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1. Introduction 

Solar air heating is a renewable energy heating 

system used to heat or condition air for buildings or 

process heat [1]. A variety of systems can use SAH 

technologies to diminish the greenhouse gas 

emission from use of usual heat sources, such as 

fossil fuels, to make a sustainable way to generate 

thermal energy. SAH is a solar thermal system in 
which the energy from the sun, radiation, is 

captured by an absorbing system and used to 

SAPHS. The SAPHSs are economical, pollution 

free and easy for exploitation in countries like Iran 

(90% of the Iran country has enough sun to 

produce solar power 300 days a year. Iran has 

0.520 kilowatts per hour per square meter of solar 

radiation every day. [2]). LHPs capacity may reach 

hundreds and thousands of watts [3]. A LHP, 

contains a heat pipe evaporator, a condenser, a 

liquid line, a vapour line and a compensation 

chamber, is a two phase device that can carry heat 

all over a lengthy interval [4]. Huang et al. [5] 

Studied Low cost manufacturing of LHP for 

commercial applications. They conducted that 

during the last ten years, No any LHP failure was 

reported so far. Nishikawara and Nagano. [6] 

Accomplished optimization of evaporator wick 

shape in a LHP. They concluded that evaporator 
wick shape can be optimized by merely using the 

three phase contact line. Length. Jia et al. [7] 

Reviewed status and outlook of solar heat for 

industrial processes in China.  

Hosseini et al. [8] thermodynamically modeled 

hybrid solar flameless combustion system. They 

showed that, the proposed system shows significant 

environmental benefits. Sharma et al. [9] Reviewed 

solar industrial process heating. Saxena et al. [10] 

reviewed SAHs and the different methods that are 

applied to better the thermal performance of SAHs. 
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A comprehensive thermodynamic analysis is used to characterize the exergy destruction rate in 
any part of the solar air preheating system (SAPHS) and calculate its efficiency. The system 
consists of a solar evaporator, a heat exchanger to air preheating and an auxiliary pump. A 
computer simulation program using EES software is developed to model and analyses the 

SAPHS. The system provides preheated air during the year.  
The thermodynamic analyses involves the determination of effects of air preheating (APH) heat 
exchanger pinch point temperature, solar radiation intensity and overall heat loss coefficient of 
the solar evaporator on the performance of the SAPHS. The result showed that the main source 
of the exergy destruction is the solar evaporator. In the solar evaporator, 115.9 kW of the input 
exergy was annihilated. Other main source of exergy annihilation is the APHHE, at 7.45 kW. 
The overall energetic and exergetic efficiencies of the SAPHS were 70.11% and 9.766%, 
respectively. 
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The principal disadvantages of concentrated 

solar power technologies according to Pelay et al. 

[11] Review are as follows: 

• PTCS: Relatively large space needed, low 

thermodynamic efficiency, low operating 

temperature. 
• LFRS: Low efficiency, low operating 

temperature.  

• SPTS: Large space needed, relatively high 

installation cost, high heat losses. 

• PDCS: Relatively high installation cost. 

But the LHPs have various benefits toward other 

systems [3]. The best applications for SAPHS are: 

• Convenience with large open spaces such as 

factories. 

• Laboratories and agricultural facilities needing 

to continuously refresh air. 

• Facilities with a high daytime thermal load. 
• Thermal systems that can make a profit by 

taking preheated air (boilers, dryers, etc.). 

• Facilities that need low grade temperature heat. 

Because, cost effective SAPHS have many 

benefits, in this work, a new SAPHS with a SLHPE 

and an APH is thermodynamically analyzed. 

Executed works are as follows: 

• Simulation and validation of the SAPHS. 

• Assess the efficacy of important designing  

 

2. Materials and Methods 
An APH is utilized to heat air before other 

process (for example, combustion in a mechanical 

system) with the principal purpose of enhancement 

the thermal efficiency of the process. In this sector, 

the specs of the SAPHS and its ingredients are 

expressed. 

 

2.1. System description 

Fig. 1 illustrates a SAPHS containing a SLHPE 

and an APHHE to produce preheated air. 

 

 
Figure 1. Schematic of the SAPHS 

     SAPHS is the transformation of sun energy into 
heat for APH using a SLHPE. The SLHPE heats a 

working fluid (n-Heptane in this work, with the 

thermodynamic properties as shown in Table 1) that  

streams to the APHHE for air preheating and the 

SAPHS cycle is recurred continuously.  

The schematic of the LHP and the LHP three 

direction evaporator are shown in Fig. 2.  
To fulfill the thermodynamic analyses of the 

SAPHS, this presumptions are used: 

• All the processes are at steady state. 

• Thermal and radiation properties of the SLHPE 

are independent of temperature and heat losses 

from SAPHS are zero. 

• The principle of ideal gas is used for the air. 

• The SLHPS evaporators are not adiabatic and the 

flow regime in the SAPHS is laminar. 

• Pressure drops in compensation chamber vapour 

and liquid lines, vapour and liquid headers are zero. 

•  The dead state is   and . 
• The surrounding temperature is . 

• The mean solar radiation was 0.52 kW/m2 (based 

on the mean annual solar radiation arriving to Iran). 

• The APHHE pinch point temperature is 3 . 

• Chemical exergy of system and the kinetic, 

potential energy and exergy are zero. 

 

2.2. Thermodynamic modeling 

In order to thermodynamic Simulation, the 

equations expanded are programmed using EES 

software. The input data used in this model are 
shown in Table 2. 

To computer simulation the SAPHS, John A. 

Duffie et al. [13] procedure has been used. The 

computer simulation equations for the SAPHS are 

shown in Table 3. According to Chi SW. [12], the 

heat transportation limitation of the SAPHS is 

shown in Table 4. 

 

3. Results & Discussion 

In this sector, the results of analyses of the 

SAPHS are reported. 

 
3.1. Validation of the SLHPE model 

The SLHPE model is validated with the 

experimental study by E. Azad [14], as shown in 

Fig. 3. The model illustrates well agreement with 

the experimental work. 

 

Table 1. Properties of n-Heptane 

Parameter Value 

Chemical formula C7H16 

Molar mass (kg/kmol) 100.21 

Boiling temperature ( Co
) 98.42 

Density (kg/m3) 684 

Freezing temperature ( Co
) −90.549 

Critical temperature ( Co
) 267 

Critical pressure (MPa) 2.727 
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Figure 2. The schematic of the LHP and the LHP three direction evaporator 

 

Table 2. Input data for the SAPHS 

SLHPE length, (m) 1.5  

APH (SAPHS condenser) vapour pressure drop, (kPa) 5 

Overall heat loss coefficient from SLHPE to ambient ( 2mkW ) 0.005 

Critical radius of boilling for toluene, (m) 0.00000007 

SLHPE liquid pressure drop, (kPa) 4 

SAPHS operating temperature range  100-125 C0
  

APHHE operating pressure range, (kPa) 0-2500  

Thickness of  LHP wicks, (m)  0.0075 

Thickness of  LHP secondary wicks, (m) 0.005 

Thickness of  LHP primary wicks, (m) 0.0025 

Liquid filling mass, (kg) 2.363 

SLHPE slope 45  

LHPs type Mesh screen  

LHPs mesh ratio 2:1 

APHHE height, (m) 2 

number of LHPs 817 

LHPs porosity 0.6363 

Internal diameter of LHPs, (m) 0.049 

Effective diameter of wick pores, (m) 0.1111 

APHHE conductivity, ( KmW . ) 16 

External diameter of LHP evaporators, (m) 0.05 

 

APH (SAPHS condenser) liquid pressure drop, (kPa) 1 

Number of wick pores  9 

LHP walls thickness, (m) 0.001 

Thermal conductivity of evaporator walls, ( KmW . ) 91  

Thermal conductivity of evaporator wicks,( KmW . ) 91  

SLHPE to APH height difference 1 

Black nickel absorption factor )(  0.96 

Low content of Ferro oxide glass transmission factor, )(  0.91 

Gravity effect pressure, (kPa) +11.59 

SLHPE vapour pressure drop, (kPa) 7 

SAPHS average stream speed, (m/s) 50 
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Table 3. The computer simulation equations for the SAPHS 

)( 411 hhmQu    The useful heat captured by the SLHPE 

))(( 4, amblREVASOLu TTUSFAQ   The useful energy produced by the SAPHS 

eoLHPEVASOL LDNA  75.0,
 SLHPE area 

bLHPGS   radiation flux absorbed by the SLHPE 

 LHP
 The LHP optical efficiency 

EVASOLb

u
EVASOLen

AG

Q

,

,,


  

The energy efficiency of the SLHPE 

))(
3

4
)(

3

1
1( 4

,

SUN

amb

SUN

amb

EVASOLbSUN
T

T

T

T
AGE   

The exergy of the SLHPE 

4500SUNT  Sun temperature 

SUNEVASOL EEEI   14,
 exergy destruction of the SLHPE 

)()( 565211 hhmhhm    APHHE energy balance 

6215 EEEEI APH
   APHHE exergy balance 

EVASOLb

AUXAPH
en

AG

WQ

,

 


 
The energy efficiency of the SAPHS 

SUN

AUX

ex
E

WEE



 


56
  The exergy efficiency of the SAPHS 

 

Table 4. The heat transportation limitation of the 

SAPHS 

 

Operating limits 

 

 

Value 

Entrainment limit )(kWQEL
 254.4 

Viscous limit )(kWQVL
 10789 

Sonic limit )(kWQSL
 42238 

Boiling limit )(kWQBL
  74668 

Filled liquid Mass limit )(kWQFL
  219.434 

 
Figure 3. Validation of the SLHPE model as 

compared with E. Azad [14] 

 

Table 5. The thermodynamic properties of points for the SAPHS at demonstrated nodes in Fig. 1 

State Fluid 
m
(kg/s) 

T 

( Co ) 
P 

(kPa) 

h 

(kJ/kg) 

S 

(kJ/kg.K) E (kW) 

1 N-Heptane 0.2 120 183.7 532.7 1.437 20.84 

2 N-Heptane 0.2 28 177.7 6.809 0.0223 0.02931 

3 N-Heptane 0.2 28 189.3 6.819 0.0223 0.03272 

4 N-Heptane 0.2 28 194.7 6.829 0.0223 0.03432 

5 Air 1.15 25 101 298.6 5.696 0 

6 Air 1.15 115.8 101 390 5.964 13.36 



 

271 

 

3.2. SAPHS energy and exergy analysis results 

     The thermodynamic properties of points for the 

SAPHS at demonstrated nodes in Fig. 1 are shown 

in Table 5. 

The energy analysis results are shown in Table 6.  

 

Table 6. The results of energy analysis of the 
SAPHS 

SLHPE useful energy 105.2  kW 

APH energy flow 105.2  kW 

AUX pump input work rate 0.00188 kW 

SAPHS efficiency 70.11 % 

 

The exergy analysis results are shown in Table 

7, and show that the most exergy destruction occurs 

in the SLHPE (due to the major temperature 
difference in the SLHPE), which is 115.9 kW. As 

showed above, the major source of exergy 

destruction is the SLHPE and, thus, it can be used 

to find ways to diminish losses to make the SLHPE 

more efficient. 

 

Table 7. The results of exergy analysis of the 

SAPHS 

SLHPE exergy destruction 

rate 

115.9 kW 

APH exergy destruction rate 7.45 kW 

AUX pump exergy 

destruction rate 

0.0002792 kW 

SAPHS efficiency 9.766  % 

 

 

3.3. Effect of varying APHHE pinch point 

temperature on SAPHS performance 
The APHHE pinch point temperature is an 

important design parameter in the SAPHS. Fig. 4 

shows the change with APHHE pinch point 

temperature of the energy efficiency and exergy 

efficiency. As shown in this figure, increasing 

APHHE pinch point temperature increases the 

SLHPE, SAPHS cycle and APHHE exergy 

destruction rates. When the APH pinch point 

temperature increases, the heat captured by the 

APHHE diminishes, therefore the enthalpy of the 

preheated air in the APHHE diminishes, which 
diminishes the heat flow and increases the SLHPE, 

SAPHS cycle and APHHE exergy destruction rates 

and eventually leads to a diminution in the energy 

and exergy efficiencies of the SAPHS.  

 

3.4. Effect of varying SRI on solar air preheating 

system performance 

Another important parameter in the SAPHS is 

SRI because it affects the temperatures of the 

SAPHS. Fig.5 shows the variation of SAPHS 

energy and exergy efficiencies with SRI. As can be 
seen, increasing SRI, enhances the energy and 

exergy efficiencies of the SAPHS, due to an 

increase in the SRI, diminishes the SAPHS cycle 

heat losses and exergy destruction rate. 

 

3.5. Effect of varying overall heat loss coefficient of 

the SLHPE on SAPHS performance 
     The overall heat loss coefficient of the SLHPE 

(Ul) is an important design parameter in the 

SAPHS. Fig. 6 shows the variation with (Ul) of the 

energy efficiency and exergy efficiency. As shown 

in this figure, increasing (Ul), diminishes the 

energy and exergy efficiencies of the SAPHS. 

When the (Ul) increases, the heat captured by the 

SLHPE diminishes, therefor the enthalpy of the n-

Heptane in the SLHPE diminishes, which 

diminishes the heat flow and eventually leads to a 

diminution in the energy and exergy efficiencies of 

the SAPHS. 
 

4. Conclusions 

In this work, the steady state thermodynamic 

analysis of the SAPHS is carried out. The major 

aim of this work is the modelling of a new SAPHS 

with SLHPE for use in industries (Petroleum 

refining, chemical processing, glass and metal 

industries, generation of steam and heating and 

drying of non-metal). The results of 

thermodynamic analysis showed that the main 

source of the exergy destruction is the SLHPE. In 
the SLHPE, 115.9 kW of the input exergy was 

annihilated. Other main source of exergy 

destruction is the APHHE, at 7.45 kW. The overall 

energetic and exergetic efficiencies of the SAPHS 

were 70.11% and 9.766%, respectively. 

The major conclusions can be listed as follows: 

• Increasing APHHE pinch point temperature 

increases the SLHPE, SAPHS cycle and APHHE 

exergy destruction rates. 

• Increasing SRI, enhances the energy and exergy 

efficiencies of the SAPHS. 

• Increasing overall heat loss coefficient of the 
SLHPE, diminishes the energy and exergy 

efficiencies of the SAPHS. 

• SAPHS can diminish the fuel costs by means of 

extra heating energy through solar energy. 

• SAPHSs reduce GHG emissions by diminish 

fossil based energies. 

• The results of this research is useful to 

understand the performance of the SAPHSs. 

• By preheating the air, damage to machinery can 

be prevented. Furthermore, it promotes higher 

savings in terms of energy by improving heating 
efficiency.  

• By SAPHS, industrial systems that use high 

amounts of energy can experience considerable 

energy savings. 

• It is expected SAPHS has the lowest cost and 

highest efficiency compared to other solar systems.  
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Figure 4. Change with APHHE pinch point temperature of the energy efficiency and exergy efficiency 

  

  
Figure 5. Change with solar radiation intensity of the energy efficiency and exergy efficiency 

 
 

Figure 6. Change with overall heat loss coefficient of the SLHPE of the energy efficiency and exergy efficiency 
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i)  Nomenclature 
APH                          Air preheating or air preheater 

APHHE                        air preheater heat exchanger 

amb                                                               ambient 

EVASOLA ,           The solar loop heat pipe evaporator 

area (m2) 
AUX                                                Auxiliary pump 

cv                                                      control volume 

PW  (m)             Thickness of LHPs primary wicks   

SW  (m)         Thickness of LHPs secondary wicks                 

llD                                            Liquid line diameter 

vlD                                          Vapour line diameter 

oD                                            LHPs outer diameter 

w  (m)                             Thickness of LHPs wicks                      

heatE                             Exergy transfer by heat, kW 

E                                                 Exergy rate, kW 

E                                                                     Energy 

e                                                                           exit 

FR                                       LHP heat removal factor 

f, i                                         fluid entering SLHPE 

Gb                                          solar radiation, kW/m2 
h                                         specific enthalpy (kJ/kg) 

I                                 Exergy destruction rate (kW) 

i                                                                          inlet 

LFRS                      Linear Fresnel reflector systems 

eL                                        Solar evaporator length 

LHP                                                    loop heat pipe 

llL                                                 Liquid line length 

vhL                                          Vapour header length 

vlL                                               Vapour line length 

fm (Kg)                                       liquid filling mass 

m                                            Mass flow rate (kg/s) 

(Np)                                      Number of wicks pores 
NLHP                                               number of LHPs 

PTSC                  Parabolic trough collector systems 

PDCS                     Parabolic dish collector systems 

PWM              Number of meshes of primary wicks 

P                                                         pressure (kPa) 

)(kWQFL
                           Filled liquid Mass limit 

)(kWQBL
                                           Boiling limit 

)(kWQSL
                                                Sonic limit 

)(kWQEL
                                     Entrainment limit 

)(kWQVL
                                           Viscous limit 

Q                                                         Heat rate, kW 

SRI                                       solar radiation intensity 

SOL, EVA                              solar LHP evaporator 
SAH                                                 solar air heating 

SLHPE                     solar loop heat pipe evaporator 

SPTS                              Solar power tower systems 

SAHS                                  solar air heating system 

SAPHS                           solar air preheating system 

S                           absorbed radiation by the SLHPE 

SUN                                                                    Sun 

s                                       specific entropy (kJ/kg-K) 

SWM           Number of meshes of secondary wicks 

SAPHS                           solar air preheating system 

T                                               temperature C0 or K 

TSUN                                       Sun temperature (K) 

lU   Overall heat loss coefficient of the SLHPE, 

kW/m2 K 

u                                                                       useful 

W                                       Power or work rate, kW 

0                            reference environment condition 

Greek symbols 

ex                                                Exergy efficiency 

en                                                Energy efficiency 

                                           Specific exergy, kJ/kg 

LHP                                      LHP optical efficiency 
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