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Abstract: This study presents the attempt made to develop an ideal equivalent system for 

adiabatic expansion type thermal pumps found in the literature. The purpose of developing the ideal 
system is to investigate the maximum achievable performance of such systems irrespective of the 
system sizing and pump design adopted and obtain a characteristic efficiency. An ideal system was 
developed and analyzed. Then the system performance was compared with literature data, which was 
found to be reasonable. The comparison of the ideal performance of such systems with existing 
cycles revealed that the efficiency of such types of pumping systems is limited.  
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1.  Introduction and background  

The increasing global energy demand, the emissions 
from the use of scarce primary energy sources, and the 
associated impact on the environment have brought a 
challenge to our society. The scientific community has 
been responding to this challenge from multiple directions, 
such as; the improvement in the efficiency of energy 
systems, recovery of wasted heat, investigation of 
environmentally benign alternative chemicals1) and 
systems2–4), among others. Despite the numerous efforts to 
combat the environmental impacts, the climatical effects 
have long been experienced in many aspects of our life, 
among which agriculture is one.  

Nowadays, powered irrigational systems are widely 
being used for agricultural fields to increase the field 
output and decrease the dependency on rainfall5,6), which 
has become rather inconsistent with the recent climatic 
changes7). Powered irrigation systems have been realized 
through the use of diesel or solar Photovoltaic (PV) 
powered water pumping systems, with the later one 
gaining more acceptance8).  

However, the adoption of these technologies to the wide 
agricultural fields of developing countries, such as in the 
Sub-Saharan Africa, seems to be slow9). One of the 
reasons for the slow adoption of these systems is due to 
the high initial costs and the limited availability of 
electricity, technical assistance, and supplies to these 
remote areas. 

Due to these factors, many researchers in the past have 

put their effort towards developing another class of water 
pumping systems, so-called solar-thermal pumps10–12). 
The thermal to hydraulic energy conversion in these 
systems can be achieved with conventional 
thermodynamic cycles coupled with conventional pumps. 
However, the adoption of specially designed pump 
configuration could be promising for lower system cost, 
local manufacturability, and maintenance, which 
approaches the UNDP’s scheme of Village Level 
Operation and Maintenance (VLOM) initiative in addition 
to the environmental friendliness. Hence, in the literature, 
various designs of pumps were proposed with different 
operating principles, so-called unconventional pumps. 
Some of the proposed systems outline specially designed 
units13) while others feature diaphragm membranes14,15), 
interconnected system of tanks16,17), liquid pistons18), and 
solid piston19) to transmit the pressure developed using a 
heat source to the liquid being pumped.  

Despite the high variability of design and operation of 
the proposed systems, the underlying fundamental 
principle stays the same. The high-pressure developed 
during the evaporation of a liquid upon heating is used to 
push water to a higher elevation, and the partial vacuum 
created on subsequent condensation is used to lift water 
from the source at a lower elevation. Usually, the solar 
energy collected in a solar thermal collector serves as the 
heat source (boiler), while the delivery water serves as the 
sink. 

One of the earliest works on such types of systems was 
proposed by D.P. Rao et al.20) in 1976. A low boiling point 
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working fluid (n-pentane) was heated in a flat plate solar 
collector. The developed pressure was directly used to 
create an isobaric expansion in a cylinder, displacing the 
water contained in it. Despite the drawback of direct 
contact of working fluid with the delivery water and 
premature condensation, the work is pioneering. K. 
Sudhakar et al.21) proposed a similar family of pump with 
isobaric expansion but with two working fluids. Air was 
introduced as a secondary working fluid in order to avoid 
direct contact between delivery water and the primary 
working fluid (n-pentane). A. Venkatesh et al.22) reported 
marginal improvements in performance by the 
introduction of a separate vapor storage tank between the 
solar collector and expansion cylinder. This has resulted 
in the change of the expansion process from isobaric to 
adiabatic one. The thermodynamic analysis of the typical 
system was also presented in the study. K. Sumathy16) 
studied the behavior of a similar adiabatic expansion 
thermal pump for different delivery heads. In 2017, R. 
Bandaru et al.23) presented the performance prediction of 
an isentropic expansion type solar thermal water pump for 
different working conditions by using an artificial neural 
network model. The system has similarities to that of K. 
Sumathy and Y.W. Wong’s system24). A. Date et al.25) 
presented a new thermodynamic ideal cycle for thermal 
pumping, called the Thermal Power Pump (TPP) cycle, 
which consists of two isochoric and two isobaric 
processes. It was proposed to have the potential for higher 
theoretical performance. N. Kurhe et al.26) studied a solar 
thermal pump using a diaphragm arrangement. Even 
though the details of the thermodynamic cycle were not 
provided, it can be anticipated to be an isobaric expansion 
cycle, based on the outlined operation of the system.  

Generally, the research works discussed above may be 
put into two major categories, depending on the manner 
of work extraction process: isobaric and adiabatic 
expansion. For the isobaric expansion type of thermal 
pumps19–21,26), the ideal TPP cycle can be used as the 
maximum limit to analyze their performance. However, 
for the thermal pumps with adiabatic expansion16,23,24,27–

29), the presented thermodynamic cycles are dependent on 
the system design. Additionally, the primary working fluid 
used in the systems is distributed into different subsystems, 
which would be separated during the operation of the 
pump. This brings difficulty towards the analysis of an 
ideal thermodynamic system that would represent such a 
system. Due to this, a corresponding ideal cycle that 
serves as an ideal reference irrespective of the design 
variations for such type of adiabatic expansion thermal 
pumps is lacking, and the information available regarding 
the systems’ ideal performances is limited. If such an ideal 
cycle exists, the maximum achievable performance and 
the room available for improvement of such family of 
pumps can be analyzed and compared with existing cycles.  

Therefore, the goal of the present study is to analyze an 
equivalent ideal system for the adiabatic expansion 
thermal pumping systems with flexibility in system design 

and to investigate opportunities for improvement through 
a comparative study with existing cycles.  

 
2.  Theoretical Analysis  

2.1  Equivalent ideal system 

The performances of the adiabatic expansion thermal 
pumps discussed earlier are made up of series of 
interconnected containers of a certain size coupled with a 
solar collector. The performance of the system is affected 
by the sizing of these components since it affects the 
delivery head and volume pumped per cycle. By assuming 
an equivalent ideal system, these parameters can be varied, 
which allows the evaluation of the ideal scenario of the 
system. For this purpose, few changes are made to the 
existing systems to make an ideal cycle while maintaining 
the basic functionality and operation. The resulting 
equivalent ideal cycle is presented in Fig.1. 

In the real systems, such as that of K. Sumathy16), the 
primary working fluid (low boiling point organic fluid, 
such as n-pentane) is heated inside a solar collector, which 
evaporates it. The vapor develops pressure, and it will 
move through a liquid-vapor separation tank and 
accumulate in a vapor storage tank before the beginning 
of the pumping stroke. In the idealized system presented 
here, the solar collector, separation tank, and vapor tank 
of the existing systems are combined and represented by 
an ideal frictionless, piston-cylinder device (labeled ‘VT’ 
in Fig.1). Similarly, the condenser is represented by the 
second piston-cylinder device (labeled ‘C’ in Fig.1). (‘VT’ 
and ‘C’ stand for the vapor tank and condenser, 
respectively)  

Initially, a small amount of primary working fluid is fed 
into VT (Fig.1a). The amount of the primary working fluid 
is controlled so that it will be enough to do the necessary 
delivery work upon expansion. When heat is applied to the 
liquid working fluid in a reversible manner, the 
temperature and pressure increase, pushing the piston-1 
upwards, with external weight placed on it. The applied 
weight is used to constrain the pressure in VT to a preset 
value. The pressure inside this cylinder corresponds to the 
initial pressure of vapor before expansion (pumping) starts. 
Hence, depending on the required delivery head, this 
initial pressure can be varied by controlling the weight on 
the piston.  

As the heat addition continues, the working fluid in VT 
is completely vaporized, and the piston reaches the top 
dead center (TDC) of the cylinder (Fig.1b). Then, the heat 
source and the weight on the piston are removed and 
replaced by insulation; the piston position is fixed at the 
TDC, and Valve 1 (V1) is opened. These sets of operations 
allow the vapor to expand adiabatically into the water tank 
(WT), as shown in Fig. 1b. As a result, the water in     
WT is transferred to the air tank (AT), which 
simultaneously compresses the air until it reaches the 
delivery pressure. At this state, the compressed air starts 
to displace the water in the delivery tank (DT), resulting 
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to the pumping of water from DT to a higher elevation. 
When the water level in WT reaches the minimum 
position, the delivery process is completed; hence, valve 
2 (V2) is opened, allowing the vapor to further expand to 
atmospheric pressure in C (Fig.1c). Then C is put in  

 

Fig. 1: An idealized system representation of a thermal pump 

 
contact with a heat sink, which causes the condensation of 
the vapor in the cylinder. Simultaneously, the compressed 
air in the delivery tank (DT) starts to expand, pushing the 
water from AT back to WT, (the volumes of AT and WT 

are kept same in this study). The subsequent decrease in 
the pressure of DT allows water to enter it under 
atmospheric pressure. However, it should be noted that 
significant partial vacuum is not created in this type of 
system to actuate suction stroke; instead, the delivery tank 
is immersed in a well of the water source. The pumping 
action/pressure pulse is transmitted by the secondary 
working fluid (Air). Hence, for this ideal system, the 
suction pressure is assumed to be atmospheric. 

As the heat rejection from the condenser continues, the 
pressure in both VT and C falls, causing the pistons to 
retract to their initial position. The condensate returns into 
VT, completing the cycle. For this ideal cycle, the 
condensation of the primary working fluid is assumed to 
take place in the C only. 

For the real systems, energy is expended in transporting 
the vapor produced in the solar collectors to the vapor 
storage tank before expansion; hence it is not directly 
applied in the process. Therefore, in the ideal system here, 
it is represented by the work done in pushing the piston in 
VT upwards up to the TDC, at the maximum initial 
pressure required for the delivery stroke of the pump. The 
piston’s mass is to be set to match the required minimum 
pressure of the cycle, depending on the delivery pressure 
considered. Similarly, the volumes of component tanks 
can also be changed to explore various simulation 
scenarios. 

 
2.2  Thermodynamic analysis 

The schematic outline of the analysis of this system is 
presented in Fig. 2. The analysis starts with preset values 
of the delivery head and volume. The respective delivery 
pressure is calculated by Eq. (1), while the delivery 
volume is kept constant at 1 liter for all the analysis 
scenarios.  

 

𝑃ௗ ൌ 𝜌𝑔𝐻ௗ ൅ 𝑃௔௧௠ (1)

 
where: ρ, g, Hd, and Patm denote the density of water, 

gravitational acceleration, delivery head, and atmospheric 
pressure, respectively. Based on the above input values 
and considering air as an ideal gas, the amount of air 
required per cycle is estimated by assuming isothermal 
compression. The air contained in AT is compressed from 
atmospheric to delivery pressure level before the pumping 
stroke starts in each cycle. This compression process is 
assumed as an isothermal process through the assumption 
of ideal heat exchange between air tank, air pipes, and the 
environment. The required air tank size, amount of air, and 
the respective isothermal compression work done are 
estimated by the following three equations, respectively.  
 

𝑉௔ ൌ
𝑃ௗ𝑉ௗ

𝑃௔௧௠
 (2)
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𝑚௔ ൌ
𝑃௔௧௠𝑉௔

𝑅𝑇଴
(3)

𝑊௔ ൌ 𝑚௔𝑅𝑇଴ ln
𝑉ௗ

𝑉௔
 (4)

 
where: Vd, R and T0 represent the delivery water volume 

per cycle, the ideal gas constant of air, and the ambient 
temperature.  

Fig. 2: Schematic outline of the analysis procedure 
 
 
The delivery work done on the water and the 

atmosphere are calculated as follows, respectively. 
 

𝑊ௗ ൌ 𝑉ௗ𝜌𝑔𝐻ௗ (5)

𝑊௔௧௠ ൌ 𝑉ௗ𝑃௔௧௠ (6)

 
Hence, the total work output required from the cycle is 

given by the following equation.  

 

𝑊௢௨௧ ൌ 𝑊ௗ ൅ 𝑊௔௧௠ ൅ |𝑊௔| (7)

 
The small quantity of working fluid that is initially fed 

into the VT is assumed as the thermodynamic system, and 
it is assumed to undergo the following ideal processes to 
constitute the necessary equivalent ideal cycle for the 
adiabatic expansion thermal pumps.  
 Process 1-2: Isochoric heating 
 Process 2-3: Isobaric sensible and latent heat addition 
 Process 3-4: Isentropic expansion (pumping) 
 Process 4-5: Isentropic expansion (to the condenser) 
 Process 5-1: Isobaric cooling 

The corresponding system states are:  
State 1: Saturated liquid, State 2: Compressed liquid, 
State 3: Saturated vapor at a maximum pressure of the 
cycle 
State 4: A state corresponding to the entropy at state-3 and 
at the delivery pressure. State 5: A state corresponding to 
the entropy at state-3 and atmospheric pressure. 

The cycle formed by these processes will partially 
resemble the TPP cycle and Organic Rankine Cycle 
(ORC); however, the total useful work output from the 
cycle will be limited since the expansion work (pumping) 
cannot be done beyond the delivery pressure.  

  
The energy balance of the individual processes is 

carried out using the following equation. 
  

ΔU ൌ Q ൅ W  (8)

 
The net-work output from the cycle is given by the 

following equation.  
 

W୬ୣ୲ ൌ Wଶଷ ൅ Wଷସ ൅ Wସହ ൅ 𝑊ହଵ (9)

     Wଶଷ ൌ 𝑃ଷ𝑚௪௙ሺѵ2 െ ѵ3ሻ (10)

Wସହ ൌ m୵୤ሺ𝑢ହ െ 𝑢ସሻ (11)

       Wହଵ ൌ 𝑃௔௧௠𝑚௪௙ሺѵ5 െ ѵ1ሻ (12)

 
where: mwf denotes the mass of the working fluid 

whereas; u represents the internal energy of the system at 
the respective states. The terms W23 and W34 denote the 
work output during the isobaric and isentropic expansion 
processes, respectively, whereas W51 indicates the work 
input to the cycle. As discussed earlier, the isobaric 
expansion work, W23, is not available for pumping for this 
type of thermal pump, as it represents the expansion of 
vapor from a solar collector to a vapor storage tank in real 
systems. The term, W45, represents the expansion of the 
primary working fluid to the condenser chamber at the end 
of pumping stroke. Therefore, the useful work output from 
the cycle is limited, as shown in the following equation.  
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𝑊௢௨௧ ൌ 𝑊ଷସ ൌ 𝑚௪௙ሺ𝑢ଷ െ 𝑢ସሻ (13)

The total heat input and system efficiency are given by 
the following equations, respectively. 

 

 𝑄௜௡ ൌ 𝑄ଵଶ ൅ 𝑄ଶଷ ൌ 𝑚௪௙ሺℎଷ െ ℎଵሻ (14)

𝜂 ൌ   
𝑊ௗ

𝑄௜௡
 (15)

 
where: Q12 and Q23 are the heat inputs for the respective 

processes, and h denotes the enthalpy of the system.  
In addition to the energy balance equations, the analysis 

will be constrained by the volumetric requirement that the 
system needs to meet in order to achieve the preset 
delivery volume and head. That means, in addition to the 
amount of vapor required to perform the necessary 
pumping work, there will be an additional quantity of 
vapor required to displace and compress the air in AT. 
Hence, at the end of the delivery process, state-4, the 
vaporized working fluid, needs to occupy both the vapor 
and water tanks at the delivery pressure, Eq. (16).  

  

𝑉ସ ൌ 𝑚௪௙ѵ4 ൌ 𝑉௪ ൅ 𝑉௣ (16)

𝑉୮ ൌ 𝑉ଷ ൌ 𝑚௪௙ѵ3 (17)

 
where V and ѵ  are the volume of the system and 

specific volume at the respective states. Vw and Vp are the 
sizes of the water and vapor tanks, respectively. 

At state-3, the working fluid vapor fully occupies the 
VT, and its amount should be enough to extract the 
required amount of work (Wout). Hence, the vapor tank 
volume is specified based on the pressure and vapor 
density at state-3, Eq. (17). The minimum pressure 
required in the vapor tank before the pumping process for 
a specific amount of work output is not known, hence the 
procedure outlined in Fig. 2 was followed. The 
temperature at state-3 (the maximum temperature of the 
cycle) was iterated, and the deviation of the entropy 
between states 3 and 4 was checked to approach the 
solution with isentropic expansion condition, as shown in 
the equation below. 

 

𝐸𝐷 ൌ
ሺ𝑠ସ െ 𝑠ଷሻ

𝑠ସ
 (18)

 
where: s and ED denote the entropy and the difference 

in entropy, respectively, for states 3 & 4. 
 
In the relevant literature, the general working fluid 

selection criteria discussed for thermally driven pumping 
systems includes non-toxicity, favorable thermophysical 
properties (such as low latent heat of vaporization, high 
thermal conductivity, and specific heat capacity), 
chemical stability, normal boiling point above ambient 

temperature, and environmental friendliness, among 
others. N-pentane satisfies many of these properties, and 
hence it was considered as the primary working fluid in 
the current study as well. Depending on application 
conditions, such as temperature and pressure limits, 
alternative organic working fluids can also be investigated.  

 
3.  Results and Discussion 

3.1  Idealized system performance (TP-1) 

The above analysis was carried out using Engineering 
Equation Solver30) for the delivery head range of 1 to 20m 
while keeping the delivery volume constant at 1 liter per 
stroke. The heat source temperature was varied depending 
on the delivery head, and the optimum value was selected 
iteratively to approximate the isentropic expansion 
condition between states 3 & 4. The heat sink temperature 
was kept at the normal boiling point of the primary 
working fluid (n-pentane, 35.87 °C). Hence, the suction 
head is essentially zero, which is the case for this type of 
pump. 

 

Fig. 3: Thermodynamic cycle of the idealized system 
 
The thermodynamic cycle of the system is depicted in 

Fig. 3. The process paths 1-2-3-4-5-1 constitute the cycle 
for the corresponding heat source and sink temperatures 
of 80 and 36°C, respectively. Likewise, the path 1-2b-3b-
4-5-1 represents the cycle for a heat source temperature of 
95°C for the same delivery head.  
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 During the solving process, the peak temperature of 
the cycle was initially set at a high value and iterated 
towards low temperature, following the schematic 
outlined in Fig. 2. At the early iterations of the solution, 
the cycle efficiencies were observed to be high. However, 
since the difference in entropy, ED, and the volumetric 
constraints were not satisfied, the solution iteration was 
continued until the ED value falls below 1%. In this way, 
the cycle efficiency of the system was calculated and 
recorded for each delivery heads, and the resulting 
characteristic curve is depicted in Fig. 4. 

 
 Fig. 4: Characteristic efficiency curve of the idealized cycle 
and the heat source temperature for various delivery heads.  

 
The results depicted in Fig. 4 present the efficiency of 

the idealized system with the maximum cycle temperature 
(heat source temperature) required to develop the range of 
delivery heads under ideal conditions. The increasing and 
decreasing pattern exhibited by the efficiency curve seems 
to be the result of two influencing factors. The first is the 
heat source temperature and the second is the compression 
work requirements of the secondary working fluid (air). 
For the lower delivery head conditions, the increase in 
heat source temperature of the cycle seems to favor higher 
cycle efficiencies. However, for higher delivery head 
conditions, even though the cycle operates with higher 
temperature, the compression work requirements of the air, 
Eqn. 4, increase significantly, deteriorating the cycle 
efficiency. Fig. 5 shows the relative proportion of the work 
output from the cycle that is used for the useful pumping 
work (hydraulic work) and the work done on the 
secondary working fluid (air) to compress it to the 
delivery pressure level before pumping is started, every 
cycle. It can be seen that a significant amount of the work 
output from process 3-4 of the cycle isn’t available for 
hydraulic work causing lower system performance, 
especially for higher delivery heads. 

 
 
 
 

Fig. 5: Division of the work output of the pumping stroke of 
the cycle (process 3-4) for delivery head of 20m. 

 

Fig. 6: The distribution of net-work output of the cycle for 
delivery head of 20m. 

 
From Fig. 6, it can be observed that only the small 

fraction, 3.73%, of the net-work output of the ideal cycle 
is converted into the necessary hydraulic work. A major 
portion of the work potential is lost when the vapor is 
directed into the condenser.  

An additional observation from the discussion so far is 
the higher amount of working fluid vapor that will be 
necessitated to fill the equivalent volume (Vw) that was 
initially occupied by the uncompressed air (Va). Even 
though a limited amount of working fluid would be 
enough to provide the work necessary for a specific 
delivery head and volume, there will be additional vapor 
requirement. Furthermore, for higher delivery heads, the 
necessary volume of the vapor tank (vapor volume at state 
3) keeps growing in size, more than the air volume, as 
shown in Fig 7. As a result, the vapor requirement per 
cycle would be high due to the growing size of both vapor 
and air volumes and the associated increased compression 
work requirement. Hence, for higher delivery heads, even 
higher losses are to be expected. 

- 244 -



Comparative Study of Thermal Water Pumping Cycles 

 

 
 

The above observations encourage the investigation of 
a variant of the proposed ideal system with the assumption 
of an incompressible secondary working fluid. The variant 
system (TP-1B) will have a similar analysis to the 
idealized system discussed earlier, except to the exclusion 
of the air compression terms of the analysis. The result of 
analysis for such system, after modification, is discussed 
in Section 3.2 along with other cycles.   

 
  Fig. 7: Amount of working fluid required per cycle and 

the volume ratio of vapor and air tanks for variable delivery 
heads. 

 
The obtained efficiency values of the TP-1 system are 

low despite the consideration of ideal system conditions. 
However, the results are in the same order of magnitude 
as the thermal pumping system performances from the 
literature. The typical data for such types of systems, using 
n-pentane as a primary working fluid is presented in Fig. 
8 and Table 1 with the ideal cycle discussed here. It is to 
be noted that the physical system sizes studied in the data 
are fixed, while in the current system, it is kept flexible for 
the purpose of approximating the ideal scenario. 

 
Table 1. Performance data from the literature for thermal 
pump type-1 with n-pentane as a primary working fluid 

# Author/(type of study) Hd [m] η [%] 

A 
A. Venkatesh et al.22) 

(Experimental)
8 0.12 

B K. Sumathy16) 

(Experimental)

6 0.14 

C 10 0.12 

D Y.W. Wong et al.28) 

(Theoretical)

6 0.36 

E 8 0.34 

 

 
Fig. 8: Comparison of simulation result for the idealized 

system with data from the literature with n-pentane as a 
primary working fluid 

 
The differences between the literature data and the 

presented ideal efficiency values are explained as follows. 
The system performance predicted by Y.W. Wong et al.28) 
is based on a model that accounts for realistic aspects of 
an experimental unit. In addition to the thermodynamic 
cycle analysis, the heat transfer model of the solar thermal 
collector was considered, and the available solar 
insolation has been accounted in their study. Additionally, 
the condition of no-pumping (preheating) was considered 
in their work, as the quantity of working fluid charged to 
the system is high. The consideration of these system 
dependent practical limitations will cause further 
reduction of the system performance. A. Venkatesh et al.22) 
discussed the presence of irriversibilities in the operation 
of the experimental unit such as premature condensation 
of vapor in the water tank, which limited the performance 
of the experimental unit.   

The above-mentioned reasons may explain the 
difference observed between the literature data and the 
idealized system efficiency.  

The results indicate that the performance of these type 
of thermal pumps is still limited despite ideal devices and 
operating conditions. Nonetheless, the simulation results 
can be used to compare the TP-1 type systems with 
existing cycles, as discussed in the following section.  

 
3.2  Comparison of ideal cycles  

The use of the idealized system of adiabatic expansion 
type thermal pumps makes it possible to explore the 
comparison of the ideal performance with existing cycles. 
Hence, a comparison of the ideal efficiency is carried out 
with two existing thermodynamic cycles, the Thermal 
Power Pump cycle (TPP) and Organic Rankine Cycle 
(ORC).  
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The TPP cycle is comprised of two isobaric and two 
isochoric processes. The cycle is intended for converting 
low grade heat driven pumping applications. Unlike the 
TP-1 system, the TPP based systems do not need the use 
of compressible secondary working fluid. Additionally, 
the delivery work is extracted during the isobaric 
expansion of the working fluid rather than the expansion 
of vapor from a higher-pressure state. Furthermore, for a 
similar heat sink and delivery head, the TPP cycle requires 
a lower heat source temperature.     

The ideal cycles of TP-1 and TPP are illustrated 
together in Fig. 9. The process path 1-2-3-4-5-1 is for the 
cycle of TP-1, while path 1-2a-4-5a-1 represents the TPP 
cycle.  

 

 Fig. 9: Comparison of ideal cycles for TP-1 and TPP  

 
As explained earlier, even though the working fluid in 

the TP-1 cycle expands to the condensation pressure after 
the pumping stroke, the useful works is extracted during 
the process 3-4 only, as the delivery pressure is fixed.  

The comparison of the cycle efficiencies of the 
idealized cycle (TP-1) and TPP cycles is presented in Fig. 
10, along with the quantity of working fluid required by 
the systems for the range of the delivery heads and a fixed 
delivery volume of 1 liter per stroke.  

The difference in the performance of the two cycles, in 
Fig. 10, could be attributed to the high energy demand of 
the TP-1 system due to the increased volumetric 
requirement of working fluid vapor and the energy 
expended for the compression of air in each cycle. This 
can be observed in the high working fluid demand of the 
TP-1 cycle in the figure 10. Hence, the associated heat 
demand of the TP-1 is higher as the working fluid is 
assumed to undergo complete evaporation for both cycles.  

 
 
 
 
 
 

 

Fig. 10: Performance curves of the TP-1 and TPP cycles 

   
 The above results are compared with the 

corresponding thermal efficiency of a basic ORC system, 
operated between similar thermal limits, and working 
fluid, as shown in Fig. 11. The ORC would serve as a 
reference due to its similarity with the cycle presented 
here, even though it will need additional units to convert 
the extracted work into hydraulic work. Additionally, the 
scenario (TP-1B) when the TP-1 system has 
incompressible secondary working fluid is considered in 
the comparison.   

 

 
Fig. 11: Comparison of ideal cycle performance 

 
The ORC has the highest performance, followed by the 

TPP, Fig. 11. The high performance of the ORC in 
comparison to the cycles presented, is mainly attributed to 
the fact that the ORC expanders have the capability to 
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extract useful work by expanding the pressurized vapor 
until it reaches near to the condensation pressure. 
However, for the thermal pump cycles, the pressure of the 
vapor cannot be further expanded beyond the delivery 
pressure level. As a result, their performance is lower. On 
the other hand, The effect of using air as a secondary 
working fluid is observed by comparing the efficiencies of 
TP-1 and TP-1B.  

Based on the above observations, the adiabatic 
expansion type pumps seem to have limited efficiency and 
hence limited room for improvement in comparison to the 
isobaric type of systems, as shown by the TPP 
performance curve. However, it is to be noted that for TPP 
cycle-based systems, the working fluid would be different 
or separated from the heat transfer fluid. Hence, in real 
systems, the additional temperature difference would be 
necessary to transfer heat. 
 
4.  Conclusion 

In this study, an attempt was made to develop an 
equivalent ideal cycle for adiabatic expansion type 
thermal pumping systems from the literature, and it was 
compared with existing cycles. The performances 
predicted using the ideal cycle for a range of delivery 
heads seem to agree reasonably with the data from the 
literature. Hence, the ideal system presented here may be 
used as a reference for a similar family of thermal pumps.   

The comparison of the ideal cycle with TPP and ORC 
cycles showed that the current cycle has significantly 
lower performance. The major bottleneck for the 
performance of the cycle is identified to be the use of 
compressible secondary working fluid, which consumes a 
significant portion of the output work, reducing the cycle 
performance.  

Based on the observation in this study, it is 
recommended to change the design of the pump so that air 
will not be used as a working fluid. The first suggestion 
would be developing a pumping system based on the TPP 
cycle. Secondly, it may also be possible to change the 
design of the pump by replacing the air with 
incompressible liquid to transmit the pressure developed 
by the system to the delivery water and placing the 
pumping system close to the source of the pumped liquid 
(water) so that the suction head requirement will be low.  
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Nomenclature 

DT delivery tank (-) 

ED entropy difference (-) 

g gravitational acceleration (m s-2) 

h specific enthalpy (kJ kg-1) 

Hd  delivery head (m) 

m mass (kg) 

ORC Organic Rankine cycle 

P pressure (kPa) 

Q heat (kJ) 

R ideal gas constant for air (kJ kg-1 K-1) 

s specific entropy (kJ kg-1 K-1) 

T0 ambient temperature (°C) 

TDC top dead center 

TP-1 thermal pump type-1  

PS-1,2 piston cylinder device-1,2 

TP-1B thermal pump type-1 with incompressible 

secondary working fluid assumption 

TPP thermal power pump cycle 

u specific internal energy (kJ kg-1) 

V volume (m3) 

Va air tank volume (m3) 

Vp vapor tank volume (m3) 

VR volume ratio (-) 

Vw water tank volume (m3)  

W work done (kJ) 

WF working fluid 

 
Greek symbols 
η efficiency (–) 

ѵ specific volume (m3 kg-1) 

ρ density of water (kg m-3) 
 
Subscripts 

1-5 thermodynamic states of working fluid 

a air  

atm atmosphere  

d delivery  

p vapor 

wf working fluid 
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