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Abstract: Thermal driven pump is usually defined as a thermodynamic way which plays a similar role to 

replace common electricity driven pump. In this paper, a concept of improved thermal driven pump 

series is introduced to small-scale organic Rankine cycle and the up-limit thermal efficiency is explored 

by using discrete dividing method. Results indicate that power outputs of organic Rankine cycle by 

using thermal driven pump V2 range from 158.8 W to 343.1 W which are improved by up to 73.5% 

when compared with that using previous type V1. Energy and exergy efficiencies using improved type 

V2 and V3 increase from 0.018 to 0.043 and from 0.145 to 0.246, respectively. The largest increment 

could reach 40.5% and the highest value could account for 85% of the up-limit performance. 

Influencing factors i.e. mass ratio and pump efficiency are defined to further evaluate the performance 

in the possible applications. One remarkable inspiration is that organic Rankine cycle by using 

improved thermal driven pump may be an alternative solution to conventional type which could 

achieve the better techno-economic performance only under the conditions of dividing number smaller 

than 4 and the scale less than 10 kW. 
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Nomenclature 

A Area, m2 

C Specific heat, kJ·kg-1·K-1 

CEPCI Chemical engineering plant cost index  

D Diameter, m 

E Exergy, kW 

EDP Electricity driven pump 

h Specific enthalpy, kJ·kg-1 

K Heat transfer coefficient, W·m-2·K-1 

M   Mass, kg 

m Mass flow rate, kg·s-1 

ODP Ozone Depletion Potential  

P Power, kW 

Pr Prandtl number 

Q Heat, kW 

R Fouling resistance, m2·K·W-1 

Re Reynolds number 

r Radius, m 

SIC Specific investment cost, $·kW-1 

T Temperature, K 

TDP Thermal driven pump  

T0 Environment temperature, oC 

t Time, s 

U Total internal energy, kJ 

V Volume, m3 

W Work, W 

η  Efficiency 

λ Heat conductivity, W·m-1·K-1 

α Convective heat transfer coefficient, W·m-2·K-1 
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Subscripts  

ave Average 

en Energy 

e Evaporator 

ex Exergy 

exp Expander 

h Heat 

hw Hot water 

hx Heat exchanger 

in Inlet 

l Liquid 

out Outlet 

pu Pump 

rec Receiver 

ref  Refrigerant 

res Residual 

s Conversion 

up Up-limit  

v Vapour  

w Water 

 

1. Introduction 

Statistics have revealed that more than 50% of industrial waste heat is within low-grade range [1]. 

For middle and low temperature heat source, an increasing number of achievements is obtained to 

enhance system efficiency. Comparably, considerable low grade thermal energy below 100oC is still 

being wasted, which is disadvantageous to the environment and carbon footprint [2]. Thus it is quite 

desirable to recover these small-scale and low-temperature heat sources by developing the relevant 

high-efficient technologies, which could contribute to reducing total amount of wastes heat, increasing 

energy output and realizing sustainable development. Various technologies could be used for 
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recovering low grade heat below 100oC, e.g. heat to power [3] and heat to refrigeration [4]. Currently, 

thermal driven refrigeration is still gathering the momentum due to the relatively high energy 

conversion efficiency when the temperature is lower than 100oC. However, cooling demands are not 

always desirable and required. Thus electricity is more flexible to be adopted in various applications 

with regard to different demands of end users. Organic Rankine cycle (ORC) could be a good candidate 

for power generation [5]. Similar to Rankine cycle, ORC replaces water with organic working fluid, 

which is characterized as simple structure and flexible adjustment. Organic working fluids used in 

ORC facilitate waste heat recovery at the relatively low temperatures using small-scale devices. It is 

acknowledged that improving thermal efficiency is one of the ultimate goals for ORC investigations 

which is often related with novel working fluid development and system optimization [6, 7]. 

For the ORC researches of working fluids, the common pure types e.g. R134a, R245fa, R123 and 

n-pentane have been widely and comprehensively investigated in the past few decades [8, 9]. These 

researches mainly aim to select the suitable working fluids based on their thermal performance i.e. 

energy and exergy efficiency of different working cycles [10]. After that, zeotropic working fluids 

become another hot topic for the application of ORCs. But the core concepts of the fluid selection are 

similar with that of pure type [11]. Several review articles have given a clear landscape of selecting 

pure and zeotropic working fluids for ORC when considering the influence of their properties and 

categories on the thermal performance [12, 13]. However, the selection method has a limited 

understanding of its mechanism though it has pointed out the general performance of the working 

fluids. Thus in recent years, more studies have explored the relationship between thermophysical 

properties and the performance by using quantitive method and the key affecting parameters could be 

directly revealed [14]. However, the main issue of the quantitive method is not completely coherent at 

the current stage due to the different assumptions and working conditions in the analyzing processes 

[15, 16]. Therefore, the researches on working fluids will continue to be further investigated by using 

various methods [17]. 

The other solution is to optimize the system configuration by improving the working efficiency of 

each component. The most investigated part is the expander since it is directly related with the power 

output. Burgeoning researches of ORC focus on varies working types of expanders e.g. radial turbine 

[18], scroll expander [19], screw expander [20] and free piston expander [21] applied for the different 
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heat sources e.g. solar, geothermal and other industrial waste heat. Considering the heat exchangers, the 

main methods still lie in the heat transfer enhancement in terms of different design types [22]. 

Compared with the expander and heat exchanger, researches on electricity driven pump (EDP) for ORC 

is quite scare. Few related studies discussed the multistage centrifugal pump or gear pump which 

showed that the working efficiency had a remarkable influence on the system performance of ORC [23, 

24]. However, in some research cases, the pump work is often selectively ignored. For the large-scale 

application, pump work accounts for a very small part of energy consumption i.e. less than 3% which 

has almost no influence on energy efficiency. Comparably, this part of electricity cannot be neglected 

for small-scale ORC systems [25]. This could be even more valuable when the working conditions 

become severe e.g. relatively low heat source temperature, high condensation temperature and low 

system compactness required [26]. To solve this problem, some innovative concepts have been carried 

out to create the same pressure difference by replacing the EDP with other kind of virtual pump without 

consuming the electricity e.g. gravity driven pump [27], thermal driven pump (TDP) [28], and 

combined driven pump. However, these virtual pumps could improve the thermal efficiency while 

bringing some other problems or limitations e.g. the required system height, output continuity and 

thermal stability. One of the good instances is our previous work that established a lab-scale 

experimental rig of ORC with TDP to have a good understanding of its working performance. Although 

energy efficiency of the system could be improved by 31%, the switch interval leaded to the 

non-continuous and low power output [29]. To increase the power output, a new version of the 

experimental rig with TDP was established. Nonetheless, 1-minute interval still caused the unstable 

output though 90% of the process is stable [30]. Performance stability should be taken the priority for 

ORC with TDP so that it could be compared to that with EDP.  

This paper presents a novel concept of improved TDP series for small-scale ORC. Thermal and 

economic performance of ORC by using TDP series are first analyzed and compared in terms of energy 

efficiency, power output, thermal stability, capital cost, etc. The optimal dividing number and suitable 

working conditions are summarized as the key guideline. The overarching framework of this paper is 

elaborated as follows: Basic ORC is briefly introduced and then the concept of TDP is illustrated. TDP 

for absorption power generation is elaborated and improved TDP series for ORC are presented. 

Thermal performance of ORC with improved TDP series is compared with that using previous type. 
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Then a summary of power cycles with gravity and TDP is presented which is followed by conclusions.  

 

2. System description  

Fig. 1 indicates the schematic diagram of conventional ORC, which is mainly composed of two 

heat exchangers, an expander and an EDP. Its principle is the same with that of Rankine cycle. The 

conventional ORC may enjoy a very low energy efficiency due to the large energy consumption of the 

EDP when heat temperature is low and rated power output of system is small. To solve this problem, 

EDP in Fig. 1 could be replaced with TDP in Fig. 2 which is presented in our previous work [31]. To 

discriminate descriptions in the rest of paper, TDP-V1 refers to the version used in our previous work 

when compared with improved TDP series i.e. TDP-V2 to TDP-Vn presented in this paper. TDP-V1 and 

improve TDP series are summarized as TDP series i.e.TDP-V1 to TDP-Vn. 

ORC with TDP-V1 is mainly composed of two high-efficient heat exchangers, an expander, a 

generator and other auxiliary components. The working processes consist of a pre-expansion process 

and a power generation process, which are briefly illustrated as shown in Fig. 2a: (a) Pre-expansion 

process. Heat exchanger 1 acts as an evaporator while heat exchanger 2 works as a condenser. Water 

valves V2, V4, V5 and V7 are open, and all other valves are closed. Evaporator undertakes an isochoric 

heating process while condenser takes an isochoric cooling process. (b) Power generation process. 

When pressure of evaporator becomes constant and condenser achieves a cooler level, open RV1 and 

RV3. Then working fluid from the evaporator flows into the expander. The power is generated until no 

pressure difference exists. When the generator doesn’t produce power, close RV1, RV3, V2, V4, V5 

and V7. Then heat exchanger 1 and 2 swap their roles. The next cycle starts as indicated in Fig. 2b, 

which is similar to previous two processes. Working mode for ORC with TDP-V1 could be according to 

Table 1. Heat exchanger 1 and 2 are always heated and cooled reversely. Pre-expansion process doesn’t 

contribute power output and reduces the average output. 

EDP is replaced by TDP i.e. the switch of two heat exchangers as shown in the dash area of Fig. 2. 

Compared with conventional ORC, ORC with TDP has a higher energy efficiency due to no energy 

consumption of the pump. But a continuous power output is obtained in power generation process, i.e. 

no output in pre-expansion process. To solve this problem of the continuity, two or more ORCs with 

TDP-V1 are regarded to be alternatively used. However, power output is still not stable which leads to 
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the energy loss at the beginning and the end of power generation process. This disadvantage cannot be 

overcome only by using TDP-V1. It is quite desirable to seek other solutions for continuous and stable 

power output.  

 

 

Fig. 1. Schematic diagram of a conventional ORC. 

 

 

(a) 
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(b) 

Fig. 2. Schematic diagram of ORC with TDP-V1 (a) first cycle; (b) next cycle [31]. 

 

Table 1. Working mode for ORC with TDP-V1. 

 Working mode 

 Pre-expansion Power generation Pre-expansion Power generation 

Heat exchanger 1 Heating Heating Cooling Cooling 

Heat exchanger 2 Cooling Cooling Heating Heating 

Power  Unable Able Unable Able 

 

Recently, a concept of respiratory pump comes from absorption cycle, which is renowned as the 

continuous thermal cycle with regard to various functions of power, heating and cooling [32]. Fig. 3 

displays ammonia absorption cycle for power generation. Fig. 3a is a basic absorption cycle which is 

composed of an absorber, a generator, a pump, an expander, a dynamotor and several valves. Comparably, 

Fig. 3b presents a absorption cycle using a respiratory pump. Different from TDP-V1 above by using the 

switch of two heat exchangers, three liquid tanks i.e. reactor 1, 2 and 3 are arranged in vertical direction 

which are defined as respiratory pump. Thus continuous and stable power output could be achieved by 

using these reactors. The concerning processes are illustrated in terms of low pressure and high pressure 

side. For low pressure side, reactor 1 is connected to absorber. V3 and V4 are one-way valve. Close V2 

and open V1 as shown in Fig. 4a. Reactor 1 is connected to reactor 2, and pressure will be quickly 

balanced through V1; Working fluid in reactor 1 flows into reactor 2 through V3 due to the gravity of 

fluid. The amount of working fluid in reactor 1 decreases and the amount in reactor 2 increases. In this 
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process, ammonia-water solution in reactor 3 continuously flows into generator and heated. The 

desorbed ammonia is expanded to produce the power. When the solution in reactor 3 is less than required 

capacity. Then close V1 and open V2 as shown in Fig. 4b. Reactor 2 is connected to reactor 3, and 

high-pressure ammonia passes through V4. Pressure in two reactors is rapidly balanced, and the solution 

in reactor 2 flows into reactor 3 through V4. The solution amount in reactor 2 decreases while the amount 

in reactor 3 increases. Thus ammonia solution constantly flows into the generator, and a continuous 

power output could be realized through this thermal and gravity driven pump.  

 

 

(a) 

 

(b) 

Fig. 3. Schematic diagram of ammonia-water absorption cycle for power generation (a) basic cycle; 

(b) cycle using respiratory pump [32, 33]. 
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(a) (b) 

Fig. 4. Working processes of respiratory pump (a) low pressure side; (b) high pressure side. 

 

 

Based on respiratory pump from absorption cycle, ORC by using TDP-V2 is presented for 

continuous and stable power output. The basic concept is to replace ammonia-water solution with the 

refrigerant in Fig. 3. To further improve the system compactness, reactor 1 is combined with absorber 

while reactor 3 is merged with generator. Thus ORC with TDP-V2 is presented as shown in Fig. 5. It is 

mainly composed of three heat exchangers i.e. heat exchanger 1-3, an expander, a dynamotor and other 

auxiliary equipment. Heat exchanger 1 and 2 act as condenser and receiver alternatively which should 

place higher than heat exchanger 3 as the evaporator.  

The working process is elaborated as follows: Heat exchanger 3 is always heated during all the 

processes. The first working cycle is shown in Fig. 5a. In this process, heat exchanger 2 is heated whereas 

heat exchanger 1 is cooled. The refrigerant with high temperature and pressure from heat exchanger 3 

flows into the expander and generate power. The expanded refrigerant is then condensed in heat 

exchanger 1. Due to the connection between heat exchanger 2 and 3, the pressure will be balanced at a 

certain time since they are heated by the same heat source. The liquid refrigerant then flows into heat 

exchanger 3 owing to the effect of gravity. When liquid refrigerant almost runs out, heat exchanger 2 will 

be cooled by changing the direction of V1 and V6. When liquid refrigerant is lower than standard value 

i.e. power output may occur unstable, heat exchanger 1 will be heated while heat exchanger 2 starts to be 

cooled for the next cycle as shown in Fig. 5b. Similarly, the refrigerant from heat exchanger 3 flows into 

the expander and it is condensed in heat exchanger 2. The pressure between heat exchanger 1 and 3 will 

be balanced since they are heated by the same heat source. Then liquid refrigerant will flow into heat 

exchanger 3. When liquid refrigerant almost runs out, heat exchanger 1 will be cooled by cooling tower. 

When work output is not stable, heat exchanger 1 will replace the role of heat exchange 2. The rest 
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working processes are similar with that above. The dash line will be connected in case that pressure of 

two reactors are balanced. Table 2 indicates the detailed working processes of each heat exchanger for 

ORC using TDP-V2. Heat exchanger 3 is always heated whereas heat exchanger 1 and 2 swap their roles 

in most of working time. Different from ORC with TDP-V1, another heat exchanger is prepared for 

power generation ahead of time i.e. working mode 2 and 4. Thus heat exchanger 3 i.e. evaporator 

generates the power in all working processes.  

 

 

(a) 

 

 (b) 

Fig. 5. Schematic diagram of ORC with TDP-V2 (a) first cycle; (b) next cycle. 

. 

Table 2. Working mode for ORC with TDP-V2. 
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 Working mode 

 1 2 3 4 

HX3  Heating Heating Heating Heating 

HX2 Heating Cooling Cooling Cooling 

HX1 Cooling Cooling Heating Cooling 

Power  Able Able Able Able 

 

 

The ORC with TDP-V2 could achieve the continuous output through an additional heat exchanger 

part which includes heat exchanger, pipe, gas and liquid refrigerant. The condenser in Fig. 2 is divided 

into condenser and receiver as shown in Fig. 5. Following this concept of TDP-V2, it tends to consider 

that the condenser could be further divided into more heat exchangers, and a general concept of TDP 

series i.e. TDP-Vn could be summarized and proposed as shown in Fig. 6. When N is 1, it is exactly 

TDP-V1 i.e. one condenser in our previous work. When N is more than 1, it is the improved TDP series 

i.e. TDP-V2 to TDP-Vn. It is demonstrated that the improved TDP series may take the advantages of the 

large heat transfer area, continuous and high power output, which could result in a high thermal 

efficiency. When the divided number N tends to the infinity i.e. one pair of tiny heat exchangers is always 

heated and cooled instantly and alternately, the theoretical up-limit thermal efficiency of the ORC with 

improved TDP series could be close to the performance of conventional ORC without pump under the 

same working conditions. By using this discrete method, it is clear to further figure out the advantages 

and disadvantages of TDP series when compared with conventional ORC. 
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Fig. 6. The general concept of ORC with improved TDP series. 

 

3. Methodology  

3.1. Thermal evaluation  

The equations of different components of ORC with TDP series are considered, and 

thermodynamic processes are established and implemented. Some assumptions are listed as follows: (1) 

The cycle and their components operate under steady-state conditions. (2) There is a thermodynamic 

equilibrium at the inlet and outlet of each component. (3) The kinetic of working fluid in the cycles are 

negligible. (4) Heat loss and pressure drop in the system are negligible. 

Total heat input of ORC by using TDP series, which is composed of two parts. One is the heat for 

the refrigerant; The other is that for metal part of heat exchanger, which could refer to equations 1-3. 

𝑄h1 = 𝐶w𝑚hw(𝑇hw,in − 𝑇hw,out) =
𝑑𝑈ref

𝑑𝑡
+

𝑑(𝐶e𝑀e𝑇e)

𝑑𝑡
                   

      
 (1) 

𝑄h2 = 𝐶w𝑚hw(𝑇hw,in − 𝑇hw,out) =
𝑑𝑈ref

𝑑𝑡
+

𝑑(𝐶rec,N𝑀rec,N𝑇rec,N)

𝑑𝑡
                   

  
 (2) 

𝑄h = 𝑄h1 + 𝑄h2                                          (3) 

where mhw is mass flow rate of hot water; Me and Mrec are the mass of the evaporator and receiver, Cw, Ce 

and Crec are the specific heat of water, evaporator and receiver. N denotes the heat exchanger N as shown 

in Fig. 6 (N≥2). When N is 1, it means that the ORC system operates with TDP-V1 i.e. one condenser 

and no receiver. When N is 2, it indicates the ORC with TDP-V2 i.e. one condenser and one receiver. 

The heat input of equation 2 is for the receiver. 

Heat transfer coefficient of the evaporator Ke could be defined as equations 4 and 5. 
 

𝐾e𝐴e∆𝑇ave,e = 𝐶w𝑚hw(𝑇hw,in − 𝑇hw,out)                            (4) 

1

𝐾e
=

1

𝛼ref
+

𝐴eln(𝑟2/𝑟1)

2π𝜆cu𝑙
+

𝐴e

𝛼hw𝐴hw
+ 𝑅0                              (5) 

Heat transfer coefficient of the refrigerant αref could be defined as equation 6. 

𝛼ref = 𝐶𝑞0.67𝑀r
−0.5𝑃r

m(−lg𝑃r)−0.55                               (6) 
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where the parameters C and m are 90 W0.33·m-0.66·K-1 and 0.12−0.2 lg{Rp}μm, respectively.  

Heat transfer coefficient of the water αhw could be defined as equation 7. 

𝛼hw = 0.023(
𝜆hw

𝐷pipe
)𝑅𝑒hw

0.8𝑃𝑟hw
0.5                                 (7) 

The average power output Wave could refer to equation 8. 
  

𝑊ave = 𝑚ref𝜂𝑠(ℎexp,in − ℎexp,out)                              (8) 

where ηs is conversion efficiency; hexp,in and hexp,out are the inlet and outlet enthalpy of the expander. 

Energy efficiency of ORC with improved TDP and its up-limit performance could be according to 

equations 9 and 10. 

𝜂en =
𝑊ave

𝑄h
                                         (9) 

𝜂en,up =
𝑊ave

𝑄h1
                                      (10) 

Heat exergy of ORC with improved TDP and heat exergy of receiver could refer to equations 11-13. 

         𝐸h1 = 𝑄h1(1 −
𝑇0

𝑇h,ave
)                          (11)  

         𝐸h2 = 𝑄h2(1 −
𝑇0

𝑇h,ave
)                         (12)   

𝐸h = 𝐸h1 + 𝐸h2                                    (13)                                                                                                                                            

where Th,ave is the average temperature of heat input. 

Exergy efficiency of ORC with TDP series and its up-limit performance could be expressed as 

equations 14 and 15. 

 𝜂ex =
𝑊ave

𝐸h
                                       (14)                                                                          

 𝜂ex,up =
𝑊ave

𝐸h1
                                      (15) 

 

3.2. Model validation  

Simulation results are validated by the outputs of an ORC with TDP-V1 experimental rig in our 

previous work [30], and the photo is shown in Fig. 7. The simulation parameters are based on the real 

experimental working conditions: Hot water temperature ranges from 75oC to 95oC while the cooling 

water is 30oC. The hot water and cooling water flowrate are 2.0 m3·h-1 and 5 m3·h-1, respectively. The 

conversion efficiency of the expander is considered as 0.6. The validated results of the ORC with 

TDP-V1 are shown in Fig. 8. Fig. 8a shows the instantaneous power output and pressure at 90oC heat 
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source temperature and Fig. 8b indicates the average power output at different heat source temperatures. 

It is demonstrated that the simulation results can well predict the thermal performance of ORC system 

with TDP-V1. For the instantaneous results, the average and largest deviation of the pressure and power 

output are 2.5% and 22.1%, respectively. This is because the small power outputs cannot be tested by 

using electric bulb which makes electricity decline significantly in the end. Comparably, the main power 

generation process from 2 min to 6 min is accurately predicted. For average results, the deviation is no 

more than 5% at the temperature from 80oC to 95oC. The largest deviation is around 24% at 75oC heat 

source temperature. This is due to the discontinues electric resistance i.e. bulb used in the experiment 

which results in some untested power output. For improved TDP series i.e. TDP-V2 to TDP-Vn, one heat 

exchanger is separated into two or more identical heat exchangers. Since each power generation cycle is 

considered as a repeatable process, identical heat exchangers with the same size are easy to achieve 

stable power output. In order to have a good comparison between ORC with TDP-V1 and improved TDP 

series, R245fa is selected as the refrigerant and total cycle time is set as 8 minutes for the simulation in 

this paper.  

 

 
Fig. 7. Photo of ORC system with TDP-V1 [30]. 
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(a) 

 

(b) 

Fig. 8. The validation of the ORC with TDP-V1 (a) instantaneous power output and pressure;  

(b) average power output. 

 

4. Results and discussions 

4.1. Thermal performance 

Fig. 9 reveals power output and heat input of ORC with TDP-V1 and TDP-V2 at different heat 

source temperatures from 75oC to 95oC. It is indicated that both power output and heat input of ORC 

with TDP-V2 are higher than that of ORC with TDP-V1. The main reason is due to the increased power 

output which results from the larger heat transfer area and no pre-expansion time of TDP-V1. 
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Comparably, the increased heat input is mainly due to excessive heat for receiver and pipe. The power 

output by using TDP-V2 ranges from 158.8 W to 343.1 W which is improved by up to 73.5% when 

compared with that using TDP-V1. Similarly, heat input ranges from 7.87 kW to 9.23 kW which is 

increased by up to 44.5%. Under this scenario, it is predicted that ORC with TDP-V2 is good to  

improve energy efficiency due to the increased power output.  

  

 

Fig. 9. Power output and heat input of the ORC with TDP-V1 and TDP-V2 vs. different heat source 

temperatures. 

 

Fig. 10 demonstrates energy and exergy efficiencies of ORC with TDP-V1, TDP-V2 and TDP-V3 

which are also compared with their up-limit performance when the heat source temperature increases 

from 75oC to 95oC. The up-limit performance of ORC using TDP-Vn is defined when the number of 

heat exchangers in Fig. 6 tends to be infinite. As shown in Fig. 10a, energy efficiencies using TDP-V1, 

TDP-V2 and TDP-V3 increase with the increase of heat source temperature, which are in the range from 

0.018 to 0.043. The largest increment could reach 40.5%, and the highest value accounts for 85% of the 

up-limit performance. It is demonstrated that the increased output using improved TDP series is larger 

than the increment of heat input. Fig. 10b indicates exergy efficiencies of ORC using with TDP series. 

Results indicate that exergy efficiencies also increase with the increase of heat source temperature, 

which range from 0.145 to 0.246. The up-limit exergy efficiencies increase from 0.208 to 0.304. One 

remarkable fact is that TDP-V2 and TDP-V3 are prospective enough to improve thermal performance of 

the ORC which could achieve at least the 75% of the up-limit performance.  
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(a) 

 

(b) 

Fig. 10. Energy and exergy efficiencies of ORC with TDP series vs. different heat source temperatures  

(a) energy efficiency; (b) exergy efficiency.  

 

4.2. Flexibility analysis 

This section aims to investigate the influencing variables on thermal performance of the ORC 

with TDP series i.e. TDP-V1 to TDP-Vn. Mass ratio is usually used to evaluate the performance in the 

possible applications when considering different thermal designs. As mentioned above, one heat 

exchanger could be separated into two or more heat exchangers, but one receiver and one condenser 
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should be included for alternately heating and cooling. Mass ratio is defined as the specific value 

between mass of receiver and evaporator i.e. mass of receiver divided by mass of evaporator. Fig. 11 

indicates energy and exergy efficiencies of ORC with TDP series in terms of different mass ratios. 

When mass ratio is 1, it means that receiver have the same mass as the evaporator, i.e. it works as 

TDP-V1 and receiver plays a role as condenser. When mass ratio is 0.5 and 1/3, it represents the 

TDP-V2 and TDP-V3, respectively. When mass ratio is 0, it means the TDP-Vn in which N tends to be 

infinite. It is evident that energy efficiency decreases with the increase of mass ratio. As mass ratio 

increases from 0 to 1, energy efficiencies of ORC with TDP series decrease from 0.049 to 0.028 at 

95oC heat source temperature as shown in Fig. 11a. For different temperatures, energy efficiencies 

range from 0.016 to 0.049. It is recommended that mass ratio is better within 0.3-0.6. This is mainly 

because more pipes and connections are required in real application when number of divided reactors is 

increased. All these factors will increase the system complexity and difficulties to control. Receiver and 

condenser may be a bit larger than half capacity of evaporator. Fig. 11b indicates exergy efficiencies of 

ORC with improved TDP series. Different from energy efficiency, exergy efficiency is not so sensitive 

to heat source temperatures, especially for the temperature higher than 80oC. Exergy efficiency 

decreases remarkably with the increase of mass ratio. It ranges from 0.279 to 0.161 when mass ratio 

increases from 0.1 to 1.  
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(b) 

Fig. 11. Energy and exergy efficiencies of ORC with TDP series vs. different mass ratios (a) energy 

efficiency; (b) exergy efficiency.  

 

Similar to real EDP, the efficiency of TDP is defined as power output divided by power input. By 

using volume changed inside receiver, pump efficiency is then transferred into equation 16, i.e. volume 

of refrigerant output divided by the sum of volume output and volume residual. Volume residual inside 

receiver is filled with refrigerant vapour, which should have been used for power generation. Thus this 

part could cause the loss by using TDP series. Fig. 12 shows the relation between pump efficiency and 

volume ratio. It is extensively acknowledged that pump efficiency is usually higher than 70%. The 

concerning ratio between volume residual and volume output should be less than 0.43. Then 

representative energy and exergy efficiencies of ORC with improved TDP-V2 are shown in Fig. 13 

when heat source temperature is 95oC. The mass ratio is selected as 0.5. It is indicated that energy and 

exergy efficiencies of ORC using TDP-V2 decrease with the increase of ratio between volume residual 

and volume output i.e. the decrease of pump efficiency. Also worth noting that exergy efficiency 

doesn’t change greatly with the increase of volume ratio when compared with energy efficiency. When 

volume ratio is less than 0.43, energy efficiencies decrease from 0.045 to 0.041 while exergy 

efficiencies range from 0.288 to 0.281. After mass ratio is ensured i.e. the divided number N, it is 

demonstrated that pump efficiency has a limited influence on energy and exergy efficiency of ORC 

with TDP series. 

 𝜂pu =
𝑃out

𝑃in
=

𝑉out

𝑉out+𝑉res
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Fig. 12. Pump efficiency of TDP series vs. Vres/Vout. 

 

 

Fig. 13. Energy and exergy efficiencies of ORC with TDP-V2 vs. Vres/Vout. 

 

4.3. Economic feasibility 

It is evident that the thermal efficiency could be improved with the increase of the divided number 

of heat exchangers. However, the cost will also increase with the increase of heat exchangers and pipes. 

This section aims to investigate economic feasibility of the ORC with TDP series and find the desirable 

dividing number for the TDP technology. The module costing method is adopted to analyse the bare 

module cost of each component i.e. expander and heat exchangers according to equation 17. Chemical 
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18. Thus the specific investment cost (SIC) is defined as the capital cost dividing power output as 

shown in equation 19.   

 𝐶𝑜𝑠𝑡2001 = 𝐶bm,exp+ ∑ 𝐶𝑏𝑚,ℎ𝑥𝑛
𝑛
1                         (17) 

 𝐶𝑜𝑠𝑡2017 = 𝐶𝑜𝑠𝑡2001 · 𝐶𝐸𝑃𝐶𝐼2017/𝐶𝐸𝑃𝐶𝐼2001                   (18) 

𝑆𝐼𝐶 = 𝐶𝑜𝑠𝑡2017/𝑊                               (19) 

where the coefficient for each component could refer to Table 3; CEPCI2001=397.0 and 

CEPCI2017=567.5 are used to convert to present cost values in equation 19 [34]. 

 

Table 3. Investment models used to evaluate the ORC with TDPs [35]. 

Components Cost models 
Coefficients 

K1/K2/K3 C1/C2/C3 B1/B2 FM Fbm 

Expander 

Cbm,exp=Cp,expFbm,exp 

lgCp,exp=K1,exp+K2,exp 

lgPexp+K3,exp(lgPexp)2 

K1=2.705 

K2=1.440 

K3=-0.17 

/ / / 6.2 

Heat 

exchanger 

Cbm,hx=Cp,hxFbm,hx 

lgCp,hx=K1,hx+K2,hxlgAhx+K3,hx(lgAhx)2 

Fbm,hx=B1,hx+ B2,hx FM,hx 

K1=3.34 

K2=0.2745 

K3=-0.0472 

/ 
B1=0.96 

B2=1.21 
2.45 / 

 

Fig. 14 indicates the SICs of ORCs with TDP-V1, TDP-V2 and TDP-V3 in terms of different heat 

source temperatures. Results show that SICs decrease with the increase of the heat source temperature 

due to the increased power output. Besides, ORC with TDP-V2 and TDP-V3 have much lower SICs 

than that with TDP-V1. This is mainly because the power output become continuous when the dividing 

number N is more than 1 and the heat transfer area of the evaporator is also increased. When heat 

source temperature increase from 75oC to 95oC, SICs of ORC with TDP-V1 decrease from 9156.4 

$·kW-1 to 6759.3 $·kW-1. When compared with those of ORC with TDP-V2 and TDP-V3, the results are 

up to 23.1% higher which demonstrate the advantage by using the improved TDP series. Also it can be 

found that the decrement of SICs by using TDP-V2 is much smaller. It is worth noting that SICs of 

ORC with TDP series are within the cost range of conventional ORC and the maximum SIC is lower 

than the reference value i.e. around 14000 $∙kW-1 [35] which is quite promising among small-scale 

power generation technology for low temperature heat utilization.   

In order to further investigate the economic characteristics, SICs of ORCs with TDP-V1 to 

TDP-V20 are evaluated at a heat source temperature of 95oC as shown in Fig. 15. One striking fact is 

that an inflection point happens with dividing number is around 3. The SIC sharply decreases from 
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6759.2 $·kW-1 i.e. ORC with TDP-V1 to the lowest value 5772.6 $·kW-1 i.e. ORC with TDP-V3, then 

increases with the increase of the dividing number N. This is mainly because the investment cost is 

greatly increased by using improved TDP series i.e. V2 to Vn in terms of the heat exchangers, pipeline, 

and valves. Comparably, thermal efficiencies of the ORC with improved TDP series are not increased 

accordingly when dividing number N becomes larger. From the perspective of cost and system 

complexity, it is recommended that the dividing number should be no more than 4. Also, the scale of 

ORC is suggested to be lower than 10 kW. Otherwise TDP will not be advantageous when compared with 

conventional ORC since the pump work accounts for less percentage of the total power output. 

 

 

Fig. 14. SICs of ORCs with TDP-V1, TDP-V2 and TDP-V3 vs. different heat source temperatures. 
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Fig. 15. SICs of ORCs with TDP-V1 to TDP-V20. 

 

4.4. Further exploration and comparison  

This section is to comprehensively compare conventional ORC, ORC with TDP and ORC with 

improved TDP series in terms of system compactness, power output, thermal efficiency and capital cost 

which are shown in Table 4. ORC with improved TDP series are similar with conventional ORC as the 

continuous system while ORC with TDP is the intermittent system. For system compactness, ORC with 

TDP-V1 has the smaller size than that of the conventional ORC due to the elimination of EDP. The 

sizes of ORC with improved series increase with the increase of dividing number N due to its system 

complexity. Besides, conventional ORC shows the more stable power output that those of ORC with 

improved TDP series. This is mainly because of the switch interval between condenser and receiver 

though it could realize the continuous output. ORC with TDP-V1 shows the poorest power output since 

it doesn’t generate the electricity during the pre-expansion process. Based on aforementioned analysis, 

energy and exergy efficiencies of ORC with improved TDP series are much higher than that using 

TDP-V1. The increment between performance of ORC with TDP series and conventional type becomes 

larger when the number N is increased. Total capital cost increases with the increases of the number N. 

Since cost of EDP is usually 3-4 times higher than that of heat exchanger, the total cost of ORC with 

TDP-V1 could be reduced by around 10% when compared with total cost of the conventional ORC 

system. The cost of TDP-V4 could be similar with that of conventional ORC. 
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Table 4. Comparison among conventional ORC and ORC with TDP series. 

Type System type 
System 

compactness 

Output 

stability 
Energy efficiency SIC 

Conventional 

ORC 
Continuous Moderate High Low High 

ORC with 

TDP-V1 
Intermittent High Low Moderate 

At least 10% 

less  

ORC with 

TDP-V2 
Continuous Moderate Moderate High 

At least 8% 

less 

ORC with 

TDP-Vn 
Continuous 

Decrease with 

number N 

Increase with 

number N 

Increase with 

number N 

Similar with 

TDP-V4 

 

In order to further clarify the novelty of this paper, ORCs with improved TDP series are 

comprehensively compared with other selected studies of power cycles by using gravity and thermal 

driven pumps, which are demonstrated in Table 5. The main technologies to eliminate the pump of power 

cycle could be classified into two types. One is to use several reactors with different heating and cooling 

modes at intervals. The other is heat pipe i.e. thermosiphon method for power generation. Compared 

with the first method, the second method is quite difficult to be adopted in real application. Although 

energy efficiency of thermosiphon is reasonable, power output is relatively low. ORC by using gravity 

driven pump could be a good candidate if the required height and power demands could be satisfied. It 

is demonstrated that cycles with TDP series have been improved remarkably since it is first proposed. 

The power output is improved from several watts to hundreds of watts, and energy efficiency for 

electricity output could reach up to 2.4% with a relatively high thermal stability. ORC with improved 

TDP series in the present work could further increase the stability of power output while the high 

energy efficiency is remained. This novel concept could be an alternative method of conventional ORC 

for recovering low temperature heat source especially for domestic solar thermal utilization. Control 

strategy and optimization are predicted to be key research targets for this technology when considering 

the experiment in the near future.  

 

Table 5. Comparison among various selected power cycles with gravity and thermal driven pumps. 

Research method Working fluid Description and novelty Ref. 
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Performance 

analysis 

R123, R245ca, 

R113, PF5050, 

PF5060 

Gravity is used to pressurize the working fluid; The 

minimum required height is about 20.9 m; The highest 

energy efficiency is 10.93%. 

[36] 

Analysis& 

Experiment 
R245fa 

Switching of valves is employed to control the cycle; The 

maximum power out and energy efficiency are 7.2 W and 

0.24%. 

[28] 

Experiment R245fa 
ORC is improved with TDP; The maximum power out is 

20 W and energy efficiency is 0.5%. 
[37] 

Experiment R245fa 
ORC is improved by using TDP; Average power out is 

156 W; Energy efficiency for work output is 2.3%. 
[29] 

Experiment R245fa 

ORC is improved using TDP; Average power out is 204 

W; Energy efficiency for electricity output is 2.4% with 

higher thermal stability. 

[30] 

Performance 

analysis 
Carbon dioxide 

Rankine power cycle is proposed with TDP. Heat source 

temperature is 60oC. 
[38] 

Performance 

analysis 
Carbon dioxide Thermosiphon generation is driven by geothermal power. [39] 

Experiment Water 

Thermosiphon Rankine engine is proposed for power 

output; The maximum power out is 5.5 W and energy 

efficiency is 0.125%. 

[40] 

Performance 

analysis 
Water 

Enhanced thermosiphon Rankine cycle using 

impulse turbine; The highest energy efficiency is 2.854%. 
[41] 

Performance 

analysis 
Water 

Heat pipe turbine cycle is analyzed and designed in terms 

of geometric and thermodynamic parameters. 
[42] 

Analysis 

 
R245fa 

The maximum energy and exergy efficiency are 5.3% and 

30.4%, respectively. 

Present 

study 

 

5. Conclusions 

In this paper, improved TDP series are presented to evaluate its limitation and influence on the 

technical and economic performance of the ORC in terms of power output, heat input, efficiency, thermal 

up-limit performance and SIC. Besides, performance of ORCs with TDP series are compared with that of 

conventional ORC. Conclusions are yielded as follows: 

(1) Power output and heat input increase with the increase of heat source temperature. Power 

output by using TDP-V2 ranges from 158.8 W to 343.1 W which is improved by up to 73.5% 

when compared with that using TDP-V1. When the temperature increase from 75oC to 95oC, 

energy efficiencies using TDP-V1 to TDP-V3 increase from 0.018 to 0.043. The largest 

increment could reach 40.5%, and the highest value accounts for 85% of up-limit performance. 
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Similarly, exergy efficiencies range from 0.145 to 0.246. The up-limit exergy efficiencies 

increase from 0.208 to 0.304.  

(2) Energy efficiency decreases with the increase of mass ratio between mass of receiver and 

evaporator. As mass ratio increases from 0.1 to 1, energy efficiencies of ORC with TDP 

series decrease from 0.049 to 0.028 at 95oC heat source temperature. For different 

temperatures, energy efficiencies range from 0.016 to 0.049. It is recommended that mass 

ratio is better within 0.3-0.6 when considering real application. Exergy efficiencies of ORC 

with TDP series range from 0.279 to 0.161 when mass ratio increases from 0.1 to 1.  

(3) When heat source temperature increases from 75oC to 95oC, SICs of ORC with TDP-V1 

decrease from 9156.4 $·kW-1 to 6759.3 $·kW-1. When compared with those of ORC with 

TDP-V2 and TDP-V3, the results are up to 23.1% higher. The SIC is sharply decreased from 

6759.2 $·kW-1 i.e. ORC with TDP-V1 to the lowest value 5772.6 $·kW-1 i.e. ORC with TDP-V3, 

then increased with the increase of the dividing number N. It is recommended that TDP series 

should be applied into ORC under the conditions of low capacity less than 10 kW, small 

dividing number i.e. smaller than 4 and low heat source temperature.  

With the wide utilization of the renewable energy, the proposed ORC with TDP series may be an 

alternative method for recovering low temperature heat source. One suitable application is the domestic 

household electricity supply driven by the solar thermal collector especially in the remote place e.g. 

tropic islands since the high thermal efficiency of ORC with TDP series could bring more benefits to the 

end user. Besides, this technology could flexibly be integrated with other technologies e.g. solar cooling 

and heating, which could provide small-scale energy outputs to meet the various demands of a family.  
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