1383) per kW
according to [32,33]. Given that the SM based bivalent GDSHP is a
novel development, cost estimates are employed within the range found
in the literature. For the SMA, a low installed cost scenario of €315/kW
and high-cost scenario of €1300/kW were assumed. The SMB, working
on the resorption principle, is expected to have a higher cost than the
respective SMA due to the lower thermal capacity per unit heat transfer
area as well as the increased complexity of the resorption system
[17,34,35]. Therefore, for the SMB, in each scenario, the installed cost
was considered to be 25% higher than for SMA. For the purposes of this
study, an assumed fixed cost of 10% was used to account for electrics,
control system and other components that are predetermined irre-
spective of the SM size. The installed cost of the auxiliary condensing
boiler unit integrated with both GDSHPA and GDSHPB was estimated to
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Fig. 8. System SGCOP versus SM design heating capacity ratio for New York City and Minneapolis, MN.

C. Blackman et al. Applied Thermal Engineering 150 (2019) 421–432

428



be $260 per kW heating capacity [36]. Thus:

=

+

+

Total installed cost GDSHP Fixed cost

Incremental Cost
kW

Size kW

Incremental Cost
kW

Size kW

($) ($)
$ ( )

$ ( )

SM SM

boiler boiler

(16)

The capacity of the sorption module used in the determination of
the installed system cost was based on measured capacity and heat
transfer area from evaluations carried out in [17], where:

=Capacity kW A
Capacity

A
( )SM SM

SM measured

SM measured

,

, (17)

The simple payback time of the GDSHP is calculated taking a con-
densing boiler as the baseline heating system, where:

=

Payback period
Total installed cost GDSHP Total installed cost condensing boiler

Annual operating cost condensing boiler Annual operating cost GDSHP

(18)

The methodology used for the full analysis is summarised in Fig. 7.
Energy and economic calculations were carried out in Microsoft Excel
based on exported hourly data from the EnergyPlus simulations and the
equations defined in this work.

5. Results and discussion

5.1. Influence of design capacity ratio on SGCOP

Analyses were carried out to determine the system SGCOP for var-
ious design capacity ratios of the SMs for GDSHPA and GDSHPB and the
results shown in Fig. 8. In the case of New York City, the GDSHPB
exhibits higher SGCOP than GDSHPA this is attributed to the higher
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COP and thus GCOP of the SMB. However, in the case of Minneapolis,
GDSHPA marginally outperforms GDSHPB at higher design capacity

ratios. This observation is due to the fact that the Minneapolis climate is
characterised by a higher proportion of the heating demand occurring
at low ambient temperatures. The GDSHPA’s lower SM cut-off tem-
perature allows it to run as a heat pump at lower outdoor temperatures
and thus with a higher GCOP (see Fig. 9).

Although SGCOP increases with increasing SM design capacity ratio
for both GDSHPA and GDSHPB, little improvement in SGCOP was ob-
served at high design capacity ratios. In New York city SM design ca-
pacity ratios greater than 0.40 and in Minneapolis ratios greater than
0.30, for both GDSHPA and GDSHPB, show only a very small increase
in SGCOP.

5.2. Influence of design capacity ratio on the payback period

Interestingly, for all scenarios, lower energy savings and thus longer
payback periods are observed for the GDSHPB compared to GDSHPA in
both climates. This can be attributed to the higher expected cost of the
SMB. Additionally, despite SMB having higher COPs than SMA at am-
bient temperatures above 5 °C, the GDSHPB had a lower SGCOP due to
its limited range of operation. The limited running of the SMB in heat
pump mode is even more pronounced for Minneapolis due to the larger
portion of hours with low outdoor temperatures.

As might be expected, for both GDSHPA and GDSHPB the higher
energy price scenario gives lower payback time since energy cost sav-
ings are higher. Conversely, the lower the cost of the SM the lower the
overall installed cost and the shorter the payback period (see Fig. 9).

5.3. Optimum sorption module design capacity ratio

For each scenario, that is, for each GDSHP type, SM cost and loca-
tion, there was an optimum SM design capacity ratio which provides

the minimum payback period. These optima are summarised in Table 6.
In all scenarios, the optimum design capacity of the SM was below

50% of the peak capacity of the GDSHP, with design capacity ratio of
the SMs ranging from 0.22 to 0.42. Energy savings for New York City
were between 11.1% and 14.4% compared to a condensing boiler,
while in the case of Minneapolis savings ranged from 4.5% to 8.1%. The
milder New York climate coupled with higher heating energy demand
compared to Minneapolis means that the SM module operates in heat
pump mode for more hours of the year producing higher energy savings
and thus energy cost savings.

Additionally, a link is observed between SM cost and energy sav-
ings: the lower the cost of the SM, the more cost-effective it is to in-
corporate a higher capacity SM, leading to higher energy savings.

Payback times at optimum SM design capacity ratios varied be-
tween 4.2 and 92 years in the case of New York City. In the case of
Minneapolis, payback times were longer ranging between 9.2 years and
252 years.

For each location, further analyses were carried at the optimum SM
design capacity ratio under the most favourable scenarios, i.e. GDSHPA,
high energy prices and low SM cost. Analyses yielded the following:

• In New York the GDSHPA with a SM design capacity ratio of 0.42
gave rise to energy savings of 14.4% and a payback time of 4.2 years
compared to a standard condensing boiler. The SMA covered over
the course of a year 86.6% of the space heating load.

• In Minnesota with a SM design capacity ratio of 0.41 the GDSHPA
provided 8.1% energy savings over a baseline condensing boiler.
That provided a payback time of 9.2 years whilst covering 74.1% of
the space heating load.

Fig. 10, shows the results of the operation characteristics from an-
nual hourly simulations carried out for each location under the best
scenario. By inspection of Fig. 10, for the building in New York City, the
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Fig. 10. Annual simulation hourly results at optimum SM design capacity ratio for New York City, NY (left) and Minneapolis, MN (right).

Table 6
Optimum sorption module design capacity ratio for each climate.

Climate/Location System type Low SM cost scenario High SM cost scenario
Optimum SM design capacity ratio Energy savings Optimum SM design capacity ratio Energy savings

New York GDSHPA 0.42 14.4% 0.26 11.8%
GDSHPB 0.34 13.0% 0.24 11.1%

Minnesota GDSHPA 0.41 8.1% 0.27 7.0%
GDSHPB 0.32 5.1% 0.22 4.5%

C. Blackman et al. Applied Thermal Engineering 150 (2019) 421–432

430



bivalent temperature is 2–6 °C. This is the range of ambient temperature
at which the SM is no longer able to meet the entire building load. It
varies across a range due to variations in solar insolation and internal
loads. For the building in Minneapolis, the bivalent temperature is −8
to −1°C. In both locations, the SM continues to operate in non-heat-
pumping mode at temperatures below the cut-off temperature, leading
to parallel bivalent operation at all temperatures below the bivalent
temperature.

5.4. GDSHP design considerations

In the present study of a bivalent GDSHP system there are several

optimisation parameters, principally; SM module type, SM design ca-
pacity ratio, heat load, climate, energy prices and SM cost.

The SM type has a significant impact on the achievable energy
savings within a given climate, for colder climates, an SM with a low
cut-out temperature is required to maximise energy savings. For both
climates, SMA proved the superior sorption module type due to its
comparatively low cut-out temperature and lower cost, however, for
warmer climates, SMB with its superior COPs at higher outdoor tem-
peratures, might have an advantage.

The optimum design capacity ratio did not vary significantly based
on climate for either SM sorption module type suggesting that this
parameter is more sensitive to energy and system costs.
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An additional consideration is acceptable payback periods for a
given application. Considerations beyond cost might be applicable, for
instance, reduction of emissions or regulations on minimum renewable
energy mix in the heating system. Fig. 11 shows Pareto fronts for New
York and Minnesota. Here it is observed that especially in the case of
GDSHPB, in New York moderately higher SGCOP would be achievable
if slightly longer payback periods are allowed.

6. Conclusions and perspectives

In this study, a method for the optimum sizing of a bivalent gas-
driven sorption heat pump (GDSHP) incorporating a sorption module
(SM) and an auxiliary condensing boiler was presented. Two different
sorption module types were investigated; one operating under the basic
chemisorption cycle (Type A) and the other under the resorption pro-
cess (Type B).

The GDSHP systems were evaluated based on several scenarios
based on SM type (Type A vs. Type B), climate (New York vs.
Minnesota), natural gas prices (3.4 US cents/kWh vs. 6.8 US cents/
kWh), electricity prices (12 US cents/kWh vs. 22 US cents/kWh) and
SM cost ($335/kW vs. $1383/kW).

The results of the evaluation indicated that the sorption module
design heating capacity ratio that results in the shortest payback period
was 0.42 and 0.34 for GDSHPA and GDSHPB respectively, for systems
installed in New York with a sorption module cost of $335/kW. In the
case of Minnesota, the corresponding optimum capacity ratios were
0.41 for GDSHPA and 0.32 for GDSHPB.

In New York, a GDSHPA, with SM capacity ratio of 0.42 had ex-
pected payback periods of 4.2 years and 8.5 years for the high energy
cost and low energy cost scenarios respectively. However, the GDSHPB
system, even at optimum SM capacity ratios, exhibited higher payback
periods 7.0 and 14.1 years for the high energy cost and low energy cost
scenarios respectively.

The optimum design capacity ratio did not vary significantly based
on climate for either SM sorption module type but was more sensitive to
energy and system costs. However, the SM type had a significant impact
on the achievable energy savings and thus minimum payback times for
a given climate. Even though SMB had higher COP than SMA at higher
ambient temperatures, its relatively high cut-out temperature, and
lower heating capacity at low outdoor temperatures meant it performed
less favourably than SMA. Therefore, SMA is more suitable for both
cold-humid (Minnesota) and mixed-humid (New York) climates. SMB
might however be more applicable to warmer climate zones.

Based on the study carried out, the optimum sizing of the bivalent
GDSHP can be determined from studying cost, performance, and cli-
mate. Thus allowing for an evaluation of the techno-economic feasi-
bility of modular residential sorption heat pumps from a design per-
spective. Optimisation or trade-offs beyond achieving the lowest
payback time are also relevant to be explored considering desired
savings level, reduction of emissions or other important considerations
at the time of design.
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