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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Diffusion-absorption refrigeration (DAR) is a clean thermally-powered refrigeration technology that can readily be activated by 
low- to medium-grade renewable heat. There is an ongoing interest in identifying or designing new working fluids for 
performance improvement, particularly in solar applications with non-concentrating solar collectors providing heat at 
temperatures < 150 °C. In this work, the state-of-the-art statistical associating fluid theory (SAFT) is adopted for predicting the 
thermodynamic properties of suitable DAR working fluids. A first-law thermodynamic analysis is performed in the software 
environment gPROMS for a DAR cycle using ammonia as the refrigerant, water as the absorbent and hydrogen as the auxiliary 
gas. The simulation results show good agreement with experimental data generated in a prototype DAR system with a nominal 
cooling capacity of 100 W. In particular, at a charge pressure of 17 bar and when delivering cooling at 5 °C, the model results 
agree with experimental COP data to within ± 7 % over a range of heat inputs from 150 to 500 W. The maximum coefficient of 
performance (COP) is estimated to be 0.24 at a heat input of 250 W. The group-contribution SAFT-γ Mie equation of state is of 
particular interest as it offers good agreement with experimental data and provides flexibility in extending the model to test 
different working fluids with a high degree of fidelity. A methodology is also presented that allows the DAR thermodynamic 
analysis and working-fluid modelling to be integrated into a more general technology optimisation framework. 
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1. Introduction 

The diffusion-absorption refrigeration (DAR) cycle is a single-pressure refrigeration cycle patented by Von-Platen 
and Munters in the 1920s [1]. While dual-pressure absorption-refrigeration cycles use binary working fluids (with a 
refrigerant and an absorbent), the DAR cycle operates under a single pressure and uses a three-component working 
fluid: a refrigerant, an absorbent, and an auxiliary gas. The main purpose of introducing the auxiliary gas is to maintain 
a single pressure-level throughout the system, and hence to eliminate the requirement for a compressor [2]. DAR 
systems are therefore passively-operated, quiet and less prone to vibration, with long lifetimes and little requirement for 
maintenance. DAR technology can present a clean and affordable cooling solution, especially when powered by low- to 
medium-grade renewable or waste heat that is provided to the system at low-cost. 

 

 

Fig. 1. A simple block diagram of a DAR system. 
 
Figure 1 shows the key processes in a typical DAR system using ammonia-water and hydrogen as the auxiliary 

gas. A refrigerant-rich solution (1) receives heat (�̇�𝑄gen) in the generator, where it boils (2). The rising refrigerant 
bubbles lift the solution through the bubble-pump’s inner tube. At the end of this tube, the vapour refrigerant (4) 
separates from the refrigerant-weak solution (3). For a relatively volatile absorbent (like water), the ascending 
vapour refrigerant is not pure enough to proceed directly to the condenser, thus more refrigerant should be rectified 
emitting heat (�̇�𝑄rec) to the ambient. The refrigerant-weak solution (3) and reflux liquid (5) flow down the bubble-
pump shell, while the rectified near-pure vapour refrigerant (6) enters the condenser rejecting heat (�̇�𝑄cond) to the 

Nomenclature 
ℎ  specific enthalpy (J/kg) 
�̇�𝑚   mass flowrate (kg/s) 
𝑝𝑝  pressure (Pa, bar) 
�̇�𝑄  heat transfer rate (W)  
𝑇𝑇  temperature (K, °C) 
CAMD  computer-aided molecular design  

COP  coefficient of performance 
DAR  diffusion-absorption refrigeration  
DMAC   dimethylacetamide 
TEGDME tetraethylene glycol dimethyl ether 
TFE  2,2,2-trifluoroethanol 

 
Subscripts 
1,2,3…  cycle state-point designations (Fig. 1) 
abs  absorber 
ch  charge 
con  condenser 
evap  evaporator 
g  auxiliary gas 
gen  generator 
max  maximum 
rec  rectifier 
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ambient and exiting in a liquid state. In the evaporator, after being subcooled through a gas heat exchanger, the near-
pure refrigerant evaporates into the auxiliary gas taking in heat (�̇�𝑄evap) from the cold space. The refrigerant partial 
pressure develops through the evaporator according to Dalton's Law. The refrigerant-auxiliary gas mixture leaving 
the evaporator flows into the reservoir before entering the absorber, where it contacts, counter-currently, the 
refrigerant-weak solution. The absorption of the refrigerant into the solution is accompanied by heat rejection (�̇�𝑄abs), 
while the incondensable auxiliary gas ascends the absorber and returns to the evaporator via the gas heat exchanger.  

Despite its relatively low coefficient of performance (COP), DAR technology promises a low-cost off-grid cooling 
solution for developing and rural communities where uninterrupted vaccine and crop cold-chain provision is a major 
challenge, particularly in the absence of reliable access to electricity. Though many of these warm-climate regions (e.g. 
south Asia, Africa and Sahara) are well suited to solar-cooling thanks to the abundant solar resource for most of the year, 
the high ambient temperatures present a significant challenge to the effective operation of solar-powered DAR systems. In 
recent work, Freeman et al. [3] investigated the most common working-fluid system (ammonia-water-hydrogen), for a 
DAR system powered by low-cost heat pipe collectors (also considered in Ref. [4]; for other types see Ref. [5]). By 
simulating the system performance in the location of Chennai, India, it was found that a lower system charge pressure 
reduces the bubble-pump activation temperature required, but also limits the ability to reject heat from the condenser [3]. 

 

 

Fig. 2. Maximum COP for different organic refrigerants. Temperatures labelled are condensation temperatures at corresponding charge pressure [6,7]. 
 
Earlier studies have considered alternative working-fluid mixtures as a means of reducing the temperature of the heat 

input supplied to the generator (see, for example, Refs. [6-8]). Zohar et al. [6] investigated selected organic fluids for 
use as the refrigerant component of the working-fluid mixture (shown in Fig. 2). It is noticeable that the pure refrigerant 
condensation temperatures at the optimum COP ranges from 37 to 40 °C. These temperatures limit the use of air-cooled 
DAR systems in warm regions where the condenser is located outdoors [6]. The authors also concluded that ammonia 
provides superior performance as the refrigerant relative to other investigated fluids. On the other hand, Long et al. 
investigated the TFE-TEGDME pair for its favourable thermophysical properties, reporting an air-cooled system with a 
COP of 0.35 and a higher condensation temperature, however, this also resulted in high-system system with a pressure 
above 39 bar [7]. A robust optimisation methodology is needed to identify the trade-offs between the optimum working 
pressure for the highest attainable COP, while ensuring reasonable condensation temperatures (and potentially, costs). 

In previous work reported in the literature, investigators have paid significant attention to the optimisation of 
ammonia-water absorption refrigeration cycles under different operating conditions [9-12]. On the other hand, the 
problem of working-fluid design has received less attention in the absorption refrigeration context [13,14] and, to the 
best of the authors’ knowledge, no such study has been presented for diffusion-absorption refrigeration systems. In 
this work, we discuss an equation-oriented simulation for the DAR cycle using the group-contribution statistical 
associating fluid theory (SAFT-γ Mie), and using the computer-aided molecular design (CAMD) approach to 
introduce an optimisation methodology based on an integrated DAR-CAMD framework. 
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2. Modelling methodology 

As a continuation of ongoing work in the CEP Laboratory at Imperial College London on DAR systems [3,15-17] and 
the use of SAFT in CAMD approaches to this and other thermodynamic systems of interest [18-21], an integrated DAR-
CAMD framework is being developed in order to consider working selection and design simultaneously to full system 
optimisation. The DAR-CAMD framework incorporates a number of sub-models that are summarised in Fig. 3. The first 
kernel of this framework is the DAR thermodynamic model and is solely discussed throughout this paper. The DAR 
thermodynamic model is based on the equations and modelling assumptions proposed by Starace and De Pascalis [22], a 
model chosen for its relative simplicity. The DAR thermodynamic model was coded in the gPROMS model builder, the 
model has been then solved using the block-decomposition nonlinear solver (BDNLSOL) of gPROMs. The degrees of 
freedom for the model, following Starace and De Pascalis, are generator inlet temperature (T1), generator outlet 
temperature (T2), bubble pump outlet temperature (T3 = T4), rectifier outlet temperature (T6), condenser outlet temperature 
(T7), the lowest temperature in the evaporator (T9), the rate of heat input to the generator (�̇�𝑄gen), and the charge pressure 
(pch). Input values for the degrees of freedom have been provided from some experimental data. 

In order to model the thermodynamic functions of the three-component working fluid, the group-contribution SAFT-γ 
Mie equation of state is used [20,21]. It should be noted that in earlier work Taeib et al. [23,24] used an alternative 
version of SAFT, namely the perturbed chain (PC)-SAFT, to model the thermodynamic functions for ammonia-water 
mixture. Nevertheless, the group-contribution formulation of the variable range SAFT equations is more adequate to 
represent the thermodynamic functions and phase equilibrium, when considering the design of new fluids in terms of 
their building functional groups [25]. In this present work, fitted parameters in the SAFT-γ Mie equation of state for the 
ammonia, water and hydrogen were provided either by the gSAFT encrypted databank in the gPROMS environment 
[26] or by researchers at the Molecular Systems Engineering (MSE) group at Imperial College London [27]. 

 

 

Fig. 3. A schematic representation of the integrated DAR-CAMD framework. 

3. Experimental methods 

The experiments were performed on an ammonia-water-hydrogen prototype DAR system in the CEP laboratory. The 
charge pressure was adjusted to 17 bar. A thermal input was provided at the generator by electrical cartridge heaters with 
a maximum heating capacity of 700 W. The cartridge heaters were fitted into sockets directly welded to the generator 
tube and were controlled manually by an AC autotransformer to vary the heat-input rate. In order to measure the cooling 
rate, the evaporator was placed in a well-insulated cold box (‘cold space’) constructed of 50-mm thick insulation boards 
(with a thermal conductivity of 0.021 W/mK) and the air temperature in the cold box was maintained at a set temperature 
(5 °C) by a small electric air heater. The cooling capacity was thus determined as the energy required to counteract the 
electric heater to maintain the cold space at the set temperature. The thermal energy supplied to the generator and the 
cold-box heat-demand were measured by two separate Rodhe and Schwarz AC power analyser units, while temperatures 
throughout the system were measured using K-type thermocouples. The generator, bubble pump and evaporator of the 
DAR system are pipe-in-pipe heat exchangers with welded connections, such that temperature measurements on the 
inner tubes are not possible in some locations where access was limited. The temperatures at the bubble pump’s inlet and 
outlet were measured using thermocouples placed in thermowells welded into the pipework, while the remaining 
temperatures were measured in contact with the outer pipe surfaces. The system pressure was measured using a pressure 
transducer located at the reservoir. All data reported in this work were measured at steady state [3]. 
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Fig. 2. Maximum COP for different organic refrigerants. Temperatures labelled are condensation temperatures at corresponding charge pressure [6,7]. 
 
Earlier studies have considered alternative working-fluid mixtures as a means of reducing the temperature of the heat 

input supplied to the generator (see, for example, Refs. [6-8]). Zohar et al. [6] investigated selected organic fluids for 
use as the refrigerant component of the working-fluid mixture (shown in Fig. 2). It is noticeable that the pure refrigerant 
condensation temperatures at the optimum COP ranges from 37 to 40 °C. These temperatures limit the use of air-cooled 
DAR systems in warm regions where the condenser is located outdoors [6]. The authors also concluded that ammonia 
provides superior performance as the refrigerant relative to other investigated fluids. On the other hand, Long et al. 
investigated the TFE-TEGDME pair for its favourable thermophysical properties, reporting an air-cooled system with a 
COP of 0.35 and a higher condensation temperature, however, this also resulted in high-system system with a pressure 
above 39 bar [7]. A robust optimisation methodology is needed to identify the trade-offs between the optimum working 
pressure for the highest attainable COP, while ensuring reasonable condensation temperatures (and potentially, costs). 

In previous work reported in the literature, investigators have paid significant attention to the optimisation of 
ammonia-water absorption refrigeration cycles under different operating conditions [9-12]. On the other hand, the 
problem of working-fluid design has received less attention in the absorption refrigeration context [13,14] and, to the 
best of the authors’ knowledge, no such study has been presented for diffusion-absorption refrigeration systems. In 
this work, we discuss an equation-oriented simulation for the DAR cycle using the group-contribution statistical 
associating fluid theory (SAFT-γ Mie), and using the computer-aided molecular design (CAMD) approach to 
introduce an optimisation methodology based on an integrated DAR-CAMD framework. 
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2. Modelling methodology 

As a continuation of ongoing work in the CEP Laboratory at Imperial College London on DAR systems [3,15-17] and 
the use of SAFT in CAMD approaches to this and other thermodynamic systems of interest [18-21], an integrated DAR-
CAMD framework is being developed in order to consider working selection and design simultaneously to full system 
optimisation. The DAR-CAMD framework incorporates a number of sub-models that are summarised in Fig. 3. The first 
kernel of this framework is the DAR thermodynamic model and is solely discussed throughout this paper. The DAR 
thermodynamic model is based on the equations and modelling assumptions proposed by Starace and De Pascalis [22], a 
model chosen for its relative simplicity. The DAR thermodynamic model was coded in the gPROMS model builder, the 
model has been then solved using the block-decomposition nonlinear solver (BDNLSOL) of gPROMs. The degrees of 
freedom for the model, following Starace and De Pascalis, are generator inlet temperature (T1), generator outlet 
temperature (T2), bubble pump outlet temperature (T3 = T4), rectifier outlet temperature (T6), condenser outlet temperature 
(T7), the lowest temperature in the evaporator (T9), the rate of heat input to the generator (�̇�𝑄gen), and the charge pressure 
(pch). Input values for the degrees of freedom have been provided from some experimental data. 

In order to model the thermodynamic functions of the three-component working fluid, the group-contribution SAFT-γ 
Mie equation of state is used [20,21]. It should be noted that in earlier work Taeib et al. [23,24] used an alternative 
version of SAFT, namely the perturbed chain (PC)-SAFT, to model the thermodynamic functions for ammonia-water 
mixture. Nevertheless, the group-contribution formulation of the variable range SAFT equations is more adequate to 
represent the thermodynamic functions and phase equilibrium, when considering the design of new fluids in terms of 
their building functional groups [25]. In this present work, fitted parameters in the SAFT-γ Mie equation of state for the 
ammonia, water and hydrogen were provided either by the gSAFT encrypted databank in the gPROMS environment 
[26] or by researchers at the Molecular Systems Engineering (MSE) group at Imperial College London [27]. 

 

 

Fig. 3. A schematic representation of the integrated DAR-CAMD framework. 

3. Experimental methods 

The experiments were performed on an ammonia-water-hydrogen prototype DAR system in the CEP laboratory. The 
charge pressure was adjusted to 17 bar. A thermal input was provided at the generator by electrical cartridge heaters with 
a maximum heating capacity of 700 W. The cartridge heaters were fitted into sockets directly welded to the generator 
tube and were controlled manually by an AC autotransformer to vary the heat-input rate. In order to measure the cooling 
rate, the evaporator was placed in a well-insulated cold box (‘cold space’) constructed of 50-mm thick insulation boards 
(with a thermal conductivity of 0.021 W/mK) and the air temperature in the cold box was maintained at a set temperature 
(5 °C) by a small electric air heater. The cooling capacity was thus determined as the energy required to counteract the 
electric heater to maintain the cold space at the set temperature. The thermal energy supplied to the generator and the 
cold-box heat-demand were measured by two separate Rodhe and Schwarz AC power analyser units, while temperatures 
throughout the system were measured using K-type thermocouples. The generator, bubble pump and evaporator of the 
DAR system are pipe-in-pipe heat exchangers with welded connections, such that temperature measurements on the 
inner tubes are not possible in some locations where access was limited. The temperatures at the bubble pump’s inlet and 
outlet were measured using thermocouples placed in thermowells welded into the pipework, while the remaining 
temperatures were measured in contact with the outer pipe surfaces. The system pressure was measured using a pressure 
transducer located at the reservoir. All data reported in this work were measured at steady state [3]. 
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4. Results and discussion 

The current model using SAFT-γ Mie was first validated against the original Starace and De Pascalis model [22] 
that used Pátek and Klomfar [28] equations for the ammonia-water thermodynamic properties (with hydrogen 
properties evaluated using SAFT-γ Mie in all cases). The model shows satisfactory agreement with the example case 
from the former paper, as shown in Fig. 4 (a). In Fig. 4 (b), the model is verified against experimental data, showing 
good agreement (within ± 7 %) for generator heat-inputs ranging between 150 and 500 W, at a charge pressure of 
17 bar and with a cooling delivery temperature (‘cold space’ temperature) of 5 °C. The maximum COP was found to 
be 0.24 at a generator heat-input of 250 W, beyond which the COP is limited by the effectiveness of key 
components (i.e. the rectifier, the condenser, and the evaporator). It should be mentioned that the rest of the model 
input variables varied depending on the generator heat input setting, as a preliminary sensitivity analysis showed 
that the input temperatures used in the model are highly correlated to the generator heat input. In earlier work, 
Freeman et al. [3] proposed some correlations based on experimental data to relate the dependent variables and limit 
the degrees of freedom in the model to the experimentally-controllable parameters and the climatic conditions [3]. 
Although this approach has shown good fidelity in the aforementioned study, it is limited to specific system and 
may not be transferrable to DAR systems that use alternative working fluids to ammonia-water-hydrogen. 

 

 
(a) (b)   

Fig. 4. (a) Validation of the Starace and De Pascalis model using SAFT-γ Mie against the original model [22] using the Pátek and Klomfar 
equations [28] for the ammonia-water system. (b) Comparison of the model solution when using SAFT-γ Mie EOS and when using the Pátek and 
Klomfar equations [28] against experimental data at 17 bar charge pressure and cooling delivery at 5 °C. 

5. Conclusion 

The SAFT-γ Mie group-contribution equation of state has been used to evaluate the thermodynamic properties of 
working-fluid mixtures implemented within a thermodynamic model of a diffusion-absorption refrigeration (DAR) 
cycle. The model was validated against experimental data from an ammonia-water-hydrogen DAR prototype with a 
nominal cooling capacity of 100 W, operating with a 17 bar charge pressure and delivering cooling at 5 °C with good 
agreement (within ± 7 %). Agreement was also established with results from an earlier model by Starace and De 
Pascalis using the widely-used equations of state for ammonia-water mixtures published by Pátek and Klomfar. For heat 
inputs from 150 to 500 W, the COP ranged between 0.15 and 0.24 with a maximum COP at a generator heat-input of 
250 W. In future work, validation will be performed against experimental data obtained over a wider range of operating 
conditions. Research is also ongoing to develop a generalised DAR system optimisation framework that can be used to 
optimise simultaneously the DAR system and working fluid based on a range of techno-economic considerations. 
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4. Results and discussion 

The current model using SAFT-γ Mie was first validated against the original Starace and De Pascalis model [22] 
that used Pátek and Klomfar [28] equations for the ammonia-water thermodynamic properties (with hydrogen 
properties evaluated using SAFT-γ Mie in all cases). The model shows satisfactory agreement with the example case 
from the former paper, as shown in Fig. 4 (a). In Fig. 4 (b), the model is verified against experimental data, showing 
good agreement (within ± 7 %) for generator heat-inputs ranging between 150 and 500 W, at a charge pressure of 
17 bar and with a cooling delivery temperature (‘cold space’ temperature) of 5 °C. The maximum COP was found to 
be 0.24 at a generator heat-input of 250 W, beyond which the COP is limited by the effectiveness of key 
components (i.e. the rectifier, the condenser, and the evaporator). It should be mentioned that the rest of the model 
input variables varied depending on the generator heat input setting, as a preliminary sensitivity analysis showed 
that the input temperatures used in the model are highly correlated to the generator heat input. In earlier work, 
Freeman et al. [3] proposed some correlations based on experimental data to relate the dependent variables and limit 
the degrees of freedom in the model to the experimentally-controllable parameters and the climatic conditions [3]. 
Although this approach has shown good fidelity in the aforementioned study, it is limited to specific system and 
may not be transferrable to DAR systems that use alternative working fluids to ammonia-water-hydrogen. 
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Fig. 4. (a) Validation of the Starace and De Pascalis model using SAFT-γ Mie against the original model [22] using the Pátek and Klomfar 
equations [28] for the ammonia-water system. (b) Comparison of the model solution when using SAFT-γ Mie EOS and when using the Pátek and 
Klomfar equations [28] against experimental data at 17 bar charge pressure and cooling delivery at 5 °C. 

5. Conclusion 

The SAFT-γ Mie group-contribution equation of state has been used to evaluate the thermodynamic properties of 
working-fluid mixtures implemented within a thermodynamic model of a diffusion-absorption refrigeration (DAR) 
cycle. The model was validated against experimental data from an ammonia-water-hydrogen DAR prototype with a 
nominal cooling capacity of 100 W, operating with a 17 bar charge pressure and delivering cooling at 5 °C with good 
agreement (within ± 7 %). Agreement was also established with results from an earlier model by Starace and De 
Pascalis using the widely-used equations of state for ammonia-water mixtures published by Pátek and Klomfar. For heat 
inputs from 150 to 500 W, the COP ranged between 0.15 and 0.24 with a maximum COP at a generator heat-input of 
250 W. In future work, validation will be performed against experimental data obtained over a wider range of operating 
conditions. Research is also ongoing to develop a generalised DAR system optimisation framework that can be used to 
optimise simultaneously the DAR system and working fluid based on a range of techno-economic considerations. 
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