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A B S T R A C T   

A modular mathematical model has been created to simulate an ammonia-water absorption 
refrigeration system indirectly fired and air-cooled. The model includes governing equations 
based on mass, species, and energy balances, implemented for the main components of the sys
tem. It accounts for both thermal and mass resistances in the transfer processes that occur in the 
system. The study evaluates the performance of the ROBUR® absorption refrigeration system, 
model ACF60-00 LB, operating under part-load conditions, driven by hot water temperatures 
ranging between 160 and 210 ◦C, while the ambient temperature remains up to 40 ◦C. This 
refrigeration system is characterised by including an extra valve that allows active control of the 
pressure levels of the system. The analysis focusses on the effect of its active control on the size of 
the system. The results show that increasing the pressure loss in this valve reduces the size of the 
air-cooled absorber to 37.3 % of its nominal size at an ambient temperature of 40 ◦C, while the 
reduction in refrigerant mass flow is 18.5 %, while the condenser size decreases 3.1 times. 
Evaporator, air-cooled absorber and condenser effectiveness are minimally affected. Additionally, 
contribution of condenser and evaporator to exergy destruction is balanced.   

1. Introduction 

The development of markets and climate change has led to an increase in electricity demand of approximately 60 % at the 
beginning of 2030 [1]. Meeting peak requirements poses challenges in transitioning away from fossil fuels due to concerns about 
energy security. Solar energy stands out as a promising alternative because it aligns, to some extent, with peak load patterns. In Europe, 
prioritising solar heat as a key element for sustainable cooling is a goal (Solar Heat Europe). Absorption technology, which can be 
driven by thermal solar energy, represents an environmentally friendly option compared to conventional compression systems [2]. 
Among the conventional working fluids for absorption chillers, the pair stands out due to its ability to provide cooling below zero, 
making it suitable for refrigeration, along with its wide feed temperature range [3] and the absence of crystallisation, particularly at 
high environmental temperatures [4]. Ammonia-water (NH3–H2O) absorption refrigeration systems have applications not only in the 
refrigeration sector but are also effectively used for desalination purposes [5,6] in hybrid configurations, what may contribute to 
solving water scarcity concern associated to the climate change. This context is part of the European ASTEP project, in which our 
current work is framed. The primary objective of this project is to analyse the feasibility of using solar energy to meet the cooling 
demands of the dairy industry in Greece. For this purpose, a rotating Fresnel collector was developed [7], which supplies hot water to a 
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commercial air-cooled NH3/H2O absorption system. 
Numerous studies have been conducted to optimize the performance of single-stage absorption cooling systems [8], such as water 

ammonia chillers assisted by compressors and ejectors [9,10]. Both strategies involve changing the pressure level of the air-cooled 
condenser (ejector-assisted) or absorber (compressor-assisted). New fluid mixtures have also been investigated to address some 
weaknesses in the NH3/H2O pair, such as improving thermal conductivity [11] and increasing the boiling temperature differences 
[12]. However, the pair remains widely used in commercial absorption systems operating below zero [13]. 

Absorption cooling systems require heat rejection systems, traditionally employing wet cooling towers. However, this approach has 
drawbacks, including water consumption, the risk of Legionella bacteria, and low efficiency in humid climates, prompting the 
exploration of alternative solutions. Direct air-cooled absorption chillers do not require water consumption but suffer from high 
thermal resistance. Air-cooled absorbers and condensers often use air-cooled fin-and-tube designs [14], known for their limited 
compactness. To address this issue, conventional finned tubes in the condenser can be replaced by mini/micro finned coils [15], which 
also help reduce the refrigerant charge of the chiller [16]. However, the compactness of the chiller can compromise its efficiency [17], 
especially in air-cooled refrigeration systems. 

Absorbers have been extensively studied, as they are considered to be the bottleneck of absorption chillers. Ferreira [18] found that 
the size of the absorber primarily affects the cooling capacity of the machine. The flow pattern in air-cooled absorbers significantly 
influences the local and mass transfer coefficients on the side of the liquid solution [19,20]. The dominant thermal resistance in 
air-cooled direct absorbers is on the air side [21,22]. An optimal tube diameter that reduces the absorber length has also been 
identified. Goyal et al. [14] identified limitations in heat transfer within the absorber caused by the decrease in driving temperature 
difference and overall thermal conductance. To address these issues, they proposed modifying the absorber by augmenting heat 
transfer coefficients on the tube side and increasing the surface area, which would alleviate the reduction in overall system perfor
mance ([14,23,24]). Chakraborty et al. [25] investigated the efficacy of a new multi-pass tube-array condenser as compared to a 
traditional round-tube corrugated fin condenser. It has been demonstrated that thermal external resistance can be decreased by 
increasing the number of fins in the condenser’s rows as well as by increasing the air-flow rate. Furthermore, the use of tubes with 
smaller diameters led to a reduction in internal resistance. 

It is known that the combined analysis of energy and exergy can provide a precise identification of irreversible sources. However, 
only a few studies include the evaluation of chemical exergy in the analysis [26,27]. In the latter, ambient pressure is chosen as the 
dead-state condition, although this choice is not logical for closed refrigeration cycles [28]. 

This study focusses on downsizing the single effect indirect-fired air-cooled NH3/H2O absorption chiller during partial load 
operation. The case study considers the downsizing of the Robur® absorption chiller, model ACF60-00 LB, powered by hot water, when 
used for cooling purposes in the dairy industry. The strategy that will be analysed involves controlling pressure loss of an additional 
valve, which is a characteristic of the Robur® absorption chiller, to act on both high and low pressure levels of the absorption system 
during off-design operation. The study examines the impact of the driving temperature difference on the heat transferred across the 
evaporator, absorber and condenser, for a given geometry of these components. It considers the limitations due to the size of the 
refrigerant absorption chiller. 

A differential mathematical model has been developed and implemented, based on equations developed by Colburn and Drew, 
incorporating local heat and mass transfer coefficients. The variation of the thermal transmittance at part load conditions is also 
considered by the model [29]. 

The novel of this study can be summarized as follows: 

Fig. 1. Flow diagram of the ROBUR absoption chiller model ACF60-00 LB.  
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• The utilization of the pressure loss from a valve located immediately downstream of the condenser in the refrigeration flow side, a 
distinctive feature of the Robur® absorption chiller, as a strategy for downsizing the air-cooled ammonia-water absorption chiller.  

• A methodology for analysing the modified gax-cycle characteristic of the Robur® absorption chiller and determine the minimum 
size of the air-cooled absorber and condenser, in series configuration, when the chiller operates at part load under this strategy. 

The main results show that the strategy analysed leads to acting on the high and low pressure levels. As a result, the size of the 
absorber is reduced. Refrigerant mass flow is also reduced, but to a lesser extent. The size of the condenser is significantly reduced, 
which contributes to exergy destruction. However, this is offset by the reduced contribution of the evaporator. The proposed strategy 
effectively downsizes the chiller. 

2. Analysis 

2.1. Description of the absorption chiller 

The absorption chiller considered in this work is shown in Fig. 1, while Table 1 provides detailed information on the geometry of 
the various components that comprise the chiller. The purification system aims to achieve a vapour refrigerant with the required purity 
[30], and consists of the distillation column and the solution-cooled rectifier at the top, to achieve a vapour refrigerant with the 
required purity. The distillation column includes only the stripping section due to the lack of significant advantages associated with a 
rectifying section, coupled with the decrease in COP [31]. A solution-cooled absorber allows for the recovery of some of the absorption 
heat [32]. The chiller incorporates two valves: refrigerant and solution valve, which enable re-establishment of the low-pressure level 
at the inlet of the solution pump. Additionally, the refrigeration system features an additional valve, called valve 1, located imme
diately downstream of the condenser, which allows the adjustment of the pressure level of the refrigeration system. This study analyses 
the impact of active control of pressure loss in valve 1 to reduce the size of the absorption system. In addition, it investigates the 
efficiency and performance of the refrigeration absorption system. 

The condenser, air-cooled absorber and evaporator tubes are described by their inner diameter, Di, thickness, e, and number of 
tubes. The evaporator is a baffled shell and tube heat exchanger. The refrigerant quality at the exit of the evaporator is fixed at 0,96 to 
limit the temperature glide. Both the solution-cooled absorber and the solution-cooled rectifier are helical tubes, which have different 
numbers of turns, Nturns. The refrigeration heat exchanger is modelled with a constant efficiency of 0,9. The geometry of the distillation 
column, of tray type, is defined by its inner diameter Di, hole diameter, dh = 0,00381 m, tray thickness, etray, tray spacing, St, weir 
length, lw, hole pitch, sh = 3 dh, weir height, hw, and two relationships, Ad/At = f(lw/Di) and Ah/Aa = g(dh/sh) [33], being At = π/4 Di

2, 
Ad, and Aa = At - 2Ad, the column area, the downcomer area and the active area, respectively. The reboiler is an annular cylinder 
equipped with annular fins. The geometry of the finned surface for the condenser, absorber, and reboiler annuli is determined by the 
thickness, tm, and pitch, s, of their fins. 

2.2. Model development 

The implementation of the mathematical model in the engineering equation solver (EES) software is structured with separate 
modules for each key device in the Robur® absorption refrigeration system. Thermodynamical properties have been evaluated ac
cording to Ibrahim and Klein [34]. Each module incorporates the mathematical model developed based on the principles of conser
vation of mass, species, and energy applied to the individual differential volumes that make up the modelled device. 

∑

i
ṁ in −

∑

i
ṁ out= 0 (1)  

∑

i
(x • ṁ) in −

∑

i
(x • ṁ) out= 0 (2)  

Table 1 
Geometry of the main components of the absorption chiller.  

Condenser/air-cooled absorber Rectifier/solution cooled absorber Evaporator 

Di [m] 0,02 Dto [m] 0,075 Di [m] 0.015 
tm [m] 0,0002 Dti [m] 0,045 e [mm] 0.002 
s [m] 0,003 Dwi [m] 0,0065 s [m] 1,15(Di + e) 
e [m] 0.002 e [m] 0,002 Ntube 35 
Ntube 2 Nturns rect 40 Di,shell [m] (Ntube +1) s   

Nturns cabs 16 L [ m] 1,1  

Reboiler Distillation column 

hf [m] 0,63 Di [m] 0,075 
tm [m] 0,0004 Ad [m2] 0,12 At 

s [m] 0,003 St [m] 0,15  
hw [m] 0,1 St 

etray [m] 0,003  
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∑

i
(h • ṁ) in −

∑

i
(h • ṁ) out + Q̇i= 0 (3) 

ṁ, x, h refers to the mass flowrate, mass fraction and enthalpy of the flow. The heat transfer interaction of the control volume, Q̇i, is 
modelled by the Newton’s law of cooling 

Q̇i = htAi
(Ti − Tw) − (T i+1 − Tw)

ln
(

T i − Tw
Ti+1 − Tw

) (4)  

where ht refers to the local heat transfer coefficient and Ai is the heat transfer area of the control volume. The thermal conductance of 
every device is calculated in each operating condition to improve accuracy in the off-design operation [29]. The flow rate of the 
pumped solution is kept constant under all working conditions [35]. The air-facing cooling velocity is also kept constant. The following 
assumptions have been considered:  

• The processes are in steady state.  
• Pressure drops are only considered through the valves.  
• The dilute solution leaving the reboiler is at saturated state.  
• The refrigerant leaving the condenser and the evaporator is at saturated state.  
• The effectiveness of the refrigerant heat exchanger is constant.  
• Heat losses to the environment are negligible.  
• Flow is one-dimensional.  
• Heat and mass are transferred radially through the tube.  
• The ammonia mass fraction in the solution remains constant across all working conditions. 

2.2.1. Distillation column module 
The distillation column in the Robur® absorption refrigeration system is discretised into trays, which enables a detailed analysis of 

the distillation process. The reboiler and the solution-cooled rectifier are also treated as additional trays to assess the heat flow 
transferred during partial condensation in the rectifier and the vapour generation in the reboiler. 

To evaluate the efficiency of each vapour plate (tray) in the distillation column, the Murphree vapour plate efficiency (eM) is 
calculated. The Murphree efficiency of the vapour plate provides a measure of the efficiency with which the tray accomplishes the 
separation of the components in the vapour phase. In this case, the Wilke-Chang approach [33] is used to calculate the ammonia molar 
fraction of the vapour that leaves each tray. The Wilke-Chang approach is a well-known correlation that is used to estimate the 
vapour-liquid equilibrium for mixtures. Thus, the ammonia molar fraction of the vapour leaving the i-tray, xv,i, is obtained as, 

xv,i = xv,i− 1(1 − eM) + eMxv e,i (5)  

where xv e,i refers to the molar mass fraction of the vapour in thermodynamic equilibrium that leaves the i-tray. The effect of liquid 
entrainment has also been considered using the Fair method [33]. For simplicity, the interaction between the liquid coming from the 
reboiler and the vapour flow is ignored. 

2.2.2. Modules for evaporator, condenser and reboiler 
The evaporator and condenser are discretised in differential control volumes, which include two different regions: the refrigeration 

side and the coolant side. Only one control volume is considered in the reboiler module, which encloses the solution side and the hot 
water side to calculate the transferred heat flow. To accurately assess the heat transfer coefficient (ht, ref) of the zeotropic refrigerant 
mix (ammonia-water mixture) on the refrigeration side, the Silver andBell andGhaly approach is used: 

ht,ref = ht,pure
/
(1 + K)

4 (6)  

where ht,pure is the heat transfer coefficient based on the pure fluid model using mixture properties. The correction factor, K, is 
evaluated by Ref. [36]. The Silver and Bell andGhaly approach is a correlation that is used to estimate the heat transfer coefficients in 
zeotropic mixtures under specific conditions. 

2.2.3. Modules for air-cooled absorber, solution-cooled absorber, and rectifier 
In the mathematical model, each device in the Robur® absorption refrigeration system is discretised into differential control 

volumes, which further divide the device into four distinct regions: the vapour side, the liquid solution side, the vapour-liquid 
interface, and the coolant side. This level of discretization allows for a detailed analysis of the mass, species, and energy balances 
at the interface between the vapour and liquid phases within each control volume. 

At the vapour-liquid interface of each control volume, the mass, species, and energy balance equations are established. These 
equations account for the transfer of mass and energy between the vapour and liquid phases, which is crucial for accurately modelling 
the absorption refrigeration process. 

To determine the ammonia molar flux from the vapour to the liquid interface, the expression proposed by Bird [21] is used: 
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ṅNH3 ,v =Fv•z•ln
(

z − xvi

z − xv

)

(7)  

where Fv is the mass transfer coefficient of the vapour, z is the ratio of ammonia to total molar flux, xv is the molar mass fraction of the 
vapour. Subscript i refers to the thermodynamic equilibrium state. Local mass and thermal transfer coefficients are applied. 
Accordingly, the ammonia molar flux transferred from the interface to the bulk liquid is evaluated as: 

ṅNH3,L =FLi•z•ln
(

z − xL

z − xLi

)

(8)  

where FLi is the mass transfer coefficient of the liquid at the interface. The mass conservation balance at interface states that ṅNH3,L to be 
equal to ṅNH3,v . In addition, the energy conservation requirement at the interface is established by: 

Q̇L = Q̇v + ṁNH3 ΔhNH3 + ṁH2O ΔhH2O (9)  

where Q̇L and Q̇v are the heat flow transferred from the vapour to the interface and from the interface to the liquid phase, respectively. 
Δh refers to the difference between the partial enthalpies of vapour and liquid at the interface. An iterative process allows one to 
calculate the mass and heat flow rate transferred at the interface in each control volume, the heat and mass transfer interface area of 
each differential control volume, Ai, given by: 

Ai = aint
πD2

i

4
Δx (10) 

with aint refers to the specific interfacial area. 

2.2.4. Evaluation of the exergy destruction 
The exergy destruction in an elemental volume is evaluated with the balance of exergy, where the total intensive exergy associated 

with a material flow, ei, is divided into its mechanical and chemical parts. Mechanical part is evaluated as 

ePH
i = hi − hi,0 − T0

(
si − si,0

)
(11) 

The point 0 to calculate the physical exergy dependent on the reference ambient temperature, T0 = 25 ◦C, and the pressure within 
the refrigeration system when the absorption system is not in operation, P0, [28]. The chemical part is calculated as [37]. 

eCH
i = xi • eCH

NH3 +(1 − xi) • eCH
H2O + wmix

xi (12)  

where wmix
xi is the specific work associated with the mixing of pure refrigerant (NH3) and pure absorber (H2O) 

wmix
xi =

[
hj0 − xi • hNH3,0 − (1 − xi) • hH2O,0

]
− T0

[
sj0 − xi • sNH3,0 − (1 − xi) • sH2O,0

]
(13) 

For an absorber refrigeration system, it is considered that eCH
H2O = 45 kJ/kmol and eCH

NH3 = 336 684 kJ/kmol 

2.2.5. Evaluation of the heat and mass transfer coefficients 
In the mathematical model implemented for the Robur® absorption refrigeration system, various heat transfer and mass transfer 

coefficients are calculated using different correlations and approaches for each specific component. Here is a summary of the methods 
used for each device:  

• Reboiler: The correlation proposed by Gorenflo [38] is used to calculate the heat transfer coefficient on the solution side. The heat 
transport coefficient between the wall of the reboiler finned tube and the coolant is obtained from Ref. [39].  

• Evaporator: The heat transport coefficient between the tube wall and the coolant in the evaporator is calculated following the 
procedure described in Ref. [39] for the heat transfer in the baffled shell and the tube heat exchangers. On the solution side, the 
Klimenko correlation [38] is used to evaluate the heat transfer coefficient.  

• Solution-cooled absorber and rectifier: The heat transfer coefficient between the liquid and the tube surface is determined by using 
film-wise condensation theory in a horizontal tube. In the laminar regime, the heat transfer coefficient is obtained from the Nusselt 
equation for a smooth film [39]. Increase in heat transfer due to the waviness of the film flow is considered using the Kutateladze 
and Gogonin equation [39]. In the turbulent regime, the Yüksel and Müller equation [39] is used to calculate the heat transfer 
coefficient. Corrections proposed by the Numrich equations [39] are applied to account for the effect of shear stress on the film 

Table 2 
Mass and heat transfer coefficients.  

regime  Mass transfer coefficient Heat transfer coefficient 

intermittent Liquid to interface Scott & Hayduk [49] Film wise condensation [39] 
stratified Liquid to interface Scott & Hayduk [49] Film wise condensation [39] 
bubble Liquid to interface Ciborowski & Rychlicki [50] Film wise condensation [39] 
– Vapour to interface Chilton & Colburn analogy [39] Gnielinski [39]  

M.E. Palacios-Lorenzo and J.D. Marcos                                                                                                                                                                          



Case Studies in Thermal Engineering 53 (2024) 103911

6

surface in both the laminar and turbulent regimes. The mass transfer coefficient is evaluated with the Chilton & Colburn analogy 
[39].  

• Condenser and air-cooled absorber: the heat transfer coefficient on the air-coolant side is evaluated by the correlation proposed by 
Qasem et al. (2008) [40].  

• Air-cooled absorber: the flow pattern is calculated as reported by Ref. [41]. In the intermittent regime, the void fraction [42–45], 
the bubble velocity in the slug [46], and the bubble length [47] are evaluated. In the stratified regime, the void fraction is 
calculated using the Armand-Massina correlation [48]. The mass and transfer coefficients are detailed in Table 2 

2.3. Solution methodology 

The solution method considers as invariant quantities for each operating condition, in addition to the chiller geometry, as detailed 

Fig. 2. Simplified Model diagram.  
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in Table 1, the mass fraction of the fillet solution, x fillet, when the machine is at standstill, and the mass flow rate of the pumped 
solution, ṁdP. For each operating condition of the absorption system (determined by Tamb, Tcf hot, and ṁcf ,reb), ΔPvalv 1 is arbitrarily set in 
order to manage the high pressure level, PH. The chilled water mass flowrate, ṁcf ,evap, is considered as a variable quantity, as indicated 
by the manufacturer’s data, which specifies a certain range of variation. Therefore, its value is evaluated for each operating condition. 
Fig. 2 shows a simplified flow chart of the model. 

A number of parameters, marked with 0 in Fig. 2, are initially estimated and iteratively determined by the mass, species, and energy 
balance using heat and mas transfer coefficients. In particular, the low pressure level, PL, the flow of the chilled water ṁcf ,evap, and the 
heat flow from the hot water flow, ṁcf ,reb, are determined by matching the heat flow from the hot water flow, ṁcf ,reb, with the one to the 
solution at the reboiler after checking that the evaporator be able to carry out the completeness of the evaporation process. 

The iterative process of integrating each unit into the absorption chiller is summarized in the flow diagram in Fig. 4. The calculation 
procedure follows the following steps:  

1. Guess the refrigerant mass fraction, xref 0, the low-pressure level, PL0, the refrigerant mass flow rate ṁref0, the temperature of the 
solution at the pump outlet, Tpump out, the effectiveness of the solution-cooled absorber, εcabs, the reflux ratio, R, the temperature, 
and mass fraction of the condensate at the rectifier outlet, TR and xR respectively.  

2. Run the main module of the mathematical model. The high pressure level, PH, the reboiler heat flow, Q̇reb, and the absorbed 
refrigerant mass flow rate in the solution-cooled absorber, Δ ṁref ,cabs is calculated.  

3. Run the re-boiler module. Check Q̇reb. If verified, go to step 4. Otherwise, guess a new value of ṁref and go to step 2.  
4. Run the evaporator module. Check the refrigerant flow rate at the evaporator outlet. If verified, go to Step 5. Otherwise guess a new 

value of ṁcf ,evap, or guess a new value of PL, and go to Step 2  
5. Run the rectifier module. Check RR, TR, xR and Nturns rect. If verified, go to Step 6. Otherwise, guess new values of RR, TR, xR, and go 

to Step 2.  
6. Run the solution-cooled absorber module. Check Nturns, cabs and εcabs. If verified, go to Step 7. Otherwise, guess a new value of εcabs 

and go to Step 2.  
7. Run the air-cooled absorber module. The minimum area of the air-cooled absorber required to ensure the completeness of the 

absorption process, and the Tpump out value are calculated. Check Tpump out. If verified, go to Step 8. Otherwise, guess a new value of 
Tpump,out and go to Step 2.  

8. Run the condenser module. The minimum area of the condenser required to ensure the completeness of the condensation process is 
calculated. 

2.4. Model validation 

In the present study, an air-cooled indirect fired ammonia-water absorption refrigeration system is examined for ambient tem
perature ranging from 15 to 40 ◦C, when generating chilled water at − 5 ◦C. The precision of the proposed modelling is carried out 
based on the manufacturer’s data on the ROBUR® absorption refrigeration system, model ACF60-00 LB, and the experimental data of 
the air-cooled ROBUR® absorption system reported in Ref. [32], although the latter are based on a direct-fired system. 

No information is available on the pressure loss in valve 1, apart from the value reported in Ref. [30], based on an indirect-fired 
air-cooled ROBUR® absorption system. It should be noted that in this case, the system operates for air conditioning purposes. 
Additional information is provided by the numerical model reported in Ref. [51], based on a direct-fired ROBUR® absorption system, 
when operating for air conditioning purposes. 

Therefore, there is a lack of detailed experimental data to validate the accuracy of the proposed modelling. To solve this problem, a 
baseline configuration is defined with ΔPvalv1 set at 175 kPa and Tcf,hot at 160 ◦C. Fig. 3a shows that the cooling capacity and COP agree 
well with the manufacturer’s data. On the other hand, the high and low pressure levels in the refrigeration system are validated with 
the experimental data reported in Ref. [35]. Fig. 3b shows that the model is in good agreement with the experimental results. 

Fig. 3. a) Cooling capacity and coefficient of performance, b) high and low pressure levels, PH and PL, respectively. ΔPvalv1 = 175 kPa, Tcf,hot = 160 ◦C.  
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Fig. 4. Model diagram.  
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3. Results 

The values reported in Refs. [30,51] for the low pressure level are higher than those indicated in Ref. [32] (Fig. 5a). This is 
attributable to the fact that the latter operates for refrigeration purposes and not for air conditioning, as the first two. Furthermore, the 
values for the high pressure level reported in Refs. [30,51] are noticeably higher than those reported in Ref. [35], which would 
deteriorate the performance of the system [17]. 

Fig. 4b shows the high and low pressure levels according to the modelling, with ΔPvalv1 set at 175 kPa. Note that the low pressure 
level decreases even further when the Tcf hot increases from 160 to 210 ◦C, which could compromise the performance of the air-cooled 
absorber, particularly at high ambient temperature. Furthermore, the high pressure level does not change as the Tcf hot temperature 
increases, so an increase in the Tcf hot temperature seems to justify the very high PH values reported in Refs. [30,51] compared to those 
in Ref. [35]. 

In view of this, it is interesting to analyse the effect of ΔPvalv1 on the absorption refrigeration system. Therefore, a customised 
configuration has been defined for Tcf hot = 210 ◦C, the feedwater temperature for which the coolant flow rate generated is the highest 
in the range provided by the manufacturer. For this configuration, the value of ΔPvalv1, denoted by ΔPvalv1L, has been calculated for 
each ambient temperature value, using modelling, such as the calculated COP and the cooling capacity of the chiller to be in good 
agreement with the ones provided by the manufacturer. Therefore, ΔPvalv1L can be expressed as ΔPvalv1L = f (Tamb, Tcf hot = 210 ◦C). 

Fig. 5 shows the effect of ΔPvalv1L on the high and low pressure levels. Note that the PH obtained by the modelling is close to that 
reported in Refs. [30,51], specially at Tamb of 40 ◦C. However, the PL is still significantly lower compared to Refs. [30,51], which is 
since absorption chillers analysed in Refs. [30,51] operated for air conditioning purposes. 

Table 3 illustrates how ΔPval 1 affects high and low pressure levels. PH increases as expected with ΔPval 1 when Tcf,hot remains 
constant. Note that PL also increases due to the decline in cooling capacity. Consequently, PL decreases with an increases in Tcf,hot. The 
results show a 10.49 % increase in PL of when ΔPval 1 goes up from 175 kPa to ΔPval1L, at Tamb = 40 ◦C. 

Next, the effect of increasing ΔPvalv1 on the size and performance of the air-cooled assembly is explored. Firstly, the effect of ΔPvalv1 
on the performance of the evaporator is analysed. Finally, the impact of the size of the refrigerant system on the exergy cost is assessed. 

3.1. Evaporator 

Table 4 illustrates that the circulation ratio, f, increases by 18.3 % at Tamb = 40 ◦C, as the pressure drop ΔPval rises by 75 %, 
following the reduction of ṁref . This is caused by a decrease in vapour production in the reboiler. Hence, it is crucial to evade high 
values of ΔPval 1 at low Tcf hot or maintaining f within a reasonable range in all working environments. In contrast, Table 4 shows a 68.1 
% reduction in the temperature glide of the refrigerant flow, Tglide,ref, at Tamb = 40 ◦C, due to the increase in PL (as indicated in Table 3). 
Similarly, the temperature glide of the chilled water flow, Tglide, cf. evap, also decreases. It should be noted that Tglide,ref is not solely 
dependent on ṁcf evap but also on ṁref . In this study, ṁcf evap was determined according to Table 5. Table 4 demonstrates a slight 
decrease in the thermal conductance of the evaporator, UAevap, due to lowered flow rates of chilled water and refrigerant resulting from 
the ΔPval 1 increase. Additionally, the evaporator’s effectiveness, εevap, slightly enhances. 

Concerning Tcf,hot, Table 4 indicates a reverse operation of the evaporator. Fig. 6 illustrates how the circulation ratio, f, the 
effectiveness of the evaporator, εevap, the thermal conductance of the evaporator, UAevap, and the temperature glide of the refrigerant 
and the chilled water flows, ΔTglide evap, ΔTglide cf evap, respectively, change with respect to Tamb and ΔPvalv1. It is evident from the graphic 
that the evaporator operates similarly when there is increase in both Tamb and ΔPval 1, demonstrating that ṁref is the primary factor 
affecting the evaporator’s performance. Same trend was observed by Goyal et al. [14]. 

Consequently, the reduction in f observed in the customised configuration when compared to the baseline configuration arises from 
the rise in ṁref , caused by the increase in Tcf,hot. On the other hand, the increase in ṁcf evap is due to the rise in ṁref accompanied by the 
decrease in ṁcf evap, leading to a higher εevap. Thus, it is necessary to regulate ṁcf evap for optimal tuning between ṁcf evap and ṁref . 

3.2. Air-cooled components 

3.2.1. Absorber 
The effect of modifying the high pressure level, PH, via ΔPval 1 control, on heat transfer in the absorber is analysed in off-design 

operational conditions, within limitations of size, when incorporated into an absorption chiller. Table 6 illustrates that an increase 
in PL leads to an average temperature rise of 23.3 % in the local air cooling flow, ΔTcf abs,L. It is worth noting that ΔTair abs L provides 
information on the refrigerant’s absorption rate, as the cooling air-facing velocity is constant for all working conditions. Therefore, an 
increase in ΔTair abs L implies an increase in the refrigerant’s absorption rate. Furthermore, the results presented in Table 6 indicate a 
6.5 % decrease in the overall airflow increase through the air-cooled absorber, referred to as ΔTcf abs G, at a temperature of 40 ◦C when 
ṁref drops by 18.5 %. The decrease of 6.5 % in ΔTcf, abs,G aligns with the reduction of ṁref by 18.5 %, as mentioned above. In addition, 
the enhancement of ΔTcf abs,L alongside the decrease in ṁref , leads to a reduction of 37.3 % in the size of the air-cooled absorber, Aabs. 
Note that the decreases in ṁref is 18.5 %, which is less than that of Aabs. 

Table 6 indicates that the increase of ΔPval 1 has minimal impact on the effectiveness of the air-cooled absorber, εabs. In relation to 
Tcf,hot, the table illustrates that the air-cooled absorber operates inversely with an increase in ṁref and a drop in PL. Additionally, ΔPval 1 
or Tcf,hot have not significant effects on εabs. 

Regarding Tamb, Fig. 7a displays the decrease of ΔTcf, abs,L and the subsequent reduction of the refrigerant absorption rate as Tamb 
decreases. Furthermore, the figure indicates that the air-cooled absorber’s minimum required area, which is normalised with its 
geometrical area, Aabs,N, increases as Tamb rises. This increase occurs despite the decrease of ṁref as Tamb rises. Nonetheless, in the 
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customised configuration, Fig. 6a indicates that Aabs, N remains below 100 % when Tamb is 40 ◦C. Therefore, the size of the absorber is 
determined by the customized configuration (at Tcf hot = 210 ◦C, Tamb = 40 ◦C and ΔPval 1 = ΔPval 1L). Due to the rise in PL, the absorption 
rate improves as a result of the increased ΔTcf, abs,L. In contrast, in the baseline configuration, the air-cooled absorber is oversized at Tcf, 

hot = 160 ◦C even though the ṁref has a low value at this feed temperature due to the low value of PL. 
Finally, Fig. 7b demonstrates that the absorption rate is lower at ΔPval 1 = 175 kPa than at ΔPval 1L even though the solution mass 

fraction is lower, when Tcf,hot equals 210 ◦C. This shows that the mass fraction has a secondary influence on the performance of the air- 
cooled absorber. 

Thus, the findings demonstrate that an appropriate increase in ΔPval 1 allows for downsizing of the air-cooled absorber while 
ensuring full completion of the refrigerant absorption process, even under high ambient and feed water temperatures. 

3.2.2. Condenser 
Table 7 presents a significant rise in the average local temperature experienced by the air-coolant flow that passes through the 

condenser, namely ΔTcond,L, upon an increase of ΔPval 1. The table shows that at a temperature of 40 ◦C, the condensation rate of the 
refrigerant flow increases by an average of 87.8 % as the ΔPval 1 rises from 175 kPa to ΔPval 1L, which is equivalent to a 75 % increase. 

It should be noted that the condenser is located downstream of the absorber. Therefore, an increase in the temperature difference 
ΔTcf abs G will have a significant impact in the effectiveness of the condenser. However, a reduction in ṁref occurs due to ΔPval1 resulting 
in a decline in ΔTcf abs G. This decrease positively affects the performance of the condenser. The results from Table 7 demonstrate an 
87.8 % increase in Tcf, cond, L when Tamb is at 40 ◦C. This results in a decrease of 90.1 % in the thermal conductance of the condenser, 
UAcond. Consequently, the condenser’s required size decreases by 316.8 %, equivalent to 3.16 times. 

It has been observed that the temperature difference, ΔTcf, cond,G, decreases when the mentioned increase in ṁref occurs. 
Furthermore, the table demonstrates that ΔTcf, cond L decreases by 83.1 % when Tcf,hot increases from 160 to 210 ◦C, as well as the 
condensation rate. This is a result of the rise in ΔTcf, abs,G and the decline in PL, as illustrated in Table 3. 

Fig. 8a and b demonstrate that the temperature difference ΔTcf abs G obtains its highest levels in the customised configuration at 
elevated Tcf,hot, regardless of Tamb. However, the proposed law, ΔPval1L, at Tcf,hot = 210 ◦C, ensures that ΔTcf cond L maintains almost 
constant values while Tamb ranges between 15 and 40 ◦C. It is noteworthy that in the customised configuration, ΔTcf cond L is higher than 
3.8 ◦C, while ΔTcf cond L barely exceeds 1.5 ◦C in the baseline configuration. This phenomenon is due to an increase in PH in the 
customised configuration, resulting in a greater temperature difference between the condensate and the ambient temperature, as 
illustrated in Fig. 8c. As a result, the rate of condensation increases. 

It is noteworthy that the size of the condenser is determined by the baseline configuration (at Tcf hot = 160 ◦C and ΔPval 1 = 175 kPa) 
when Tamb = 15 ◦C, and ṁref is at its maximum. However, in the customised configuration (Fig. 8d), despite ṁref being 34.18 % higher, 
the required size of the condenser decreases to 58.2 %. 

Regarding condenser effectiveness, εcond, it can be observed from Table 7 that changes in ΔPval 1 have a negligible influence on εcond. 
Nonetheless, upon comparing the efficiency of the condenser at different Tamb values for baseline and customized configurations, 
nearly identical results are obtained in both cases (refer to Fig. 8a and b). This implies that Tamb is the principal parameter influencing 
εcond. 

3.3. Exergy cost of reduction in the size of the refrigeration system 

The cost of downsizing the refrigeration system is assessed through an analysis of the exergy destruction of various components 
within the system. Table 8 demonstrates a mild decrease in the exergy destruction contribution of the refrigeration system, which 
comprises the condenser, refrigeration heat exchanger, refrigeration valves, and air-cooled solution absorber, when ΔPval 1 increases 
from 175 kPa to ΔPval 1L. The rise in the condenser’s contribution is balanced out by the reduction in the evaporator’s contribution. At a 
temperature of 40 ◦C, the reduction in contribution from the refrigeration loop increases as ΔPval1 increases. Furthermore, when Tcf, hot 
rises from 160 to 210 ◦C at 40 ◦C Tamb and ΔPval 1 = 175 kPa, there is a 33 % increase in exergy destruction contribution from the 
refrigeration loop. As a result, the exergy efficiency of the refrigeration system is slightly decreased, consistent with the discoveries 

Fig. 5. High and low pressure levels, PH and PL. Tcf, hot = 210 ◦C.  
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Table 3 
High- and low-pressure level. Comparative results, expressed in %.  

ΔPval 1, kPa Tcf,hot, 
◦C Tamb, ◦C ΔΔPval 1 ΔPH ΔPL 

ΔPval 1L vs. 175 210 30 69.5 23.6 12.0 
40 75.0 24.0 10.5 

175 210 vs. 160 30 0 0 − 26.7 
40 0 0 − 27.9  

Table 4 
Evaporator. Comparative results, expressed in %.  

ΔPval 1, kPa Tcf,hot, 
◦C Tamb, ◦C Δṁref Δ f ΔTglide, ref ΔTglide, cf evap ΔUAevap Δεevap 

ΔPval 1L vs. 175 210 30 − 12.9 12.9 − 44.7 − 17.2 − 1.1 1.0 
40 − 18.5 18.3 − 68.1 − 16.6 − 1.7 1.2 

175 210 vs. 160 30 49.0 − 49.0 43.1 55.3 3.4 13.2 
40 62.7 − 62.2 26.1 61.3 7.5 12.9  

Table 5 
Chilled water flowrate.  

Tamb, ◦C Tcf,hot, ◦C ṁcf evap, kg/s 

15 160 
210 

3800 
3500 

30 160 
210 

2900 
2500 

35 160 
210 

2500 
2200 

40 160 
210 

2000 
2000  

Fig. 6. Evaporator: a) effectiveness and thermal conductance, b) circulation ratio, temperature glide of the refrigerant and the chilled water in baseline configuration; 
c) effectiveness and thermal conductance, d) circulation ratio, temperature glide of the refrigerant and the chilled water in the customised configuration. 

M.E. Palacios-Lorenzo and J.D. Marcos                                                                                                                                                                          



Case Studies in Thermal Engineering 53 (2024) 103911

12

disclosed by Jiménez-García et al. [23]. 
Data provided in Fig. 9a suggests that the refrigeration loop in the baseline configuration reduces around 30 % of the total 

destroyed exergy generated by the refrigeration system. The data highlights that the air-cooled absorber component of the refriger
ation loop produces the highest exergy destruction, followed by the evaporator and condenser as mentioned in Refs. [25–28]. In 
addition, the analysis indicates a decrease in the refrigeration system’s exergy efficiency with an increase in Tamb. As displayed in 
Fig. 9a, there is a reduction in exergy destruction by the evaporator and absorber, compared to that of the condenser, as the ambient 
temperature increases. This trend is consistent with the observations made during an increase in ΔPval1. Moreover, the figure suggests a 
decline in overall exergy destruction in the refrigeration system, attributed mainly to a decrease in system cooling capacity with an 
increase in Tamb. 

Fig. 9b demonstrates that the customised refrigeration system destroys greater exergy than the baseline configuration displayed in 
Fig. 9a, due to the increased cooling capacity. It is noteworthy that approximately 40 % of total exergy destruction in the customised 
configuration is contributed by the refrigeration loop, which negatively affects the remaining refrigeration system components. This 
emphasises the substantial influence of an elevated Tcf,hot. The most notable aspect is the rise in the condenser’s contribution, coupled 
with the decline in exergy efficiency. 

4. Conclusions 

This study presents a comprehensive analysis of the heat and mass transfer processes in an ammonia and water air-cooled ab
sorption system. The ROBUR® ACF60-00 LB model employs hot water temperatures ranging from 160 ◦C to 210 ◦C. The system was 
analysed under ambient temperatures ranging from 15 ◦C to 40 ◦C. The goal of this investigation is to reduce the refrigeration system’s 
size, particularly in off-design conditions and high ambient temperatures, thereby improving the usage of the air-cooled absorber and 
condenser across the chiller’s operating range. 

The proposed methodology entails adjusting the high-pressure level of the absorption chiller by altering the pressure drop in valve 
1 situated right after the condenser. To achieve this objective, a modular differential mathematical model has been developed, which is 
based on mass, species, and energy balance. The model’s development relied on local heat and mass transfer coefficients. The thermal 
conductance of the main components in the refrigeration system was considered as unknown and was determined through calcula
tions. To validate the model’s results, data published by the manufacturer and documented in the literature were utilised. 

The implemented model presents an assessment tool for identifying the minimum required size of the air-cooled absorber and 

Table 6 
Air-cooled absorber. Comparative results, expressed in %.  

ΔPval 1, kPa Tcf,hot, 
◦C Tamb, ◦C Δṁref ΔΔTcf abs,L Δεabs ΔΔTcf, abs,G ΔUAabs ΔAabs 

ΔPval 1L vs. 175 210 30 − 12.9 41.2 0 − 7.4 − 13.7 − 8.5 
40 − 18.5 23.3 0 − 6.5 − 30.5 − 37.3 

175 210 vs. 160 30 49.0 − 9.7 0 43.7 67.8 57.0 
40 62.7 − 17.8 0 53.0 75.5 68.0  

Fig. 7. Air-cooled absorber: a) minimum required area, normalised with its geometric area, Aabs,N, b) local solution mass fraction and refrigerant flowrate, normalised 
with ṁref . Box: feed hot water temperature, ambient temperature, ◦C; and ΔPvalv1, in kPa, in the baseline and in the custom configurations. Box: feed hot water 
temperature, ◦C. 

Table 7 
Air-cooled condenser. Comparative results, expressed in %.  

ΔPval 1, kPa Tcf,hot, 
◦C Tamb, ◦C Δṁref ΔΔTcf,cond,L ΔUAcond ΔAcond ΔΔTcf, cond,G Δεcond 

ΔPval 1L vs. 175 210 30 − 12.9 84.1 − 87.0 − 260.8 − 18.3 0 
40 − 18.5 87.8 − 90.1 − 316.8 − 25.7 0 

175 210 vs. 160 30 49.0 − 44.9 72.5 72.7 50.5 0 
40 62.7 − 54.1 82.8 83.1 63.3 0  
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condenser when organized in a series configuration, and while in partial chiller operation under this scheme. 
The analysis results show that a pressure loss increase in valve 1 leads to higher high- and low-pressure levels. Specifically, it is 

revealed that at a hot feed water temperature of 210 ◦C and an ambient temperature of 40 ◦C, an increase in pressure loss from 175 to 
2246 kPa in valve 1 causes the 

Fig. 8. Condenser: effectiveness, thermal conductance, global and local temperature increase in air-coolant flow, a) in the baseline and b) customised configurations, 
c) in local solution and the temperature of the refrigerant. Box: feed hot water temperature, ambient temperature, ◦C; and ΔPvalv1, in kPa. d) Minimum required area, 
normalised with its geometrical area, in the baseline and in the customised configurations. Box: feed hot water temperature, ◦C. 

Table 8 
Exergy destruction: Contribution to the air-cooled absorber, condenser, evaporator, and refrigeration loop to the refrigeration system. Exergy efficiency. Comparative 
results, expressed in %.  

ΔPval 1, kPa Tcf,hot, 
◦C Tamb, ◦C ΔIabs ΔIcond ΔIevap ΔIref loop Δηex 

ΔPval 1L vs. 175 210 30 3.2 22.5 − 20.1 − 2.9 − 8.0 
40 5.7 26.1 − 24.1 − 4.3 − 7.4 

175 210 vs. 160 30 7.4 21.1 48.1 21.7 − 6.9 
40 8.2 23.7 63.5 33.3 − 7.9  

Fig. 9. Contribution to exergy destruction: air-cooled absorber, condenser, evaporator, and refrigerant loop, %, exergy efficiency, %, and total exergy destroyed in the 
refrigeration system, kW, a) in the baseline and b) in the customised configuration. 

M.E. Palacios-Lorenzo and J.D. Marcos                                                                                                                                                                          



Case Studies in Thermal Engineering 53 (2024) 103911

14

• Air-cooled absorber to reduce its nominal size by 37.3 %.  
• a reduction of 37.3 % in the size of the air-cooled absorber, Aabs. Note that the decreases in ṁref is 18.5 %, which is less than that of 

Aabs.  
• Air-cooled condenser size to decrease by 3.1 times.  
• Circulation factor to rise from 4.5 to 5.5. Consequently, ṁcf evap regulation is required to optimize tunning between ṁcf evap and ṁref .  
• The contribution of condenser to exergy destruction to increase up to 26.1 %.  
• The contribution of the evaporator to exergy destruction to reduce up to 24.1 %. 

Despite the increase in the pressure levels, the effectiveness of the evaporator, air-cooled absorber, and condenser is hardly 
affected. Hence, adjusting the pressure levels in an air-cooled ammonia-water absorption chiller by elevating ΔPvalv1 during high 
ambient temperature and high feed water temperature is an effective method of reducing the size of the air-cooled absorber. The 
results show that the increase in the condenser’s contribution to exergy destruction is offset by the decrease in the evaporator’s 
contribution. Regulation of the chilled water flow rate is also required. 
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Nomenclature  

AbbreviationsSymbols 
aint specific interfacial area, m2/m3 

A area transfer, m2 

Aa active area of the tray, m2 

Ad downcomer area, m2 

Ah hole area of the tray, m2 

Ah/At fractional free area 
At tower cross-section area, m2 

D tube diameter, m 
dh hole diameter of the tray in the distillation column, m2 

e wall thickness, m 
etray tray spacing in the distillation column, m 
eM Murphree vapour plate efficiency 
f circulation ratio, ṁdR/ṁref 

F mass transfer coefficient, kmol/(m2 s) 
hf reboiler length, m 
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h specific enthalpy, kJ/kg 
ht heat transfer coefficient, W/(m2 K) 
hf fin length, m 
ṅ molar flux, kmol/(m2 s) 
ṁ mass flow rate, kg/s 
P pressure, kPa 
Q̇ heat flow, W 
s fin pitch, m 
T temperature, ◦C 
tm fin thickness, m 
U overall heat transfer coefficient, W/(m2 K) 
x mass fraction 
z ratio of ammonia to the total molar flux  

Subscripts and superscripts 
abs air-cooled absorber 
air coolant air 
cabs solution-cooled absorber 
cond air-cooled condenser 
cf coupling fluid 
dP dilute solution in ammonia 
dR concentrate solution in ammonia 
e at thermodynamic equilibrium 
evap evaporator 
reb reboiler 
rect solution-cooled rectifier 
ref refrigerant 
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